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A fast, inexpensive method for predicting
overcharge performance in lithium-ion batteries†

Susan A. Odom,* Selin Ergun, Pramod P. Poudel and Sean R. Parkin

A variety of mechanisms lead to the failure of lithium-ion batteries. One is overcharge, a condition in which

a battery’s voltage rises above its designed end-of-charge potential. Electrolyte additives called redox

shuttles limit cell potential by preferentially oxidizing, and cycling between the cathode and anode in

their radical cation and neutral forms. Currently, testing requires coin cell assembly and repeated cycling,

which can be an expensive and time consuming process. It is commonly accepted that degradation of

the radical cation form of a redox shuttle leads to overcharge protection failure. We thus studied the

stability of the radical cation forms of a series of redox shuttle additives to determine if there is a

correlation between radical cation stability and the number of cycles of overcharge protection. While the

reversibility of oxidations in cyclic voltammetry did not correlate to trends in overcharge performance,

results from both UV-vis and electron paramagnetic resonance spectroscopy showed a correlation

between stability and overcharge protection. Our results reveal trends within a few hours for what

otherwise takes months of battery cycling to determine, providing a fast and relatively inexpensive

method for predicting redox shuttle performance.
Broader context

Hundreds of compounds have been tested as redox shuttles for lithium-ion batteries, but only a small percent of compounds have resulted in overcharge
protection for more than a few cycles. For this area of research to progress, it is necessary to identify faster, less expensive screening methods of redox shuttle
candidates. From published protocols, a typical overcharge cycle takes about 20 h, and for the most robust redox shuttles can take weeks or months of cycling
before failure. Additionally, the equipment required to assemble and cycle batteries is extensive and costly. Using UV-vis spectroscopy of radical cations enables
a small amount of analyte to be studied, and our results show clear trends in radical cation stability in a few hours, despite signicant differences in
concentration (3 � 10�4 M vs. 0.1 M) and solvent environment (dichloromethane vs. carbonate solvents with lithium salts). We plan to use this method to
identify potential redox shuttle candidates prior to battery cycling.
I. Introduction

Lithium-ion batteries (LIBs) are ubiquitous in consumer elec-
tronics1,2 and have been commercialized for hybrid vehicles and
commercial aircra.1,3,4 Despite wide commercial use, safety
concerns and limited lifetimes have restricted the development
of large-scale LIBs.4–7 A common safety issue in LIBs is over-
charge, a condition in which charging current is applied to a
battery that has reached its end-of-charge potential, raising cell
potential to undesirably high values.4,8 This situation leads to an
excess of lithium deintercalation, which may cause irreversible
phase transitions in the cathode,9 as well as oxidation and
reduction reactions at the cathode/electrolyte surface, leading
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–767
to electrolyte decomposition and gas production.10–12 Increased
internal pressure may pose safety hazards, and heat generated
from these reactions may lead to thermal runaway conditions,
increasing the risk of res and explosions. To prevent over-
charge in LIBs, electrolyte additives called redox shuttles have
been utilized to limit cell voltage. Redox shuttles prevent over-
charge by oxidizing at the cathode, then shuttling to anode
where they are reduced to their neutral form, thus mitigating
excess current and stabilizing cell voltage.4,8 Of the two forms of
redox shuttle present during overcharge, the stability of the
more reactive radical cation form of the redox shuttle is a crit-
ical factor for longevity.

Overcharge protection in LIBs has been demonstrated with a
variety of redox shuttles.4,8 The majority of shuttles relevant to
4 V or higher LIBs consist of aromatic compounds, organome-
tallic compounds,13–28 and conjugated polymers.29–33 Radi-
cals34,35 and inorganic salts21,36–39 have also been used to
demonstrate overcharge protection. Redox shuttle performance
is usually measured by the number of overcharge cycles in
which voltage stabilization is achieved, given a dened amount
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Fused-ring heteroaromatic redox shuttles reported for over-
charge protection and the number of cycles reported with relevant
electrodes.17,18,45
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of excess charging current. Overcharge performance is affected
by redox shuttle solubility, diffusion coefficient, and chemical
stability of the neutral and oxidized (radical cation) forms.
Solubility in battery electrolytes can be predicted by the
composition and placement of polar, nonpolar, hydrogen-
bonding, and aromatic components. Diffusion coefficients
can be estimated by the size and shape of a molecule. However,
predicting the relative stability of redox shuttles is a more
difficult task, especially in the radical cation (oxidized) form.
Radical cations are more reactive than their neutral counter-
parts due to their electron deciency and radical nature. These
species undergo a variety of substitution reactions with nucle-
ophiles40,41 as well as dimerization and polymerization reac-
tions.42–44 While DFT calculations have been used to explain
stability and to propose decomposition pathways of radical
cations,25,28,45,46 no studies have been reported that predict the
performance of untested redox shuttle candidates.

In addition to the lack of predictive methods in redox shuttle
performance, no methods have been identied to screen redox
shuttle candidates prior to battery assembly and cycling. Thus
new compounds must be tested in batteries to determine
overcharge performance: a costly and lengthy process. An
argon-lled glove box, coin cell supplies, coin cell crimper, and
battery cycler easily total $100k for a basic setup. Additionally, a
signicant amount of time may be required to obtain cycling
results. If a redox shuttle additive fails to go beyond a few
overcharge cycles, the experiment is nished within a few days.
However, if a redox shuttle is effective in overcharge protection,
cycling may require weeks or months to complete. As redox
shuttle design improves, rigorous testing by current methods
could require years of cycling before failure.

A fast, inexpensive approach is needed for more efficient
screening of potential redox shuttles to identify promising
candidates for overcharge protection. Such a method could be
used to limit battery cycling to only the more promising
candidates, thus saving time and money when less viable
candidates are eliminated. Because the radical cations of
aromatic compounds are more reactive than their neutral
counterparts, we examined the stability of these oxidized
species. We predicted that the stability of radical cations could
be used to determine redox shuttle performance: a more stable
radical cation should correlate to a redox shuttle with a larger
number of overcharge protection cycles. While it is generally
accepted that radical cation stability is a key factor in redox
shuttle performance, there have been no experimental studies
that have shown whether radical cation stability correlates with
redox shuttle performance.

A variety of analytical techniques can be used to study radical
cation species. For example, Dahn and coworkers used UV-vis
absorption spectra to analyze radical cations of the redox
shuttle 1,4-bis(tert-butyl)-2,5-dimethoxybenzene, although their
study did not focus on lifetimes.47 Our previous work in the
spectroscopic analysis of radical cations inspired us to use
transient UV-vis absorption and electron paramagnetic reso-
nance (EPR) spectroscopy to measure the stability of radical
cations. We selected UV-vis because of its simplicity and EPR
because of its unambiguous identication of radical species.
This journal is © The Royal Society of Chemistry 2014
Given the large number of compounds tested as redox
shuttles, we limited initial experiments to a group of structur-
ally similar redox shuttles reported by the same laboratory,
specically the Dahn group. The compounds studied include
N-ethylphenothiazine and similarly structured anthracene-
based heterocycles (Fig. 1).17,18,45 Herein we present the results
of radical cation stability measurements using UV-vis and EPR
spectroscopy compared with the number of overcharge protec-
tion cycles reported for the corresponding redox shuttles.
II. Experimental section
General

3-Chloro-N-ethylphenothiazine (ClEPT), N-acetylphenothiazine
(AcPT), N-ethylphenothiazine-(S,S)-dioxide (EPTSO2), and
thianthrene (THIA) were purchased from Sigma Aldrich
and were used without further purication. N-Ethyl-
phenothiazine was synthesized in our laboratory, following a
similar procedure for the previously reported compound.48 The
chemical oxidant tris(2,4-dibromophenyl)aminium hexa-
chloroantimonate (TDBPAc+ or Magic Green)49 and its neutral
precursor were synthesized in our laboratory. Sodium hydride
was purchased from Alfa Aesar, bromine and bromoethane
from Sigma Aldrich, and antimony pentachloride from Acros
Organics. Silica gel (65 � 250 mesh) was purchased from
Sorbent Technologies, and solvents for product purication
were purchased from Fisher Scientic. Ethylene carbonate,
ethyl methyl carbonate, and lithium hexauorophosphate were
purchased from BASF Corporation (NJ, USA). 1H and 13C NMR
spectra were obtained on Varian spectrometers in DMSO-d6 or
CDCl3 from Cambridge Isotope Laboratories. Mass spectra were
obtained on an Agilent 5973 Network mass selective detector
attached to Agilent 6890N Network GC system. Elemental
analyses were performed by Atlantic Microlabs.
Synthesis of N-ethylphenothiazine (EPT)

Sodium hydride (4.8 g, 110 mmol, 60% dispersion in mineral
oil) was added to a solution of phenothiazine (19.9 g, 100 mmol)
in anhydrous N,N-dimethylformamide (100 mL) in a 250 mL
Energy Environ. Sci., 2014, 7, 760–767 | 761
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round-bottomed ask under nitrogen atmosphere. The reaction
ask was immersed in an oil bath, which was heated to 50 �C for
20 min. A reux condenser was attached, and ethylbromide
(12.0 g, 110 mmol) was added dropwise to the reaction mixture
through the condenser and was stirred overnight. Water
(500 mL) was added, and the organic product was extracted with
hexanes (2 � 300 mL). The combined organic layers were dried
over MgSO4 and were concentrated by rotary evaporation. The
crude product was puried by recrystallization from ethanol,
yielding the product (20.1 g, 90%) as a white solid. 1H NMR
(400 MHz, DMSO-d6) d (ppm): 7.21–7.17 (m, 2H), 7.13 (dd, J ¼
7.6, 1.6 Hz, 2H), 7.00 (dd, J ¼ 8.2, 1.0 Hz, 2H), 6.92 (td, J ¼ 7.5,
1.2 Hz, 2H), 3.9 (q, J ¼ 6.9 Hz, 2H), 1.3 (t, J ¼ 6.9 Hz, 3H). 13C
NMR (100 MHz, DMSO-d6) d (ppm): 144.40, 127.57, 126.98,
122.97, 122.33, 115.43, 40.98, 12.66. GCMS: m/z 227 (50%), 212
(10%), 198 (100%), 167 (13%). Anal. calcd for C14H13SN C, 73.97;
H, 5.76; N, 6.16 . Found C, 73.91; H, 5.87; N, 6.12 and C, 73.72;
H, 5.82; N, 6.16%.

Synthesis of tris-(2,4-dibromophenyl)amine

Triphenylamine (0.491 g, 2.00 mmol) was added to an oven-
dried 50 mL round-bottomed ask cooled under nitrogen.
Anhydrous dichloromethane (10 mL) was added to the reaction
ask, aer which bromine (1.92 g, 12.0 mmol) in dichloro-
methane (2 mL) was added dropwise. The reaction mixture was
stirred at r.t., with monitoring by GCMS. Additional bromine
(0.36 g, 2.3 mmol at 27 h and 0.16 g, 1.0 mmol at 44 h) was
added to the reaction ask followed by dichloromethane
(100 mL) aer 48 h total reaction time. The organic layer was
washed with aq. Na2S2O3, and was dried over MgSO4, ltered,
and concentrated by rotary evaporation, resulting in a white
solid. The product was puried by crystallization in a 3 : 1
solution of dichloromethane:ethanol, which was allowed to
evaporate slowly at r.t. Filteration yielded the product as a
colorless crystalline solid (0.89 g, 62%). 1H NMR (400 MHz,
CDCl3) d 7.73 (d, J ¼ 2.4, 3H), 7.33 (dd, J ¼ 2.4, 8.4, 3H), 6.67
(d, J¼ 8.4, 3H). 13C NMR (100 MHz, CDCl3) d 144.3, 137.3, 131.5,
128.1, 122.3, 118.7. MS (EI) m/z 719 [M+]. Anal. calcd for
C18H9Br6N: C, 30.08; H, 1.26; N, 1.95. Found: C, 30.22; H, 1.12;
N, 2.02%. Atomic connectivity was conrmed by single crystal
X-ray analysis (Fig. S1†).

Synthesis of tris-(2,4-dibromophenyl)aminium
hexachloroantimonate (TDBPAc+)

Tris-(2,4-dibromophenyl)amine (0.18 g, 0.25 mmol) was added
to a 100 mL oven-dried round-bottomed ask cooled under
nitrogen. Anhydrous dichloromethane (15 mL) was added to the
ask, which was capped with a rubber septum, immersed in an
ice water bath, and purged with nitrogen. Dropwise addition of
antimony pentachloride (48 mL, 0.11 g, 0.38 mmol) to the
reaction mixture produced a dark green solution, which was
stirred for 10 min. The reaction mixture was then cooled to
�20 �C, and anhydrous hexanes (60 mL) were added, resulting
in the formation of a green precipitate, which was ltered and
washed with anhydrous hexanes (15 mL). The title compound
was obtained as a green solid (0.26 g, 99%), which was
762 | Energy Environ. Sci., 2014, 7, 760–767
transferred to an argon-lled glove box for long-term storage
immediately aer isolation. An EPR spectrum of the product
(Fig. S2†) showed that a radical is present. UV-vis absorption
spectra showed a broad band centered at ca. 860 nm (Fig. S3†).

Cyclic voltammetry

Cyclic voltammetry (CV) experiments were performed using a
CH Instruments 600D potentiostat. The electrolyte consisted of
0.1 M nBu4NPF6 in dichloromethane (DCM) and contained ca.
3 � 10�4 M analyte. Glassy carbon was used as the working
electrode, platinum as the counter electrode, and freshly
anodized silver/silver chloride as the reference electrode. Dec-
amethylferrocene (Cp*2Fe, E1/2

+/0 ¼ �0.55 V vs. Cp2Fe
+/0 at 0 V)

was added to each sample as an internal reference. Voltam-
mograms were recorded at scan rates of 100 mV s�1, and
multiple scans were performed for each sample to assure
reproducibility.

UV-vis and EPR spectroscopy

UV-vis spectra were obtained using optical glass cuvettes
(Starna) on an Agilent 8453 diode array spectrometer. The
analyte (0.009 mmol, 2–3 mg) was dissolved in anhydrous
dichloromethane (2.9 mL) in a vial and was transferred to a
cuvette with a 10 mm path length. A freshly prepared solution of
TDBPAc+ oxidant (100 mL, 9.0 � 10�3 M in dichloromethane)
was added using a Hamilton syringe, and the cuvette was
immediately capped with a teon stopper and rotated to
distribute the oxidant throughout the sample. Assuming
complete electron transfer, this reaction yields a net concen-
tration of 3.0 � 10�4 M radical cation, 3.0 � 10�4 M neutral
form of the oxidizing agent, and 2.7 � 10�3 M unreacted,
neutral redox shuttle remains. Numerous spectra were obtained
at various times from the initial spectra up to 10 h. For EPR
studies, the same amounts and concentrations of neutral redox
shuttle and oxidant were combined and transferred to a 4 mm
quartz EPR tube (Wilmad). Spectra were collected on an X-band
Bruker EPR spectrometer. In both UV-vis and EPR experiments,
all solutions of oxidant were used within 10 min of preparation
to minimize oxidant decomposition, and the initial spectra
were acquired within 1 min of oxidant addition for UV-vis
samples and within 5 min for EPR samples.

III. Results and discussion

Radical cations can be generated by a variety of techniques,
including bulk electrolysis, irradiation with gamma rays, and
reaction with a chemical oxidant. Striving for simplicity in the
experimental setup, we used a chemical oxidant to generate
radical cations. In order to identify an appropriate chemical
oxidant to produce radical cations of EPT and related redox
shuttles, CV was used to determine oxidation potentials. Our
electrolyte contained the solvent dichloromethane (DCM) and
0.1 M nBu4NPF6; we preferred DCM as the solvent for UV-vis and
EPR studies due to its low cost, ability to solubilize aromatic
compounds, lack of strong nucleophilic components, and
naturally anhydrous nature. Additionally, it is not possible to
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Cyclic voltammograms of EPT (black), ClEPT (blue), AcPT (red),
EPTSO2 (maroon), and THIA (green) in 0.1 M nBu4NPF6 in dichloro-
methane (left) and in 1.2 M LiPF6 in EC/EMC (right) recorded at a scan
rate of 100 mV s�1. Potentials in dichloromethane are referenced to
CpFe+/0 at 0 V, and those in EC/EMC are referenced to Li+/0 at 0 V.

Scheme 1 Representation of the electron transfer reaction of EPT
with TDBPAc+ in which the radical cation of EPT and the neutral form
of the triarylamine derivative are produced.51
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acquire EPR spectra in standard 4 mm tubes with the typical
carbonates used in battery electrolytes at r.t. because these
solvents are too polar to allow for tuning of the EPR cavity. For
comparison with a common LIB electrolyte, we recorded vol-
tammograms in Argonne National Laboratory’s “generation 2”
battery electrolyte: ethylene carbonate/ethyl methyl carbonate
(3 : 7) containing 1.2 M LiPF6. The voltammograms recorded in
0.1 M nBu4NPF6 in DCM were referenced to Cp2Fe

+/0 at 0 V, and
the voltammograms recorded in 1.2 M LiPF6 in EC/EMC were
referenced to Li+/0 at 0 V. The voltammograms from both
solvent systems are shown in Fig. 2, excluding the portion of the
voltammograms containing the oxidation of the internal stan-
dard (see Fig. S4† for the complete voltammograms). The
oxidation potentials in both electrolytes, which were calculated
by averaging the peaks of the forward and reverse waves, are
reported in Table 1. In the case of irreversible oxidations
(AcPT and EPTSO2), oxidation potentials were calculated by
averaging the oxidation peak and an estimate of where the
reduction peak would have occurred if the oxidation had been
reversible; therefore these values may not be as reliable.

In a chemical oxidation reaction, the chemical oxidant
accepts an electron from its neutral counterpart, thus
Table 1 Oxidation potentials (E1/2
+/0) of EPT, ClEPT, AcPT, EPTSO2,

and THIA in 0.1 M nBu4NPF6 in DCM vs. Cp2Fe
+/0 at 0 V and in 1.2 M

LiPF6 in EC/EMC vs. Li+/0 at 0 V

Compound E1/2
+/0 vs. Cp2Fe

+/0 (V) E1/2
+/0 vs. Li+/0 (V)

EPT 0.26 3.52
ClEPT 0.34 3.58
AcPTa 0.85c 4.08c

AcPTb 0.14 3.42
EPTSO2 1.18c 4.34c

THIA 0.84 4.09

a Original peak. b Peak that appeared in subsequent scans. c Oxidation
was not reversible.

This journal is © The Royal Society of Chemistry 2014
generating the radical cation of the redox shuttle (Scheme 1). In
order to use the same chemical oxidant for this series of
compounds, it is necessary that the oxidation potential of the
neutral version of the chemical oxidant occurs at a higher
potential than that of all of the neutral compounds in the series.
The shape of the oxidation of EPTSO2 is quite far from revers-
ible, so our estimate of 1.18 V for the oxidation has an unknown
yet possibly large error. Therefore we neglected its estimated
potential in the identication of an appropriate oxidizing agent.
Although we had hoped that the commercially available oxidant
tris(4-bromophenyl)aminium hexachloroantimonate (TBPAc+,
known as Magic Blue) would be compatible with the series, the
oxidation potentials of AcPT and THIA of 0.85 and 0.84 V,
respectively, vs. Cp2Fe

+/0 are not low enough to undergo an
electron transfer reaction with TBPAc+, as the oxidation poten-
tial of the neutral form of TBPAc+, tris(4-bromophenyl)amine, is
0.70 V vs. Cp2Fe

+/0. A related oxidant tris(2,4-dibromophenyl)-
aminium hexachloroantimonate (TDBPAc+, also known as
Magic Green), for which the oxidation potential of its neutral
form is 1.1 V vs. Cp2Fe

+/0, is compatible with the oxidation
potentials of the compounds in this series. This oxidant can be
synthesized in two steps from triphenylamine.49,50

From the CV experiments we found that the reversibility of
the oxidations does not correlate to overcharge performance,
and therefore, CV cannot be used as a reliable screening
method for redox shuttle performance. AcPT, which undergoes
overcharge protection for a relatively high number of over-
charge cycles (114), has an irreversible oxidation in both elec-
trolytes, and would not be expected to be an effective redox
shuttle. Also, THIA, which limits battery potential for only two
overcharge cycles, displays a reversible oxidation in both elec-
trolytes. The time scale of the CV experiment can be used to
explain why a relatively poor redox shuttle like THIA displays a
reversible oxidation: the time from the start of the oxidation of
THIA until its return to neutral is about 8 seconds, which is
orders of magnitude shorter than one cycle of overcharge
protection (oen �20 h). A radical cation that is stable for 8 s
cannot be guaranteed to last even one overcharge cycle.

The case of AcPT is more interesting as one would expect that
a radical cation that decomposed in less than 8 s would not
demonstrate any overcharge protection. However, with AcPT,
this is not the case. Notice, though, that there is a reduction
wave at a lower potential in both electrolytes. Subsequent scans
(see Fig. S5†) show that the reduction peak corresponds with a
matching oxidation peak, consistent with decomposition of the
AcPT radical cation into a new compound that displays a
reversible oxidation. Dahn’s report on phenothiazine-based
Energy Environ. Sci., 2014, 7, 760–767 | 763
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redox shuttles showed that AcPT initially protects at 2.4 V in an
LTO/LiFePO4 battery but drops during an overcharge cycle.18,19

Based on this cycling data, we suggest that a decomposition
product of the AcPT radical cation enables the large number of
overcharge protection cycles.

In the second portion of our study, we generated solutions of
redox shuttle radical cations from reaction with TDBPAc+ and
monitored their lifetimes. For UV-vis studies, it is necessary to
identify a consistent concentration of radical cation for all
samples that does not saturate the instrument detector. A
radical cation concentration of 3.0 � 10�4 M yielded initial
spectra with absorption maxima of 2.5 or lower. The initial
spectra, collected within 1 min of radical cation generation, are
shown in Fig. 3a. Subsequent spectra of each radical cation are
shown in Fig. 3b–f.

The absorption bands of the radical cations are red-shied
in comparison to their neutral counterparts, which have
absorption maxima ranging from 280–380 nm. The most
intense peak for the radical cation forms occurs between 420
and 550 nm, and all radical cations show less intense peaks at
lower energies. Within each radical cation spectrum, the
intensities of two peaks were monitored over time: (1) the tallest
peak in the visible region (restricted to 400–600 nm) and (2) the
tallest peak in the far red region (restricted to 700–1100 nm). In
each gure, the monitored peaks are identied with a marker
based on the trend in peak intensity: an arrow pointing down if
the peak intensity decreases over time, an arrow pointing up if
the peak intensity increases over time, and a line if the peak
Fig. 3 UV-vis absorption spectra of the radical cations of previously
reported redox shuttles at 0 min (A). Plots of the absorption spectra for
radical cations EPTc+ (B), ClEPTc+ (C), AcPTc+ (D), EPTSO2c+ (E), and
THIAc+ (F) at 0, 1, 2, 3, and 5 h.

764 | Energy Environ. Sci., 2014, 7, 760–767
intensity does not change signicantly. For comparison with
battery electrolyte, both solvent alone and solvent with lithium
salt, we generated radical cations in ethylene carbonate/ethyl
methylcarbonate (EC/EMC, 3 : 7 ratio) with and without 1.2 M
LiPF6 (Fig. S7†). Radical cation spectra are nearly identical in all
three solvents.

The marked peaks in the spectra for EPT (Fig. 3b) and ClEPT
(Fig. 3c) increase slowly with time. This can be explained by
oxidation of a small portion of the excess neutral redox shuttle
by DCM, which is prone to oxidizing aromatic compounds with
low oxidation potentials. Otherwise the lack of signicant
change in the absorption spectra over time indicate a large
number of overcharge protection cycles. The intensity of the
peaks in the spectra of the radical cations of EPTSO2 (Fig. 3e)
and THIA (Fig. 3f) decrease rapidly, indicating that these radical
cations are unstable at this concentration in DCM, consistent
with their relatively low number of cycles compared to that of
the radical cations of EPT and ClEPT are stable at this
concentration in DCM, consistent with their relatively large
overcharge protection. The spectra of AcPT (Fig. 3d) are unique
in that some peak intensities increase while others decrease
with time. The change of the spectral shape over time is
consistent with the formation of a new product that has tran-
sitions at similar energies as AcPT. Based on the UV-vis spectra,
this product could be a new radical cation or a neutral
compound with extended conjugation. For comparison, spec-
tral changes were also monitored in EC/EMC and in 1.2 M LiPF6
in EC/EMC (Fig. S8†) and showed similar trends in decay, the
exception being the EPT radical cation in LiPF6/EC/EMC, which
increased in signal due to oxidation of excess neutral
compound by the electrolyte salt.

While the UV-vis spectra are consistent with those reported
for the same or similar compounds, analysis of the UV-vis
spectra alone is not sufficient to conrm that a radical cation
was generated. Even if the radical cation is formed, monitoring
the intensity of a specic wavelength over time does not guar-
antee that the concentration of radical cation correlates linearly
to the absorbance at that wavelength. For example, if a
decomposition product forms that is not a radical, it may still
have a peak with absorbance at the same wavelength. To
unambiguously monitor the radical cation concentration,
electron paramagnetic resonance (EPR) is necessary because an
EPR signal is only observed if a radical is present. EPR spectra
are plotted as a derivative, so it is necessary to integrate the
spectrum twice to obtain the relative concentration of radical
cation over time. The area under the doubly integrated spec-
trum can be used to measure the concentration of radical cation
in comparison to samples of known concentration when spectra
are collected using the same instrument parameters. We wan-
ted to compare the trends in decay of the area under integrated
EPR spectra to the peak monitored in the UV-vis spectrum to
determine if UV-vis analysis gave the same results as measuring
radical cation concentration.

For EPR measurements, radical cations were generated in
DCM in a 10 : 1 ratio of neutral compound to oxidant, gener-
ating the spectra shown in Fig. 4a. All spectra were plotted with
the same intensity scale52 except for the radical cation of THIA.
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Plot of the normalized maximum absorbance vs. time (a) and
the area under integrated EPR spectrum vs. time (b) for EPTc+, ClEPTc+,
AcPTc+, EPTSO2c+, and THIAc+ generated at 3.0� 10�4 M in DCM from
0–5 h.
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Because the spectrum of the THIA radical cation is narrower
than the other radical cations, the peaks in its spectrum are
more intense. In Fig. 4b–e, the spectra for each radical cation
are shown over time. It was not possible to record EPR spectra at
r.t. in EC/EMC with or without LiPF6 due to high dielectric
constants of carbonates, so additional EPR spectra are not
provided in battery electrolyte.

The triplet in the EPR spectra of EPTc+ and ClEPTc+ is
consistent with coupling to one nitrogen atom, and have similar
spectra in both cases. As the electronics of the ring system are
altered with electron-withdrawing groups or by replacing
heteroatoms in the aromatic ring, the shape of the spectra
changes. In the EPR spectrum for THIAc+, in which there is no
nitrogen atom, the signal is a singlet. The original EPR spectra
shown in Fig. 4a show relatively strong signals for EPTc+,
ClEPTc+, and THIAc+. For AcPTc+ and EPTSO2c+, however, the
spectra are much less intense, with almost no measurable
signal, indicating a low concentration of radical cation. The
intensity of the AcPTc+ spectrum was unexpected based on the
UV-vis results. Based on UV-vis alone, we had expected a rela-
tively intense, stable EPR signal but instead had almost no
signal. However, considering the tendency of the UV-vis spectra
to change shape over time, it is likely that the AcPTc+ almost
immediately decomposes into a new product that is not a
radical cation. This explanation is consistent with the CV
Fig. 4 EPR spectra of the radical cations of previously reported redox
shuttles in DCM at 0 min (A) and the spectra for EPTc+ (B), ClEPTc+ (C),
AcPTc+ (D), EPTSO2c+ (E), and THIAc+ (F) at 0, 1, 2, 3, and 5 h.

This journal is © The Royal Society of Chemistry 2014
results, which show that the AcPTc+ rapidly decomposes into a
new product with a lower oxidation potential than AcPT.

Except for the case of AcPT, the changes in EPR spectra over
time were consistent with the UV-vis results. To quantify these
changes and to compare the UV-vis and EPR results, we next
generated two plots. For the UV-vis spectra, we took an average
of the absorbance values of the tallest peak over three runs.
Because the molar absorptivity of the tallest peak may be
different for every radical cation, absorbance values do not
necessarily correlate to radical cation concentration from one
sample to another. Therefore we normalized the average
absorbance of the rst sample acquired to 1.0, dividing the
remaining absorbance values for that radical cation by the same
number used to normalize the initial absorbance. Thus, each
value starts at a normalized absorbance of 1.0. We did not
normalize the area under the EPR spectra because these values
are unique to concentration of radical species and are not
dependent on molecular properties. A plot of normalized
absorbance vs. time is shown in Fig. 5a, and a plot of the area
under the integrated EPR spectrum vs. time is shown in Fig. 5b
(see Fig. S6† in the ESI for the UV-vis plot with error bars
included, as well as a plot of the most intense peak in the far red
region vs. time).

When comparing the plot of absorbance vs. time to the area
under the integrated EPR spectrum vs. time, one can see many
similarities. The values for EPTc+ and ClPTc+ are almost
unchanging over time. THIAc+ has almost the same trend in
both cases, and if one takes into account that the rapid decrease
in EPTSO2c+ in the UV-vis spectrum may have occurred before
the EPTSO2 sample can be tuned in the EPR cavity, the
remaining values are low in intensity and show a slow rate of
change. The major difference is that of AcPTc+. The UV-vis data
do not discern that the changing absorbance values, while
decreasing, are almost nonexistent in the EPR spectra. There-
fore we propose a general guideline for analyzing UV-vis spectra
of radical cations over time: if the shape of a UV-vis spectrum
changes over time (some peaks increase in intensity while
others decrease), then the change in absorbance intensity at any
one wavelength is not useful for reliably predicting radical
cation stability (Fig. 6). As long as we monitor not only the peak
intensity, but consider also the shape of the spectrum over time,
then we can rely on the UV-vis peak intensity to analyze radical
cation stability.
Energy Environ. Sci., 2014, 7, 760–767 | 765
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Fig. 6 Plot of percent of original absorbance for the tallest peak in the
UV-vis spectrum (A) and plot of area under integrated EPR spectrum
(B) in DCM, each vs. the number of overcharge cycles reported for
THIA, EPTSO2, ClEPT, and EPT with LiFePO4/LTO electrodes.
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In order to know if these results are useful for predicting
overcharge performance in LIBs, it is necessary to compare the
values for absorbance (UV-vis) and area under the integrated
spectra (EPR) at different times vs. the number of overcharge
cycles reported for these derivatives.17,18,45 Therefore plots were
generated for 1, 2, 3, and 5 h for the UV-vis and EPR values vs.
the number of overcharge cycles. Because we are condent that
the AcPTc+ decomposes into at least one new material, we
excluded it from this plot as we expect that our data will not lead
to a reliable prediction in the case of AcPT. Here the values of
the percent signal (absorbance or integrated area) of EPTc+,
ClEPTc+, EPTSO2c+, and THIAc+ at 1 h, 2 h, 3 h, and 5 h are
plotted vs. their number of overcharge cycles in coin cells with
Li4/3Ti5/3O4 and LiFePO4 electrodes and 0.5 M LiBOB in
propylene carbonate (PC)/dimethyl carbonate (DMC)/ethylene
carbonate (EC)/diethyl carbonate (DEC) in a 1 : 2 : 1 : 2 ratio
by volume as the electrolyte17,18,45 (see Fig. S9† in the ESI for
plots that include AcPT values).

The percent UV-vis absorbance and the area under the
integrated EPR spectrum show that the redox shuttles having
more stable radical cations correspond to a larger number of
cycles of overcharge protection. The plot that is the most linear
is the 5 h plot in the UV-vis in DCM experiment. Until 5 h in
DCM, this method predicts that THIA and EPTSO2 are switched,
but over time, THIA decays signicantly and drops below
EPTSO2. For the EPR spectra, the time required to tune the EPR
cavity for each sample prevents us from differentiating between
THIA and EPTSO2, but does correctly predict that ClEPT
protects batteries from overcharge for a larger number of cycles
than does EPT. Notably, while the stabilities of radical cations
may vary signicantly from one solvent to another, analysis of
the radical cation stability in DCM as measured by UV-vis
spectroscopy yielded the same trends as in battery electrolyte,
both with and without the lithium salt.
IV. Conclusions

In conclusion, we have measured the stability of the radical
cations of ve related redox shuttles in dichloromethane using
UV-vis and EPR spectroscopy. We found that monitoring the
absorbance of the most intense peak in the UV-vis spectrum
provided a correlation in radical cation stability vs. the number
766 | Energy Environ. Sci., 2014, 7, 760–767
of overcharge cycles in LIBs. UV-vis and EPR yielded similar
trends. In 5 h or less, we can predict which redox shuttles are
the most stable and can weed out the poorer performing shut-
tles, as long as we note the appropriate exceptions, that include
having a UV-vis spectrum that changes in shape over time; in
which case we cannot expect to be able to predict redox shuttle
performance. This relatively inexpensive method requires only
the purchase of a diode array UV-vis spectrometer, anhydrous
solvents, and reagents to prepare the chemical oxidant, which
may make redox shuttle analysis accessible to more laborato-
ries. DCM can be used instead of battery electrolyte, as results in
both solvents show similar trends in decay. Despite the change
in concentration and environment, our UV-vis and EPR studies
in DCM show that radical cation stability provides an indication
of redox shuttle performance in overcharging batteries, thus
enabling laboratories containing standard synthetic organic
supplies and instruments to study redox shuttle candidates
without the purchase and assembly of supplies and equipment
for battery testing. Our future work will be extended to testing
additional series of related redox shuttles to determine if we can
reliably use this method to predict redox shuttle performance in
different classes of aromatic compounds. Additionally, we will
compare our results to those obtained in battery electrolyte to
determine the effect of solvent environment on trends in
prediction.
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