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ABSTRACT: Anionic redox chemistry offers a transformative approach for significantly
increasing specific energy capacities of cathodes for rechargeable Li-ion batteries. This
study employs operando electron paramagnetic resonance (EPR) to simultaneously
monitor the evolution of both transition metal and oxygen redox reactions, as well as their
intertwined couplings in Li,MnOj, Li;,Nij,Mn,40,, and Li;,Niy;3Mng,Coq 130,
cathodes. Reversible O*"/0O," redox takes place above 3.0 V, which is clearly
distinguished from transition metal redox in the operando EPR on Li,MnO; cathodes.
0%7/0," redox is also observed in Li;,Nij,Mn,0,, and Li,,Nij;3;Mng,Coy 130,
cathodes, albeit its overlapping potential ranges with Ni redox. This study further reveals
the stabilization of the reversible O redox by Mn and e~ hole delocalization within the
Mn—O complex. The interactions within the cation—anion pairs are essential for
preventing O,"” from recombination into gaseous O, and prove to activate Mn for its 0 80
increasing participation in redox reactions. Operando EPR helps to establish a
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fundamental understanding of reversible anionic redox chemistry. The gained insights
will support the search for structural factors that promote desirable O redox reactions.

T o meet the ever-growing demand for energy storage
technologies with high energy and power density, the
search for suitable cathodes for rechargeable Li-ion batteries
(LIBs) continues.' > Layered manganese-based materials with
large specific capacity and high voltage represent the state-of-
the-art."™" Li-rich materials LMO (with M being the
combination of Mn and Mg, Al P, Co, Nj, and/or Ru), such
as Li,MnO,, Li; ,Niy,Mn,s0, (LNMO), and
Li; ,Nig ;;Mng,Coy130, (LNMCO), have attracted tremen-
dous research effort to sustain their high capacities beyond the
first cycle. To further extend the frontier of designing high-
energy cathode materials, new chemistry is needed to enable
additional capacity beyond what transition metal (TM) redox
can offer. Recent discussions have explored the possibility of
employing reversible anionic redox reactions to create higher
capacity at high voltages. Oxygen (O) redox was used in Li—O,
and Li—air batteries, but the performance was compromised
due to the challenges in stabilizing desirable redox products.™
The combination of TM with O redox can lead to synergy for
providing the following benefits: (1) capacity harvested from
both TM and O redox reactions; (2) TM-stabilized O redox
products by sharing d orbitals to accommodate e~ loss and gain
and prevent irreversible O, evolution and the associated
structural degradation. For instance, Tarascon et al. proposed
that the introduction of 4d and 5d TMs in LizRul_ySnyO39 and
LilrO;'" can attain capacities up to 230 and 170 mAh/g for
many cycles, respectively. These TMs can stabilize the structure

during cycling and reduce the possibility of O, loss. The big
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question is whether we could adopt the design principles from
these expensive model systems for more practical cathodes,
such as the Mn-based Li-rich materials, which deliver high
energy density at a relatively low price.

In the past two years, extensive efforts have been directed
toward understanding the mechanism of O redox reactions in
Li-rich cathodes. It was claimed that, in addition to partial O,
gas release proposed by earlier investigations,'' ™" electron
holes formed on the oxygen sites,"”'® which may lead to
reversible e insertion and extraction and contribute to extra
reversible capacity. The new mechanism cast the promise that
reversible O redox for enhanced energy density in Li-rich
cathodes is possible if the local structure can be stabilized to
prevent O, formation.'”'® Ceder and co-workers used density
functional theory (DFT) calculation' to unveil the chemical
and structural features that lead to reversible O redox and thus
extra capacity. Their study concluded that labile electrons could
be extracted from orphaned oxygen states created with the Li—
O-Li configuration in Li-excess cathode materials. Bruce et
al.'® applied differential electrochemical mass spectrometry
(DEMS), Raman spectroscopy, and X-ray absorption near-edge
structure (XANES) to confirm that a small amount of O, was
formed upon charging the Li; ,Nij ;;Mn; 5,Cog 130, (LNMCO)
cathode above 4.5 V, but mainly electron holes were formed at
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4.5 V. Additionally, there was no O3~ generation during cycling
LNMCO, verified with Raman spectroscopy. An operando X-
ray absorption study on the LNMCO cathode found that both
TMs (Ni and Co) and O were involved in the reversible redox
reactions, but no redox reaction was associated with Mn."” The
O—O0 dimers in layered cathodes were visualized via trans-
mission electron microscopy (TEM) and neutron diffraction
(ND).*® The role of metal substitutes for stabilizing (O,)"
against O, recombination in Li-rich phases was also discussed.
The release of O, in Lirich cathodes has been widely studied
by both experimental' "'*'%*'** and DET'**°7** efforts. The
collective results, despite debates on the detailed mechanisms,
showed that electron holes were formed first and then O—O
was dimerized to form O,; O, release led to structural
destabilization and phase separation, which in turn caused the
capacity fading after the first charge.”

A delicate balance exists between reversible O redox for
enabling extra capacity and O, recombination and release
causing capacity fading in Li-rich cathodes. A path needs to be
found to stabilize the O redox against O, formation, and TMs
are expected to play an important role in this process. A better
understanding of the TM—O complex and its evolution during
cycling of the Li-rich cathodes is critical. Electron paramagnetic
resonance (EPR) is capable of determining the local
configurations of different TMs and spin interactions among
them.>*™*° Furthermore, EPR can easily detect peroxo-like
species in layered cathodes.” Recently, EPR spectroscopy and
imaging has been employed to probe the Li mossy structure
and radical formation of working batteries.*’~**

Operando EPR, with high detection sensitivity, is a powerful
tool to simultaneously follow the evolution of cationic TM and
anionic O redox reactions during battery operation. In this
contribution, a quantitative operando EPR protocol is devised
to probe cation—anion redox correlation in real time. Li,MnOj,
is chosen as the model material to reveal the evolution of
Mn*/#) together with O*>7/(0,)"” redox. Then, the study is
extended to two complex materials, Li; ,Niy,Mn, 0, (LNMO)
and Li; ,Nij;3;Mng,Coy130, (LNMCO), to determine the
coexisting interactions among different TMs and the roles of
different TMs in stabilizing the reversible O redox process.

Figure 1 demonstrates the setup for operando EPR
observation of LMO/Li batteries, where LMO represents
Li,MnO;, Li;;Nig,Mny0,, or Li;;Nip;3Mngs4C0g130,. The
picture of a bag cell battery is shown in Figure la with the
schematic of its configuration to the right. The high-voltage Li-
rich cathode and Li metal anode are separated by a piece of
glass fiber, which contains the electrolyte LP30. Both electrodes
are closely attached to Ti-mesh current collectors. The entire
battery is located in the center of the EPR cavity (Figure 1b)
and connected to an external galvanostat for electrochemical
operation. The orientation of the bag cell battery relative to the
magnetic field strongly affects the EPR signal intensity due to
magnetic susceptibility. Spectra of batteries at different
orientations with respect to the magnetic field are shown in
Figure S2. In all of the following experiments, the battery cell is
oriented in parallel with the external magnetic field, B, to
maximize detection sensitivity and ensure consistency. Figure
lc presents CW-EPR spectra of different components in a
LMOY/Li battery and their combinations. From bottom to top
are EPR spectra of pure LMO, LMO mixed with conductive
carbon additive, Li metal, and a pristine LMO/Li half-cell
battery, respectively. L,MnO; powder shows a broad symmetric
signal, which is mainly from the antiferromagnetically coupled
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Figure 1. (a) Picture and schematic of a LMO/Li half-cell battery for
operando EPR studies, containing a Li-rich cathode and a Li metal
anode, which are separated by a piece of glass fiber soaked with LP30
electrolyte. The whole battery is located in the center of the resonator
cavity of an EPR spectrometer (b), with a connection to a galvanostat
for electrochemical operation. (c) CW-EPR spectrum of the pristine
battery and its constituents, pure LMO, LMO mixed with conductive
additive, and Li metal. LMO represents Li,MnQ;, Li; ,Nij,Mn,¢O,, or
Li; ,Ni 13Mng 54C00,130,.

Mn*—O cluster. The Mn**—O EPR signal exhibits a single
Lorentzian line shape centered at g ~ 2.00.>* The addition of
conductive acetylene black leads to a very weak sharp peak,
which is attributed to delocalized electrons. Similarly,
conductive Li metal shows a relatively sharp peak, with a g
value of 2.00. EPR signatures for both the LMO cathode and Li
anode are observed for a pristine LMO/Li battery.
Deconvolution of the spectrum from a LMO/Li battery
shown in Figure S3 clearly distinguishes contributions from
LMO and Li, respectively. The above foundation work
establishes the basis for operando EPR to simultaneously
monitor changes associated with both cathodes and Li metal
anodes.

Figure 2 presents the CW-EPR spectra of three Lirich
cathode materials, Li,MnO;, LNMO, and LNMCO. The EPR
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Figure 2. CW-EPR spectra of pristine Li,MnO3, Li; ,Niy,Mn,40,, and

Li; ,Nig 13Mng 54Co0q,130, samples.
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resonance of Li,MnO; is relatively narrow with a single
Lorentz-governed line shape, showing a peak-to-peak width of
22 mT, consistent with previous reports.’* The latter two
samples, LNMO and LNMCO, show almost identical broad
spectra of a Lorentzian shape. The observed EPR signal mainly
comes from Mn*". The additional broadening of LNMO and
LNMCO spectra, compared with the Li,MnOj; spectrum, is
associated with ferromagnetic correlation between Ni** and
Mn* ions.”** Ni**~O—Mn*" has weak ferromagnetic
interactions, Ni**—O—Mn*" exhibits moderate antiferromag-
netic couplings, and Ni**—~O—Mn*" often shows very strong
antiferromagnetic interactions. These differences in their
magnetic interactions with Mn** enable indirect EPR detection
of Ni redox at room temperature. Similarly for Co, Co**—Mn**
antiferromagnetic interaction is much stronger than Co**—
Mn*, which allows the indirect EPR monitoring of Co**/Co*"
redox. Therefore, the different couplings between Mn—O,
Mn—Nj, and Mn—Co form the basis for probing both TM and
O redox processes using operando Mn*' EPR at room
temperature.

Operando EPR is first applied to follow the evolution of
redox reactions within a Li,MnQO;/Li battery. Upon charging,
Li ions are extracted from Li,MnO; and deposited on the Li
anode. As shown in Figure 3, the Li metal EPR peak grows
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Figure 3. Selective operando CW-EPR spectra of a Li,MnO;/Li half-
cell battery together with the electrochemical profile for the first
charge—discharge cycle.

during charge.” The increased intensi‘?r is due to lose
deposition of Li onto the Li metal anode,”® which allows the
microwave to penetrate with minimal skin depth effects. On the
other hand, smooth dense deposition would not change the
EPR signal intensity due to skin depth effects.*’ To test the
EPR signal dependence on the specific surface area, EPR
experiments were performed for two Li foils with the same
mass but different surface roughness. The foil with a rough
surface shows much more intense EPR signal compared to the
one with a smooth surface (Figure S4). The discharge process
strips Li from the Li anode and reintercalates it into the
Li,MnO; electrode. A gradual decrease of the EPR signal is
observed for Li metal. This reflects that Li removal from the Li
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anode mainly takes place from the newly formed loose surface
instead of the bulk Li anode. The EPR signal from the cathodes
also evolves with the charge—discharge process. The following
discussion will focus on the quantitative changes associated
with anionic and cationic redox reactions in LMO cathodes.

The electrochemical profile of a Li;MnQO;/Li half-cell battery
as a function of capacity is presented in Figure 4a with the dQ/
dV plot shown in Figure S5. During the first charge—discharge
cycle, 0.33 Li is extracted per Li,MnO; unit upon charge, and
0.21 Li is reintercalated into Li,MnO; upon discharge. During
the second cycle, 0.48 Li is extracted from Li,MnO; upon
charge, and 0.31 Li is reintercalated upon discharge. The
increased capacity following the first activation cycle was also
previously observed for Li,MnO,."* It is worth noting that the
specific capacities obtained for the three chosen LMO cathodes
are not optimized to the best reported values in the literature
due to the limitation of the battery cell containers required for
the operando characterizations. Nevertheless, they encompass
all of the electrochemical processes in LMO cathodes and
satisfy the purpose of this study, which is to demonstrate a
quantitative method for real time and simultaneous monitoring
of anionic and cationic redox reactions.

Li,MnO; is a neat system to start with because it does not
involve complications induced by the coexistence of other TMs.
In order to obtain quantitative information regarding the
evolution of operando EPR spectra of the Li,MnO;/Li cell
battery, the integral of the Mn** EPR resonance is calculated,
and the results are shown in Figure 4b. The integral of the
Li,MnO; cathode EPR signal increases at the very beginning of
charge (0—0.03 Li) (Figure 4b) because the residual Mn** in
pristine Li,MnO; with defects is oxidized to Mn*. The Mn*
signal remains constant during further charge (0.03—0.33 Li),
indicating no redox activities associated with Mn at this stage.
The 0.30 Li extraction should be accompanied by the removal
of e from O to maintain electroneutrality, leading to
electron hole formation on the O atom or ultimate release of
0, gas.7_9 Therefore, the capacity gained here (0.03—0.33 Li)
is mainly associated with O*~ oxidation in the range of 4.5—5.0
V. The products of O*~ oxidation have been reported to be
0, (n=0,1,2, or 3).

The Mn*" EPR integral decreases during the first discharsge,
which is attributed to the reduction of Mn** (Figure 4b). >
The slope of the Mn*" signal loss changes at ~3.0 V, suggesting
that Mn** is reduced in different manners above and below 3.0
V, and this kink point marks the transition from one form of
Mn*" reduction to the other. Direct reduction of Mn*" — Mn**
often occurs below 3.0 V. The decrease of Mn*" EPR signal
above 3.0 V is likely through an O-mediated Mn*" reduction
process; the O*~ oxidation product, O,"~ (n = 1, 2 and 3),
formed during the first charge, is stabilized by Mn*. During
discharge above 3.0 V, e~ will be harvested first by O,".
Through Mn—O spin coupling, Mn*" is apparently reduced,
leading to a reduction in the Mn** EPR signal.

A bilinear increase in the Mn*" EPR integral is observed for
the second charge, with Mn?** — Mn*" oxidation below 3.0 V
and 0>~ — 0,"7/0,(g) oxidation above 3.0 V. The second
discharge exhibits a similar bilinear pattern, but with slightly
increased capacity compared with the first discharge.

Quantification results also reveal that at least 1/3 of the O
redox reaction is reversible, with the remaining irreversibly
forming O,(g). It is worth noting that the Mn** EPR intensity
dropped to ~50% of the original amount at the end of the first
discharge and to 30% at the end of the second discharge,

DOI: 10.1021/acs jpclett.7b01425
J. Phys. Chem. Lett. 2017, 8, 4009—4016


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01425/suppl_file/jz7b01425_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01425/suppl_file/jz7b01425_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.7b01425

The Journal of Physical Chemistry Letters

b

~

0.33 Li 0.21 Li 0.48 Li 0.31Li

a) S ,
S 4 | - !

o Charge '\ Discharge Charge ' Discharge
8 ] | Mn3+4+ '
S 3r O redox ! (;111 O redox !
> | < . >N\ - ¢
0.30 Li 0.10 0.28 Li .
. I

Relative integral

Figure 4. (a) Electrochemical profile of a Li,MnO5/Li half-cell battery as a function of specific capacity. (b) Evolution of the EPR signal integral
from the Li,MnO; cathode in a Li,MnO5/Li half-cell battery. The color coding distinguishes different redox processes: Mn** <> Mn*" (green), O
redox at the plateau (blue), and reversible O*~ <> O,"” below the plateau (red).
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Figure 5. (a) Electrochemical profile of a LNMO/Li half-cell as a function of specific capacity. (b) Evolution of the EPR integral on the LNMO
cathode within a LNMO/Li half-cell battery. The color coding distinguishes different redox processes: Ni** <> Ni** (gray), Ni** « Ni** (black), O

redox (blue), and Mn*" < Mn®" (green).

suggesting increased Mn*" participation in redox, leading to
increased capacity in the second cycle. Controlled ex situ EPR
experiments were also carried out for pristine and cycled
Li;MnO; (Figure S8) cathodes, and the results complement
and confirm operando measurements.

The EPR signal integral of Li metal is also quantified. It
increases linearly upon charge but with two different rates. As
shown in Figure S11, two linear regions can be found, and the
fitting results indicate that the EPR intensity at the very
beginning of charge increases about 7 times faster than the one
in the later period of charge. The amount of Li is expected to be
deposited linearly with capacity. The different rate (slope)
observed in the EPR integral evolution is attributed to varied
density of deposited Li. Li is first loosely deposited onto the Li
metal surface, and a microwave can efficiently penetrate into
these newly formed Li microstructures. However, the later-
arrived Li will fill into the pores in prior formed micro-
structures. This will cause a densification and slow down the
growth of EPR signal due to skin depth effects. Similar trends
are also observed in the subsequent cycles and for the LNMO/
Li and LNMCO/Li systems (Figures S12 and S13). EPR

4012

intensity from Li decreases upon discharge (Figures S11, S12,
and S13).

‘When other TMs in addition to Mn are incorporated into the
LMO structure, more Li ions can be extracted in Li-rich
cathodes due to the increased amount of TM with redox-active
pairs per unit mass.'>*”** LNMO is a typical Li-rich cathode
material for LIBs. The added Ni** in LNMO can be easily
oxidized to Ni*"."" The electrochemical profile of a LNMO/Li
half-cell battery is shown in Figure Sa. The first stage of charge
allows 0.4 Li to be extracted, accompanied by Ni** — Ni**
oxidation. Within the voltage range from 4.5 to 4.8 V, an
additional 0.43 Li is extracted from LNMO; accordingly,
electrons should be removed from O*” in LNMO, leaving
electron holes on O or resulting in O, release. The first
discharge reintercalates 0.53 Li into LNMO with e contributed
to Ni*', Mn*, and (O,)"” reduction reactions. In the second
charge—discharge cycle, 0.61 Li is extracted from the cathode,
and 0.54 Li is subsequently reintercalated.

Multiple TM-involved redox reactions in conjunction with
anionic redox processes greatly increase the complexity of the
mechanisms for generating high capacity in Li-rich electrodes.
The capability of operando EPR in directly probing changes

DOI: 10.1021/acs jpclett.7b01425
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Figure 6. (a) Electrochemical profile of a LNMCO/Li half-cell battery as a function of specific capacity. (b) Evolution of the EPR integral on the
LNMCO cathode within a LNMCO/Li half-cell battery. The color coding distinguishes different redox processes: Ni** <> Ni** and Co** < Co*
(gray), Ni** < Ni** (black), O redox (blue), and Mn*" < Mn®" (green).

associated with Mn*" and indirectly detecting variations in Ni
and O based on their couplings to Mn*" allows the
disentanglement of the complex puzzle. EPR signal evolution
of the LNMO cathode is shown in Figure S10, and the
quantification results are presented in Figure Sb. For the
pristine battery, EPR-active Mn*" shows a strong signal, which
is broadened by Mn*"—Ni*" coupling. Upon charging, Ni*" is
oxidized to Ni** and then to Ni**. The Ni** and Ni** ions
decrease the Mn*" EPR intensity significantly (Figure Sb). This
is attributed to increased antiferromagnetic couplings between
Mn*" and Ni**/Ni*" ions, which quenches EPR signal in the X-
band.*”*° The decreasing rate of the EPR signal changes
between Ni** — Ni** and Ni** — Ni*" oxidation regions.
During the second region of charge, from 4.5 to 4.8 V, as
marked in blue in Figure Sb, the integral of the Mn* signal
remains nearly constant, indicating no oxidation state change
for Ni or Mn. The required e™ extraction has to originate from
0" to form O," or O,(g).

The first discharge reinserts Li into LNMO, accompanied by
the reduction of O,"", Ni*', and Mn**. As shown in Figure Sb at
the beginning of discharge (>4.0 V), the EPR signal grows very
slowly due to the competing effects of O,"~ and Ni** reduction
on Mn*. On one hand, O," reduction will reduce the Mn*
EPR signal, as observed in the case of Li,MnO;. On the other
hand, the reduction of Ni*" releases the “paired-coupling”
between Mn** and Ni*', a reverse process of the charging, and
thus will increase the Mn** EPR signal. Below 4.0 V, the signal
grows faster and linearly. Ni** is reduced to Ni** in the range of
32—4.0 V, as shown in the dQ/dV plot (Figure S6)."!
Further discharge below 3.2 V produces a reduction in the EPR
integral because Mn*" (EPR-active) is reduced to Mn** (EPR-
silent). At the beginning of the second charge, the EPR integral
increases as a result of Mn*" — Mn** oxidation. Further charge
oxidizes Ni** to Ni**, resulting in the re-emergence of Mn* —
Ni** coupling and Mn* EPR signal reduction. The initial
increase followed by a decrease in the EPR signal suggests that
Mn*" — Mn*" oxidation is followed by Ni** — Ni*". A quasi-
plateau in the Mn** EPR signal growth is observed between 4.0
and 4.5 V of the second charge, which indicates a mixed O*~
and Ni** oxidation. The e~ removal from O*~ and subsequent
hole delocalization increase the apparent amount of Mn*". The
decrease in the EPR signal as a result of Ni** oxidation is
partially offset by the increase yielded from O*~ oxidation and
e~ hole delocalization; thus, the quasi-plateau is shown. The
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very small plateau at >4.5 V is a result of O, evolution, which
bears no effect on the Mn** EPR. During the second discharge,
Ni*" and O," reductions precede the reduction of Mn*" —
Mn?*, reminiscent of the first discharge.

To further demonstrate the capability of operando EPR for
probing cationic and anionic redox in complex Li-rich cathodes,
Li; ,Nig 13Mng 54C0 130, (LNMCO) is investigated. The
electrochemical profile of a LNMCO/Li half-cell battery is
shown in Figure 6a. The first stage of charge allows 0.39 Li to
be extracted below 4.5 V, accompanied by Ni** oxidized to Ni*"
and Co* to Co*" and possible e~ extraction from O*. Similar
to LNMO, between 4.5 and 4.8 V, an additional 0.39 Li is
extracted from LNMCO. It is worth mentioning that the
number of Li ions extracted during this period is strongly
dependent on the material synthesis, electrode making, and
cycling conditions.”” To maintain the charge neutrality, 0.39 e~
needs to be removed from O?7. The first discharge
reintercalates 0.35 Li into LNMCO. The second charge
extracts 0.39 Li from the LNMCO cathode, and 0.35 Li is
restored upon discharge.

For LNMCO, the broad EPR signal (Figure 6b) shows a
steeper initial decay upon charge than that for LNMO due to
the strong Co*'—Mn** magnetic coupling.”® The slope of the
decrease is —13.5, compared with —4.0 obtained for the LNMO
cathode at the initial state of charge. Unlike the operando X-
ray-based method,"” operando EPR can clearly distinguish Co
and Ni redox processes. After Co** — Co** oxidation, the EPR
signal decay slows down at ~4.0 V, where Ni** — Ni**
oxidation begins. Operando EPR can further discern the two
processes, Ni** — Ni** and Ni** — Ni*, by a change of decay
rate at 4.3 V (Figure 6). The slowing down of the signal decay
may also be partially due to O*~ oxidation and electron hole
delocalization leading to an apparent increase in Mn*".
Eventually, the broad EPR signal from LNMCO disappears
completely and remains zero at and above 4.5 V (blue region),
as shown in Figures 6 and S10. Upon discharge, a slow increase
(black region) is observed initially due to Ni** — Ni**
reduction, possibly accompanied by the reduction of O,".
This slow growth region is followed by a linear increase due to
reduction of Ni** — Ni**. The relatively flat region (black and
green) at the end of discharge is a result of mixed Co*" — Co®*
and Mn* — Mn* reduction with opposite impact on the Mn**
EPR intensity.
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Assuming that all electrons accompanying Li re-intercalation
ions come from the reduction of Ni** — Ni** and Co*" —
Co’", 90% (0.35/0.39) of the interactions among Ni**/Ni*,
Co*, and Mn*" should be removed, leading to about 90%
recovering of the Mn*" EPR signal. However, only 50% signal is
recovered. This discrepancy suggests that the discharge should
involve certain reduction of O,” and Mn** — Mn?*, which is
also confirmed from the dQ/dV plot with a second peak below
3.7 V (Figure S7). The Mn* < Mn*" redox process of the
LNMCO cathode is less obvious compared to that in the
LNMO cathode; this is mainly due to competition and
overlapping of several redox reactions. LNMCO EPR evolution
in the second charge—discharge cycle resembles that of the first
one, except that no irreversible O, evolution can be observed
above 4.5 V during the second charge.

Among the three Li-rich cathode systems in this study,
Li,MnOj; is very neat for a clean understanding of the roles that
Mn and O play in the electrochemical processes. Mn*" in
pristine Li,MnOj is not active upon the first charge; therefore,
the 0.33 e~ (per Li,MnO;) accompanying Li* removal above
4.5 V is mainly extracted from O> to form O," /O,(g),
confirmed by the nonchanging Mn*" EPR signal. At the early
stage of discharge above 3.0 V, electrons inject into O,"” first,
and due to the Mn—O coupling, the Mn*" EPR signal is
reduced. Below 3.0 V during discharge, Mn*" is reduced to
Mn?*', and the Mn*" EPR signal continues to decrease but with
a slower rate. The rate change in the operando EPR signal
decay helps to distinguish the anionic and cationic redox
processes in Li,MnO;. An estimate shows that 0.10 e” is
consumed for O," reduction and 0.11 e~ is used for Mn** —
Mn®*" reduction, out of the total 0.21 e~ that accompanies Li*
insertion during the first discharge. During the second charge,
0.20 e~ is removed below 4.5 V, and the increase in the Mn*"
EPR signal indicates that 0.10 e” is removed from Mn*" and
0.10 e from O*", which is stabilized by Mn; 0.28 e is taken out
above 4.5 V, and no change in the Mn*" EPR suggests that
electrons are removed from O®” to form more O,"” or O,(g).
The removal of e~ from O®” seems to help activate more Mn**
to be reduced in the following discharge. This electron
delocalization within the Mn—O complex is reflected by the
change in the Mn* EPR signal when Mn is not directly
involved in redox reactions at high voltages.

The operando EPR signal on LNMO shows a bilinear
decrease for the Ni** — Ni** — Ni*" two-step oxidation at the
early stage of the first charge. The decrease slows down at 4.0 V
partially due to the reversible O*~ — O," oxidation. The
relatively flat increase in the EPR signal at the beginning of first
discharge is a result of competition between O reduction
causing a decrease in the EPR signal and Ni reduction leading
to an increase in the EPR signal. Once the O reduction process
ceases, the increase of the EPR signal is faster as a result of
Ni**— Ni** reduction. Below 3.0 V, Mn*' = Mn>* reduction
takes place, resulting in the drop of the Mn*" EPR signal. The
Mn*" EPR signal is recovered due to the Mn** — Mn*
oxidation at the beginning of the second charge. Following a
nearly linear decrease in the EPR signal induced by Ni** —
Ni** oxidation, a quasi-plateau occurs at around 4.0 V instead of
>4.5 V. This “early arrival” of the plateau is again a result of two
competing processes, the reversible O oxidation to increase the
signal and Ni** — Ni*" oxidation to decrease the signal. The
plateau in the EPR signal above 4.5 V is from O*~ oxidation to
form 0,"7/0,(g).

4014

For the LNMCO cathode, operando EPR reveals that upon
first charge Co** — Co*" occurs below 4.0 V. Between 4.0 and
4.5V, in addition to Ni** = Ni** and Ni** — Ni*, reversible
0% — 0," oxidation takes place. Above 4.5 V, O*~ oxidation
continues. Upon first discharge, reversible O, — O~
reduction occurs above 4.0 V, followed by stepped Ni** —
Ni** — Ni** reductions and then Co* — Co*". The reduction
of Mn*" — Mn** only happens below 3.0 V.

In summary, the quantitative operando EPR characterization
of Li;MnO;, LNMO, and LNMCO has led to the following
insights: (i) TM (Ni, Mn, Co) redox processes can be clearly
distinguished in operando EPR, based on different magnetic
interactions between Ni and Co of various oxidation states with
Mn*; (ii) O—Mn coupling allows indirect probing of O redox,
which can be discerned from cationic redox; (iii) reversible O
redox occurs in all three Li-excess materials and is most clearly
observed in Li,MnOj;. Reversible O oxidation starts at voltages
below the 4.5 V plateau and overlaps with Ni redox processes in
LNMO and LNMCO; and (iv) Mn—O coupling stabilizes
(0,)" and also activates more Mn** to participate in the redox
reactions, and both effects help to increase cathode specific
capacity.

Operando EPR has been successfully demonstrated for
simultaneous monitoring of both cationic and anionic redox
processes in Li-excess metal oxide cathode materials. The
coupling between Mn and O is believed to create necessary
synergy for stabilizing (O,)"” species and also activating more
Mn to participate in the electrochemical processes. Both factors
yield gradually increased specific capacity. This work has
established a convenient, inexpensive, and quantitative
approach for probing reversible O redox and cationic redox
processes at the same time. This approach will prove useful for
advancing the understanding of anionic redox processes and
promote the anionic redox mechanism by new materials design
for increasing energy densities of rechargeable batteries beyond
what cationic redox can offer.
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