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Abstract

Li-rich layered oxides show a staggering capacity that relies on cumulative cationic
and anionic redox processes. However, their practical applications are plagued by roadblocks
dealing with large hysteresis, capacity fade and irreversible oxygen loss during the first
charge that causes undesirable structural changes. Hence, the first step to screen the Li-rich
layered oxides is the identification of this gas release phenomenon and its better
understanding. Differential electrochemical mass spectrometry (DEMS) is presently used for
the elucidation of gas evolution, but its usage is lengthy and far to be routine. Herein we
propose the utilization of the simple rotating ring disc electrode (RRDE) technique for the

identification of O, release phenomenon and hence the quick screening of Li-rich layered



oxides. We have evaluated the feasibility of RRDE to monitor the O, generation by
conducting studies on Li-half cells having various Li-rich layered oxides as cathodes and
found that our results nicely compare with those obtained by DEMS, hence demonstrating
the validity of RRDE technique. The proposed RRDE approach which offers high sensitivity for
the identification of O, release while being fast and simple should greatly help to advance

the understanding of oxygen redox processes and promote the design of new materials.

Introduction

After making its mark in portable electronics, the lithium-ion battery technology is
now gaining increasing importance for applications such as electric vehicles and grid storage.
To meet the ever-growing demand for improving continuously the energy-density of this
technology, extensive research efforts have been directed toward the development of
positive electrodes with higher redox voltages and/or greater capacities. Within this
framework, the recent discovery of the lattice oxygen redox activity has effectively unlocked
the capacity limitation of positive electrodes which was previously believed to be pinned by
the redox activity of transition metals.”® Even though the combination of cationic (transition
metal) and anionic (oxygen) redox activity can enhance the capacity well beyond what the
sole cationic redox can offer with capacities exceeding 280 mAh g' for
Liz»Nig.13Mng 54C00.130, as compared to solely 180 mAh g’1 for LiNil/gMn1/3Col/302,l4’5 several
issues such as voltage decay, sluggish kinetics, hysteresis, first cycle irreversibility, etc. still
remain to be addressed prior to envision any practical application for these Li-rich layered

compounds.ﬁ’7 To circumvent these issues, the mechanism of oxygen redox reactions in
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these oxides has to be understood. Most of the Li-rich layered oxides studied so far exhibited
0O, release phenomenon on charge, the extent of which depends on the nature of the

material and the oxidation potential.®*°

Combined experimental and theoretical calculations
have shown that such O, release which affects the materials’ performances (capacity fading,
...) is unfortunately the largest for the 3d metals which present the greatest interest

practical-wise. > ¥

A straightforward approach to probe the irreversible oxygen loss phenomenon is to
employ in-situ gas/pressure analytical techniques which can directly analyze the gaseous
products formed upon battery operation. Currently, two of such techniques have been
heavily implemented. The first one is the differential (or online) electrochemical mass
spectrometry, also termed DEMS (or OEMS). It couples an electrochemical cell with both a
vacuum system and a quadrupole mass spectrometer which analyzes the gases sampled in

the head space of the cell.® ?®

This technique allows for the identification and the
guantification of various gaseous species, and thus has helped to advance the understanding
of complex electrochemical processes for Li-rich materials and to promote their rational

design and optimization.g’ 1

Nevertheless, the disadvantages related to the use of OEMS are
nested in the complexity of such technique, as wells as its high cost and sensitive operation,
which currently hampers its day-to-day use for screening series of materials. Such limitations
have led to the development of another technique termed pressure cell and which simply
integrates a pressure sensor to a laboratory Swagelok-type cell, which thus can be easily

implemented and enable long-time gas monitoring.*®

However, the main drawback of this
rather user-friendly approach relies on the fact that it only measures the pressure change,

and thus does not allow for determining the nature of the gases evolved upon operation.



These limitations were a motivation to search for a more user-friendly and accurate
technique to rapidly screen new materials with respect to their electrochemical stability

against O, release.

Developed about fifty years ago, the rotating ring disk electrode (RRDE) technique
has proven to be a powerful tool for investigating short-lived intermediate species generated

in electrochemical reactions.> %

Benefiting from the laminar electrolyte flow created by the
mechanical rotation and the existence of double concentric working electrodes (disk and
ring electrodes) separated by a non-conductive barrier, products generated at the disk
electrode are swept across the surrounding ring electrode along with the electrolyte flow,
allowing for their electrochemical detection at the ring.'”  Therefore, RRDE has been
widely applied to study the reaction kinetics and transport properties for the oxygen
reduction reaction (ORR) relevant to metal-air batteries and proton exchange membrane
(PEM) fuel cell,?**” as well as to probe intermediates of lithium-sulfur redox reactions,’® to
study the manganese dissolution of spinel-based cathodes,” to survey the dissolution of

30, 31

metal ions during the corrosion processes, and to determine the faradaic efficiency of

32, 33

oxygen evolution reaction (OER) electrocatalysts for water splitting, among other

usages.

In this work, we introduced RRDE as a sensitive operando method for monitoring the
0, evolution during cycling of Li-rich layered oxides at high potentials. For that purpose, the
oxides of interest are deposited onto the surface of the disk electrode and then cycled in
classical linear scan voltammetry, cyclic voltammetry and/or galvanostatic mode.
Simultaneously, the O, release phenomenon is assessed by collecting (reducing) at the ring

electrode the generated gaseous oxygen. Two families of layered oxides (Li-stoichiometric



and Li-rich NMCs as well as Li,Rui,Ti,O3 phases) were chosen for initial evaluation.
Furthermore, a comparative study of the proposed RRDE method with the existing
pressure/gas analysis techniques such as pressure cell and OEMS was carried out. We expect
this approach to be beneficial in evaluating the nature of the oxygen redox reactions for

high-capacity cathode materials involving cumulative cationic and anionic redox chemistry.

Experimental

Materials.—Li; ,Nip 13Mng54C00.130, was prepared by coprecipitation combined with solid-

state synthesis,5 Li;Rug.75Tig.2503 and Li;RugsTipsO3 were prepared by classical solid-state
synthesis, as described in details elsewhere.>® LiNiy;sMn1/3C01/30, (>98%) and carbon super P
were purchased from Sigma-Aldrich and MTI Corporation, respectively. LP30 electrolyte
(99.9%) made of 1 M LiPFg dissolved in 1:1 v/v Ethylene carbonate/Dimethyl carbonate was

purchased from Solvionic, France.

RRDE setup.—Fig. 1 shows the schematic illustration of the RRDE system with a four-

electrode cell configuration. All the experiments were performed in an argon filled glovebox
(water content < 0.5 ppm, oxygen content < 0.1 ppm) with a five-neck glass cell sealed with
rubber stoppers, except a bubbler which was connected to a gas line that allows feeding the
cell with dry argon (5.0 quality, Linde France), and a needle which was inserted into the cell
as a gas outlet. The RRDE tip consists of an inter-changeable glassy carbon disc of 5.0 mm in
diameter and a platinum ring with an internal diameter of 6.5mm and an external diameter

of 7.5 mm (E6 series, Pine Research Instrumentation, USA). Prior to its use, both platinum



ring and glassy carbon disk were polished sequentially with alumina suspensions of 0.5, 0.3,
0.05 um (Allied Tech Products Inc., USA), followed by sonication with DI water and an
electrochemical cleaning procedure in 0.5M H,SO, solution until typical characteristic cyclic
voltammograms were obtained.> *® The reference electrode (Ag'/Ag, RE-7, ALS Co., Ltd)
consists of a silver wire, a glass tube filled with a MeCN/0.1 M TBACIO4/0.01 M AgNO3
solution (ALS Co., Ltd) and sealed with a Vycor 7930 frit (ALS Co., Ltd). The reference
electrode was assembled in the glovebox at least 24 hours before use and was stored
partially immersed in a MeCN/0.1 M TBACIO, solution. Self-standing Li;.,FePO, film was used
as the counter electrode following a preparation method described elsewhere.*” The LP30
electrolyte with water content less than 10ppm, as deduced by Karl Fischer titration
(Coulometric KF titration, Metrohm), was first purged with argon. The typical volume of
electrolyte used was 10mL for each experiment. The potential difference between Ag’/Ag
reference electrode and Li*/Li redox potential was measured to be 3.19 V in LP30, and all
potentials in this work were corrected using this potential difference. All the experiments
were operated on an AFMSRCE rotator (PINE Research Instrumentation, USA) and a VMP3

Bipotentiostat (BioLogic Science Instruments, France).

Fabrication of layered oxide disk electrodes.—A blend of active material and carbon

super P (Csp) at a 4:1 mass ratio was hand-grinded with N-methyl pyrrolidine (NMP)/poly
(vinylidene fluoride) (PVDF) solution for 10 minutes and then stirred for another 1 hour,
yielding a slurry with the final concentrations of 10 mgoyide mLshmy'l, 2.5 mgcqp mLsmrrY'1 and
1.25 mgpvpr mLshmy'l. Next, 10 pL of as-prepared slurry was drop-casted onto a 0.196 cm?
glassy carbon disk. The oxide layer on the glassy carbon disk was dried under vacuum at

room temperature for 1 hour prior to be dried further for 6 hours at 55°C under vacuum in



BUCHI oven. The electrode had a final composition of 100 pgoide, 25 M8csp, and 12.5 pgpyar.
The uniformity of such as-prepared electrodes was verified by scanning electron microscopy
(SEM) (Fig. S1). The Csp electrode was prepared in a similar manner, except that the slurry
was obtained with a mixture of Csp and PVDF at a 6:4 mass ratio. The collection efficiency, N,
of the RRDE geometry remained unchanged on a Csp supported disk at 25.05% + 0.15 as
evaluated by the redox reaction of ferrocene/ferrocenium (KsFe(CN)g was not used here due
to solubility limitation in LP30 electrolyte) (Fig. S2). Similar collection efficiencies were
obtained on both bare and Csp-supported disk electrodes which 1) justify the electrode
preparation method proposed here and 2) demonstrate that the low collection efficiency
found in the present work is originating from gas solubility issues and not from a

modification of the laminar flow by the particles.

RRDE measurements.—In order to discern the O, gas release phenomenon from Li-rich

layered oxides, the oxides of interest deposited on the disk electrode were cycled using
linear scan voltammetry, cyclic voltammetry or galvanostatic techniques to extract/insert
lithium ions. Additionally, the ring electrode is being held constantly at an oxygen reduction
potential, i.e. 2.5V vs. Li*/Li, which was selected based on oxygen reduction measurements
performed with a platinum rotating disk electrode (Fig. S3a) together with preliminary RRDE
measurements which showed that similar O, detection potentials were obtained between
2.3 and 2.5V vs. Li*/Li for Li,RugsTipsOs3 (Fig. S3b). So under these conditions, once O, is
released from the oxide-casted disk electrode and swept outward to the ring electrode by a
laminar flow in the bulk electrolyte created by the mechanical rotation of the RRDE tip (w =
1600 rpm, this rotation rate is sufficient to allow for O, removal and limit the bubbles

formation from evolved O, at the electrode surface), it can be electrochemically detected at



the ring through its reduction (0, + e — 0,"7). A schematic representation of the O,
detection process is presented in Fig. 1. Note that all the reported results in this work were
at least duplicated two times but not corrected for the background ring current, the
magnitude of which being typically less than 3pA. The background ring currents show a

tendency to decrease as the residual oxygen and/or impurity in the electrolyte decrease.

In-situ pressure analysis.—Pressure evolutions upon battery operation were monitored

by a Swagelok-derived pressure cell™ which was assembled with metallic lithium counter
electrode and two glass fiber separators (Whatman, United Kingdom) soaked with LP30
electrolyte. The active materials were mixed with Csp at a mass ratio of 4:1. After assembly,
the cells were kept at open-circuit voltage for at least 10h at a controlled temperature of

25°Cin order to stabilize the pressure prior to be cycled.

Online electrochemical mass spectrometry (OEMS).— OEMS measurements were

carried out using a homemade OEMS cell. The cell possesses a similar configuration as the
pressure cell mentioned above, but with one notable difference: the three-way valve is
connected to the inlet capillary of a quadrupole mass spectrometer (Hiden Analytical, HAL
101-RC) via a Swagelok fitting. After assembly in the glove box using metallic lithium counter
electrode and two glass fiber separators, the OEMS cell is flushed and pressurized with pure
Ar to avoid any contamination from the glove box atmosphere. The cell is then placed in a
25°C climate chamber and connected to the potentiostat and the mass spectrometer (MS).
During the OEMS measurements, the internal cell pressure is continuously measured by the
pressure sensor and the gaseous species continuously sampled from the cell head space to

the mass spectrometer via a thin capillary (1/16” diameter) at a flow rate of 12.5uL min™.



After ionization in the ionization source of the MS, separation in the mass analyzer and
further detection in the ion detector, the partial pressures are eventually determined for
each gas based on their mass to charge ratio (m/z). The partial pressures at m/z = 32, m/z =
44 were used to determine the evolution of O, and CO,, respectively. All the partial pressure
signals were normalized to the partial pressure of the *°Ar isotope to correct for fluctuations
of pressure. The specific gas evolution rate is obtained by processing the first order
derivative of the normalized partial pressure vs. time profile. The cell is first typically held at
OCV for ~1.5 hours to reach a gas-liquid equilibrium phase inside the cell, and therefore to
obtain a stable baseline value for all partial pressure signals. After the OCV period, the

galvanostatic charging procedure is started.

Results and discussion

Classical Li(NixMn,Co,)O, denoted NMC which are presently used in commercial Li-ion
batteries do not show O, release upon oxidation in contrast to the layered Li-rich phases.s' 1,
%41 Thus, as a proof of concept to demonstrate the usage of RRDE for oxygen detection we
decided to first investigate two NMC phases: the stoichiometric LiNij;3Mni/3C01/30;
(NMC111) and the Li-rich Li;;Nig.13Mng54C00.130, (Li-rich NMC) phases. Figs. 2a and 2b
present their voltage and internal pressure change profiles as a function of capacity. The cell
with Li-rich NMC displays a discernable increase of pressure during the high-voltage charging
plateau (from a to b) followed by a rapid pressure growth (from b to the end of charge)

(bottom panel in Fig. 2a). The two different pressure increments (from a to b, and from b to

the end of charge) during the charge period indicate the presence of at least two different



phenomena governing the release of gases, which will be further discussed below. Unlike for
Li-rich NMC, only a minor increase of the pressure was measured for NMC111 for the whole
charge (from f, bottom panel in Fig.2b), suggesting negligible gas evolution. In order to
discern the chemical nature of the evolved gases, OEMS measurements were further carried
out. Figs. 2c&2d show the OEMS data obtained with NMC111 and Li-rich NMC during their
first charges followed by an OCV step for 0.5h. Starting with the Li-rich NMC (Fig. 2c), an
evolution of O, was measured only after the high-voltage charging plateau (starting from d).
Unlike for O,, the CO, evolution starts at the beginning of the high-voltage charging plateau
(from c), before to dramatically increase at the end of charge simultaneously with the
evolution of O, (from d). These results are in good agreement with previous reports.9
Moreover, they explain the results previously obtained by pressure analysis (Fig. 2a) with the
initial slight increase of pressure (from a to b) originating solely from CO, evolution, while
both O, and CO, evolution contribute to the second rapid pressure build-up (from b to the
end of charge). In the case of NMC111 cell (Fig. 2d), CO, was the only detected gas,
accounting for the minor pressure build-up previously observed in pressure cell, while no O,

evolution was observed during the charge and OCV period.

Knowing that O, is evolved at the end of charge for Li-rich NMC but not for NMC111,
RRDE measurements were then performed for both materials. The respective voltage-
capacity profiles are presented in Figs. 2e and 2f (top panels) and are in agreement with
those obtained with pressure and OEMS cells. Turning to the ring current, an increase of the
reduction current was measured for Li-rich NMC close to the end of charge (from e, Fig. 2e),
alike the potential at which O, was previously detected by OEMS and pressure

measurements. In contrast, no such cathodic current increase was observed (bottom panel
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in Fig. 2f) for NMC111 in agreement with the absence of O, release, as deduced from OEMS.
The obvious correlation of the reduction current increase with the oxygen evolution for Li-
rich NMC, as well as the absence of cathodic current increase and oxygen release for
NMC111, allows us to attribute the increase of reduction current to the electrochemical
reduction of O, evolved from Li-rich NMC. Since the evolution of O, is accompanied by the
evolution of CO,, as shown by our OEMS measurement with Li-rich NMC (Fig. 2c), the effect
of CO, generation on the detection of O, at the ring electrode was then considered. As
previously mentioned, the release of CO, begins for Li-rich NMC at an earlier stage of the
charge (before the plateau, from ¢, Fig. 2c) compared to the onset potential for O,
generation (after the plateau, from d, Fig. 2c). However, an increase of reduction current
was only recorded at the ring after the plateau (from e, Fig. 2e) where O, starts to release.
Therefore, one can conclude that RRDE specifically detects O, while being silent to CO, when
holding the ring potential at 2.5 V vs. Li*/Li. This conclusion is further supported by
performing RRDE measurements with a mixture of NMC111 and Li,CO3; (known to evolve CO,

but not O, within the charging potential range)37' 42

where no modification for the ring
current response is observed compared to pure NMC111 (Figure S4). Bearing in mind that
the ring electrode detects every soluble product that could be reduced/oxidized at the ring
potential (impurities, dissolved metal ions from oxides and/or counter electrodes,
electrolyte degradation products, etc.), we then evaluate whether species other than O,
could contribute to the increase of the cathodic ring current upon charging Li-rich NMC. For
that, bare and Csp-loaded glassy carbon disk electrodes were measured in cyclic
voltammetry mode up to 4.8V vs. Li*/Li. Doing so, no increase of the reduction current was

observed at the ring (Fig. S5), and therefore detection of species originating from the carbon

additive, binder and/or direct electrolyte oxidation could be excluded. Finally, to
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demonstrate the feasibility of the proposed RRDE method for O, detection, linear scan
voltammetry mode was applied at the disk electrode instead of galvanostatic charging,
giving a good agreement between RRDE and pressure cell measurements (Fig. S6). Hence, by
comparing with in-situ pressure and OEMS measurements, we could demonstrate that the

RRDE method can selectively detect O, generated from Li-rich NMC.

To assess if the RRDE method can be utilized to detect oxygen release for other Li-

rich compounds, we further extended our work to the Li,MO; family,>****

with a special
attention paid to the Li,Ru;.,Ti,O3 series which was previously shown to evolve O, at high
potentials.>* Applying the same methodology, we first monitored the gas release upon
charging for Li;RugsTipsO3 with pressure cell (Fig. 3a). A slight increase of the internal cell
pressure was recorded at the beginning of the high-voltage charging plateau (from a to b,
Fig. 3a), followed by a rapid growth (from b to the end of charge). Subsequently, OEMS
measurements show that the evolution of CO, begins at around 4.0V vs. Li*/Li (line ¢, Fig.
3b), which correlates well with the onset of pressure increase detected by pressure cell (line
a, Fig. 3a). Thereafter, O, is found to evolve at a relatively higher rate in comparison to the
CO, evolution (from d, Fig. 3b). In conclusion, upon charging Li;RugsTips03, CO, first evolves,
resulting in a small pressure increase before the evolution of O, at a higher rate at the end of
charge which is associated with the evolution of CO, gas, thus leading to a rapid growth of
pressure. Now switching to the RRDE technique (Fig. 3c), an increase of the cathodic current
was recorded at the ring electrode (from e, bottom panel), similarly to Li-rich NMC phase.
The onset of this ring current increase (~4.0V vs. Li*/Li) is in good agreement with the onset

of O, evolution measured by OEMS (~4.06V vs. Li*/Li), which indicates that O, is evolved

from Li,RugsTigs03 and is detected at the ring via its electrochemical reduction. It is worth
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mentioning that the capacity obtained in charge with the RRDE was ~20% smaller compared
to those obtained with pressure and OEMS cells. This can be explained by the different cell
configurations and the fact that a small portion of the oxide remains inactive due to the lack
of stacking pressure in RRDE cell. Unlike for Li,RugsTips03, similar capacities were obtained
for NMCs materials by RRDE, pressure and OEMS cells, which suggests a better electronic

conductivity when compared to Li,Ru1.,Ti;O3 series.

The effect of titanium substitution in Li,Ru1.,TiyO3 series on the O, evolution was then
studied by measuring Li;Rug 75Tig2503. As seen in Figs. 4a and 4b, the evolution of O, begins
at around 4.1V vs. Li*/Li (line d), leading to a rapid growth in internal cell pressure (from b to
the end of charge). As expected, an increase of ring reduction current was recorded by RRDE
at this potential (from e, Fig. 4c), indicating the reduction (detection) of O,. This result clearly
confirms that the proposed RRDE method is capable of probing the release of O, in various
Li-rich materials. Finally, we could demonstrate the reproducibility of these results. For that,
two repetitive RRDE experiments were performed with Li;Rug75Tip2503. As seen in Fig. S7,
nearly identical disk electrochemical performances (showing the charge of the oxide) and
ring current responses (corresponding to the detection of O,) were obtained. In parallel,

reproducible tests were also made with Li;RugsTig503 phase (not shown here).

At this stage of the study, the sensitivity of the RRDE technique is worth discussing.
As seen in Fig. S8, when using the same amount of active material for pressure analysis as
for the RRDE study (~100ug), the pressure measured upon charging for Li;Rug75Tig 2503
remained nearly constant when using a scan rate of 0.5mV s™ (green curve) or 1.0mV s

(blue curve). Only when a slower scan rate was applied (0.1mV s™, red curve), hence
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allowing for a longer time for gas accumulation in the headspace and most likely a larger
amount of O, gas release, a pressure increase was then recorded. In fact, the mass loading of
active materials used for pressure analyses and OEMS experiments were respectively =70
and 130 times greater than that used for the RRDE measurements. The capability of RRDE
method in detecting O, at a significant lower mass loading (lower O, concentrations)
suggests a greater sensitivity. Therefore, the RRDE can be expected to be a useful tool for
studying some materials for which a very tiny amount of O, is released, which may be below
the detection limit of the pressure analysis or OEMS. We should note that all the results
reported herein were not normalized to the loading of active materials, therefore the
magnitude of pressure build-up, O, mass signal and ring currents increment should not be

considered for quantitative comparison or sensitivity indicators.

To further evaluate the potential use of RRDE to accurately determine the charging
state at which oxygen is released from Li-rich compounds, cyclic voltammetry experiments
were carried out for Li;Rug75Tig2503 at various scan rates using both pressure cell and the
RRDE set-up. During the RRDE tests, the onset potential for O, release was constantly
determined at ~4.03V vs. Li*/Li at every scan rate (Fig. 5a), while for pressure measurements
the measured onset potentials for gas release vary with the scan rates (Fig. 5b). This
different behavior is in fact not surprising when considering the different working principles
for these two techniques. In pressure measurements, the gaseous species generated at the
electrode must first diffuse through the electrolyte and accumulate in the headspace of the
electrochemical cell before being detected by the pressure sensor. Unlike for pressure
measurements, with the RRDE setup, the transport of species like O, is controlled by the

convection movement, i.e. the laminar electrolyte flow created by mechanical rotation,
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which is faster than the diffusion of species in solutions. Aside from the faster rate for O,
transport in RRDE set-up, the unique ring-disk geometry also provides a shorter transport
length for O, than in a pressure cell. Besides, the sensitivity of pressure measurement (and
also OEMS) is jeopardized by the amount of gas dissolved into the electrolyte as well as the
dead volume of the electrochemical cell, which is not the case for RRDE method where O,
can be detected once it is generated at the disk and swept outwards the ring electrode.
Hence, RRDE is a complementary technique to the pressure measurement and the OEMS
which can be employed to accurately determine the onset potential for oxygen release and

the effect of charging rate on such gas evolution.

After demonstrating that RRDE can accurately detect the oxygen loss for Li-rich
compounds during their initial charges, the electrochemical behavior for Li;RugsTipsO3 and
LiRug.75Tig.2503 compounds during the second voltammetric cycles were recorded (Fig. S9).
The results reveal a very limited increase of the ring currents arising from the reduction of O,
generated on the surface of these two compounds, which is consistent with the small

irreversibility previously observed during galvanostatic cycling after the first charge.34

The question then comes to the quantitative analysis of the amounts of O, generated at the
disk which can theoretically be deduced from the integration of the cathodic ring current.
Comparing the results obtained for Li;RugsTigs03 (Fig. 6a) and Li;Rug.75Tig2503 (Fig. 6b), the
quantity of O, released from Li;RugsTigsOs was calculated to be larger than that from
Li;Rug 75Tig.2503 with respectively 1.036% and 0.62% loss of the total oxygen content (for
details, see the Supporting Information). This trend correlates well with the electrochemical
performance for which a greater irreversibility was observed during the first cycle with

increased titanium substitution in the Li;Rui,TiyO3 series.* However, discrepancy arises
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when comparing their final compositions after the initial charge calculated based on RRDE
and pressure measurements. For Li,RugsTigs03, a composition of LiggsRugsTigs0274 was
obtained from the pressure increase by assuming that all the detected gas is oxygen,
whereas a composition of LiRugsTig50,.97 is calculated from the RRDE results assuming a
collection efficiency of 25% (Table S1). Even though the contribution from other gas
components such as CO, to the pressure evolution has not been taken into account, the
expected value for oxygen loss measured by RRDE should be higher since O, is the main gas
evolved upon charging for Li;Rug;sTigsOs, as deduced from OEMS measurements (Fig. 3b).
Such discrepancy could likely arise from the lower collection efficiency for O, at the ring
electrode compared to the theoretical value given by the geometrical parameters of the
RRDE tip (25.05% + 0.15 with the geometry used in this study). Indeed, this theoretical value
is only achieved for soluble species such as ferrocene (Fig. S2), while for dissolved gas like O,
limitations related to a limited O, solubility in the supporting electrolytes as well as possible

bubble formation from the evolved O,, as discussed eIsewhere,SZ' 45

can significantly lower
the experimental efficiency. Besides, a precise quantification of the amount of oxygen
release is further made complex by the fact that small errors in the ring current and the
mass loading can lead to a relatively large deviation for the calculated quantity of O, release.
This is especially true considering the small amounts of active materials used for the RRDE
measurements. Therefore, we believe that the amounts of O, measured from the ring
currents can be used for comparing the quantity of O, generation for different phases, but

caution must be exercised and the values obtained by RRDE should be complemented by

other techniques such as DEMS and/or pressure cells for quantification purposes.
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Conclusion

In summary, we have shown that the RRDE method can be employed for monitoring
the O, release upon charge for Li-rich layered oxides. This simple methodology includes two
sequential steps: (1) the deposition of oxides onto the surface of the disk electrode via a
simple drop-casting method followed by (2) a standard electrochemical procedure using
cyclic voltammetry or galvanostatic cycling to control the delithiation/lithiation processes
while the ring electrode is maintained at a potential at which oxygen reduction reaction
takes place, allowing for the detection of O, released from the oxides. To validate the
proposed methodology, RRDE measurements were first carried out with various Li-rich
layered oxides. The obtained results were further compared with those obtained by OEMS
and pressure cell. In doing so, we could demonstrate that RRDE 1) selectively detect oxygen
while being silent to other species potentially generated at high potentials, 2) shows better
sensitivity and reliability than the aforementioned techniques which allows for the detection
of O, at relatively lower concentrations, 3) enable a precise determination of the O, release
potential, and 4) can be used for a fast-screening of the O, release phenomena in a wide
variety of new materials owing to the wide-spread of such techniques in the fields of
batteries or electrocatalysis. Additionally, its reproducibility was demonstrated using
repetitive tests. Nevertheless, caution must be exercised when tentatively quantifying the
amount of O, generated during the charging process at the disk. Overall, the RRDE method
comes as a valuable complement to the already existing gas pressure/gas analysis
techniques such as OEMS and pressure cell which usually do not allow from either quickly

screening multiple materials for OEMS or for specifically detecting O, for the pressure
17



measurements. In principle, one can expect this method to be extended to the detection of
other gases such as CO, or soluble species. For that, the selection of the adequate ring
electrode will be crucial since it should selectively reduce or oxidize the gas or species of
interest (Copper ring for CO, for instance) without jeopardizing the electrochemical/chemical

stability of the whole system.

Figures:

Bipotentiostat

rotation

Figure 1. Schematic illustration of the RRDE system and the four-electrode cell configuration
(left side), WE1, WE2, CE and RE stand for working electrode 1 (disk electrode), working
electrode 2 (ring electrode), counter electrode and reference electrode, respectively. A
magnified view of the RRDE tip and its near-electrolyte region depicts the transport and

redox processes occurring in the RRDE system designed to assess the O, release

phenomenon in Li-rich layered oxides (right side).
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obtained in the disk. Bottom panels illustrate their corresponding ring current response. All

the cells are charged at a current rate of 0.3C to 4.8V vs. Li*/Li. Gas evolution onsets are

defined by dash lines labeled from a to g as guide for the eye.
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