Understanding reversibility of lithium-oxygen batteries based on LiOH

formation and decomposition

Xiahui Zhang,! Panpan Dong,! Seunghyo Noh,? Xianghui Zhang,® Younghwan Cha,! Su

Ha, 2 Ji-Hoon Jang,? and Min-Kyu Song*”

1 School of Mechanical and Materials Engineering, Washington State University, Pullman,
WA 99164, USA.

2 Institute of Fundamental and Advanced Technology, R&D Division, Hyundai Motor
Company, Uiwang 16082, Republic of Korea.

3 Voiland School of Chemical Engineering and Bioengineering, Washington State
University, Pullman, WA 99164, USA.

* Materials & Correspondence
Prof. M. -K. Song

E-mail address: minkyu.song@wsu.edu



Abstract

Lithium—oxygen batteries based on four-electron conversion to LiOH have demonstrated great
potential for next-generation high-energy batteries. However, the understanding of LiOH-based
cathode chemistry remains incomplete. Here, we use systematic characterization techniques to
study LiOH chemistry, revealing that “high-performance” LiOH chemistry is achieved at the
expense of electrolyte degradation and is irreversible in commonly used liquid organic electrolytes.
LiOH forms via four-electron reduction of O. during discharge, whereas LiOH decomposes via
one-electron oxidation during charge. This one-electron oxidation of LiOH generates surface-
reactive hydroxyl species that aggressively degrade organic electrolytes. The reaction mechanisms
are further supported by computational studies. Our findings suggest that the key to enable
reversible LiOH chemistry is bypassing surface-reactive hydroxyl formation or using stable solid-
state electrolytes, which can be explored by future research. Our findings also shed lights on the

reversibility of four-electron cathode chemistries in other metal-air batteries.



Main text

High-energy lithium—oxygen (Li—O>) batteries have been considered as one of the most promising
energy storage systems. However, commonly studied Li—O batteries based on Li»O> as discharge
product still face critical challenges such as low energy efficiency, poor rate performance, and
short cycle lifel. These challenges are mainly due to insulating and reactive nature of Li2O3,
leading to slow kinetics and parasitic reactions. Alternatively, several other discharge products
have also been reported®”, such as LiOH, LiO, and Li.O. Among them, Li-O; batteries based on
LiOH chemistry have shown great energy efficiency and cycling, rate performance at room
temperature®, and thus have attracted many attentions®*3. More importantly, Li-O; batteries will
ultimately operate with an open system in air where moisture inevitably exists, i.e., Li-air
batteries®®. And LiOH chemistry can be operated in high humid environments'?, thus rendering it
more practical than other oxygen cathode chemistries. Therefore, understanding LiOH chemistry
is crucial for developing high-performance Li—O> batteries for practical applications.

During discharge, LiOH forms via four-electron conversion (Oz + 2H20 + 4Li* + 4™ —

4LiOH). Many studies have reported that efficient catalysts for O—O bond cleavage (e.g., MnOg,
Ru, and Lil) can lead to LiOH formation in the presence of water>!%° whereas Li,O, dominates
as the discharge product without such catalysts'®*8, Our previous work further demonstrated that,
even though such catalysts are electrically isolated by a separator, LiOH still forms via a
chemically catalytic process®. Despite these findings, the understanding of reaction pathways for
LiOH formation remains limited. Furthermore, LiFePOs electrode has been widely used as an
alternative to Li anode when studying the effect of water on battery performance?®2, but it remains

unclear whether LiFePQO4 reference electrode alters reaction chemistry in the presence of water,



considering that iron oxides are generally good catalysts for O—O bond cleavage. Therefore, further
investigation is needed to understand LiOH formation.
During charge, the debate continues as to whether LiOH decomposition truly releases O

(4LIOH — O3 + 2H,0 + 4Li* + 4e7), which is extremely crucial for determining reversibility of

LiOH chemistry. Some reports claim that LiOH can decompose and release O,,>'21° whereas
others oppose this statement?°2223, Recently, Liu et al.?% found that LiOH chemistry is irreversible
in Li—O> batteries based on dimethyl sulfoxide (DMSO) electrolyte, which was attributed to the

formation of hydroxyl free radicals (LiOH — Li* + e~ + OH J that aggressively attack DMSO

electrolyte. However, we calculate that the standard redox potential for OH -radical formation is
extremely high: E°(OH /LiOH) = ~4.9 V vs. Li/Li* (Table S2). This calculation suggests that it is
thermodynamically unfavorable to generate OH -radicals at low charging potential (<3.5 V vs.
Li*/Li) in common Li—O; batteries based on LiOH chemistry (Supplementary Note 1 for more
discussions). Therefore, further knowledge is urgently needed to understand charge mechanisms
of LiOH chemistry, especially in tetraethylene glycol dimethyl ether (TEGDME), the most widely
used electrolyte solvent in Li—O> batteries.

Herein, we aim to comprehensively understand formation and decomposition chemistry of
LiOH and carefully examine its reversibility in Li—O batteries. We prepared a ruthenium/carbon
nanotube (RU/CNT) as model cathode catalyst and a series of electrolytes with controlled water
contents. To study discharge and, especially, charge processes of LIOH chemistry, we used
systematic characterization tools, such as galvanostatic intermittent titration technique (GITT),
isotope-labeled Raman spectroscopy, isotope-labeled mass spectrometry (MS), operando cell
pressure measurement, and nuclear magnetic resonance (NMR). We found that LiOH chemistry

enables a low initial charge plateau at ~3.4 V vs. Li*/Li and good cyclability up to 150 cycles, and



even longer cycling performance at 294 cycles was achieved when the cut-off charge potential was
controlled at 4.15 V vs. Li*/Li. However, it is irreversible in conventional liquid organic
electrolytes (e.g., TEGDME- or DMSO-based) at the expense of electrolyte degradation. We
further propose that LiOH forms via four-electron reduction on Ru catalyst, whereas LiOH
decomposes via one-electron oxidation to surface-reactive hydroxyl species (OH*, where *
represents surface adsorption site) that aggressively degrades the electrolyte. The proposed
reaction mechanisms are further supported by density-functional theory (DFT) calculations. We
anticipate that our findings will pave the path for reversible, practical Li—O2 batteries based on

LiOH chemistry and provide insights to other metal—air batteries.

Results and Discussion

Characterization of Ru/CNT catalyst and wet electrolytes. Given that Ru-based materials have
shown great activity towards oxygen evolution reaction (OER)?*, we synthesized Ru/CNT catalyst
as cathode material. Small Ru nanoparticles (3-5 nm) are well dispersed on CNT substrates, as
revealed by transmission electron microscopy (TEM), Energy-dispersive X-ray spectroscopy
(EDS), and X-ray diffraction (XRD) results (Figs. 1a,b and S3). Besides, Ru nanoparticles have a
native oxide layer on the surface (~27 at% RuO,) as revealed by X-ray photoelectron spectroscopy

(XPS) (Figs. 1c and S4a—c), owing to high affinity of Ru for oxygen?>%.

Water is used as proton source for LiOH formation. We therefore prepared a series of
H.O/TEGDME mixtures with 0-20 wt% H-O, and a mixture of x wt% H20 and (100-x) wt%
TEGDME is denoted as “x%-H.O/TEGDME”. Besides as proton source, water may affect
solvating power of water-added electrolytes. It is established that discharge—charge mechanisms

and related kinetics largely depend on the solvating power of the electrolyte!®?’, which is
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characterized by Guttman acceptor number (AN) and donor number (DN). A high-DN or high-
AN electrolyte has relatively high solubility of discharge intermediates, and thus induces a
solution-mediated growth mechanism and better kinetics*®?®, Thus, solvating power of wet
electrolytes should be studied to understand discharge—charge mechanisms. Here, we determined
the DN of wet electrolyte solvents by 2Na NMR measurements (Supplementary Note 2 for
details). Figure. 1d,e reveals the almost linear plot of 2Na chemical shift vs. DN of known
solvents, which can be used to determine the DN of unknown solvents. The DN of anhydrous
TEGDME increases from 16.6 to 25.0 kcal mol™ after adding 20 wt% H.0 (Fig. 1e and Table
S4). We therefore anticipate that wet electrolytes will induce solution-mediated growth mechanism
and deliver better kinetics.

Agueous electrolytes typically have shown narrow electrochemical stability window, and
thus electrochemical stability of wet electrolytes is evaluated by linear sweep voltammetry (LSV).
LSV results reveal that the electrochemical stability window narrows from 0.82-5.1 to 1.88-4.75
V vs. Li*/Li with increasing water content from 0 to 20 wt% (Figs. 1f, S9, and S10). Figure 1f
presents the anodic LSV curves of TEGDME-based electrolytes, revealing the decreased oxidative
stability with increased water content. In other words, adding water improves solvating power of

a low-DN solvent but compromises its electrochemical stability window.

Electrochemical performance of LiOH chemistry with Ru/CNT cathode and LiFePO4
reference. In this study, Li—O- coin cells were assembled with an oxygen cathode, a glass fiber
separator soaked with 1 M bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) in x%-
H>O/TEGDME electrolyte, and a LiFePO4 reference electrode. Here, LiFePO4 reference electrode
was used as alternative to Li anode that will severely corrode in wet environments. As discussed

in detail in Supplementary Note 4, the extreme care should be taken when selecting reference
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electrode for studying the effect of water in Li—O: batteries, because common reference/counter
electrodes (e.g., Pt, Ag/Ag", and LiFePQOs) are good catalysts for H.O, decomposition (O-O
cleavage) and thus lead to LiOH formation. Nonetheless, LiFePOa electrode still can be used as

reference electrode for studying LiOH chemistry, especially for charge mechanism.

Electrochemical performance of LiOH chemistry is evaluated by galvanostatic discharge—
charge test. Figure 2a shows voltage profiles of Ru/CNT in wet electrolytes. In 20%-
H>O/TEGDME electrolyte, the Ru/CNT cathode revealed the lowest voltage gap between
discharge and charge at 0.62 V. Surprisingly, we observed that the nominal charge overpotential
for LiOH oxidation into O is negative at the beginning of charge process (Fig. S16d), suggesting
a different charge mechanism other than OER for LiOH chemistry (E° = 3.32 V vs. Li/Li*; Table
S2). Besides, additional charge plateaus at >3.8V were observed. Li et al.'? also observed this
feature when LiOH is discharge product, which was attributed to the increased resistance owing
to gas bubbles. However, we reveal that this multiple-stage charge behavior is actually associated
with complex side reactions and will be discussed later (Fig. 5). As shown in Fig. S16b, the
RU/CNT cathode exhibited 0.4 V lower charge potential than CNT in 20%-H,O/TEGDME
electrolyte, indicating high catalytic activity of Ru catalyst toward LiOH oxidation, owing to the
appropriate binding energy toward oxygen species as demonstrated in water splitting?°.
Subsequently, we studied the side products on the cathode and in the electrolyte after the first cycle
by ex situ NMR measurements (Fig. S17). The Ru/CNT cathode showed no obvious accumulation
of insulating side products (lithium acetate, CHsCO.Li; lithium formate, HCO-L.i) on the cathode
after charge. In contrast, the bare CNT cathode accumulated large amounts of CH3CO-Li and

HCO:.Li. This comparison reveals that the Ru catalyst could promote the decomposition of LiOH



during charge and suppresses the accumulation of insulating side products on the cathode, leading
to less cathode passivation.

Figure 2b,c shows cycling performance of the Ru/CNT cathode in 0%- and 20%-
H.O/TEGDME electrolyte, respectively. In 0%-H.O/TEGDME electrolyte, the Ru/CNT cathode
showed a large initial voltage gap of 1.1 V at the middle of discharge and charge, with a poor cycle
life of 26 cycles. In 20%-H>O/TEGDME electrolyte, however, the Ru/CNT cathode exhibited a
much lower initial voltage gap of 0.6 V and much longer cycle life up to 150 cycles without
capacity fading. Interestingly, a new obvious discharge plateau at ~3 V appeared at the 5th cycle
in 0%- and 20%-H.O/TEGDME electrolytes (Fig. S22). This feature can also be found in other
works®” 20-33 put unfortunately it is not fully understood. As discussed in detail in Supplementary
Note 7, we attribute this additional discharge plateau to proton-coupled four-electron reduction of

0> to water (O2 + 4H* + 4e”— 2H,0). In this reaction, proton is from acidic products like formic

acid in cycled electrolytes as revealed by NMR measurements (Fig. S17b) and pH analysis (Fig.
S24), which is discussed in detail in Supplementary Note 8. The formation mechanism of acidic
products will be discussed later (Fig. 5).

The RuU/CNT cathode also showed a low initial voltage gap of 0.8 V at high current
densities of 250 and 500 mA g (Fig. 2d), with a long cycle life of 91 and 44 cycles (Fig. S21),
respectively, demonstrating good rate performance. Figure 2e shows the summary of cycling and
rate performance of Ru/CNT cathode in 0%- and 20%-H.O/TEGDME electrolytes.

Thus far, we have demonstrated “high-performance” LiOH chemistry using Ru/CNT
cathode in 20%-H.O/TEGDME electrolyte, which can be ascribed to the high solvating power of

20%-H.O/TEGDME electrolyte and high-efficiency Ru catalyst. In the following sections, we



explore reaction mechanisms of LiOH chemistry by systematic characterization techniques and

theoretical analysis.

Four-electron discharge process of LIOH chemistry with Ru/CNT cathode. We performed
XRD and XPS measurements (Figs 3a—c) to study the composition of discharged Ru/CNT
cathodes in anhydrous (0% H»O) and various wet electrolytes. The discharge product evolves from
amorphous Li2O> into Li2O2/LiOH mixture then finally into LiOH with increasing water content
from 0 to 20%, indicating that water is indispensable for LiOH formation. When H.O was replaced
by D20, Raman spectra reveal that LiOD formed on the Ru/CNT cathode in 20%-D.O/TEGDME
electrolyte (Fig. 3d), further confirming water as the proton source of lithium hydroxide. The
morphology of discharge products was also evolved from thin film in 0%-H.O/TEGDME (Fig.
3f) to micro-sized nanosheets in 20%-H>O/TEGDME (Fig. 3g), revealing that water can induce
solution-driven growth by increasing solvating power of the electrolyte (Fig. 1e).

GITT measurements were performed to understand discharge mechanism. Figure 4a,b
shows GITT results for the Ru/CNT cathode in 0%- and 20%-H.O/TEGDME electrolyte,
respectively. In 0%-H>O/TEGDME electrolyte, the open-circuit potential (OCP) after relaxation
remained at ~2.9 V over the course of discharge, corresponding to Oz + 2Li* + 2e~ < Li2O, (E® =
2.96 V vs. Li/Li*, Table S2). Surprisingly, in 20%-H,O/TEGDME electrolyte, the relaxed OCP
remained at ~3.05 V, which is much lower than the standard potential of E°(O2/LiOH) at 3.32 V
vs. Li/Li* (Table S2). We interpret this low relaxed OCP by mixed potential theory®*, which
involves two redox couples (one with high redox potential and the other with low redox potential).
At equilibrium (i.e., zero net current), the relaxed OCP falls between these two redox potentials
(Supplementary Note 9 for detailed discussion). Thus, GITT results suggest a new charge

mechanism for LiOH oxidation, rather than four-electron OER.



To further understand the discharge mechanism, operando cell pressure measurements
were performed. Theoretically, Li,O forms via 2 e /O process, whereas LiOH forms via 4 e /02
process, revealing that LiIOH chemistry consumes half amount of oxygen in Li.O2 chemistry for a
given capacity. After cells were discharged to 0.25 mAh (Figs. 4c,d), the cell pressure dropped by
~11 mbar and ~20 mbar in 20%- and 0%-H.O/TEGDME electrolyte, respectively, corresponding
to LiOH and Li.O> formation. Therefore, the drop of cell pressure for LiOH chemistry was roughly

half of that for LioO2 chemistry, suggesting a 4 e /O, process for LiOH formation.

Irreversible charge process of LIOH chemistry with Ru/CNT cathode. During charge, the
GITT curves (Fig. 4a) shows that the relaxed OCP kept increasing in 0%-H.O/TEGDME
electrolyte, owing to the mixed potential caused by accumulation of insoluble side products on the
cathode®. In contrast, the relaxed OCP remained almost same at the first charge plateau in 20%-
H>O/TEGDME electrolyte (Fig. 4b), suggesting a two-phase reaction. We hypothesize that this
charge plateau is associated with one-electron oxidation of LiOH to generate surface-reactive OH*
intermediates, which will be discussed in Fig. 6. And even if OH* intermediates attack TEGDME-
based electrolyte, the majority of resultant side products should be soluble in the electrolyte (Fig.
S17b) without passivating the cathode surface, leading to a low charge plateau and stable relaxed
OCP. After the first charge plateau, the relaxed OCP kept increasing, which is attributed to the
oxidation of side products from electrolyte degradation, followed by water oxidation at the last
stage.

We further performed operando cell pressure measurements on charging to monitor gas
evolution. The results reveal that Li>O> chemistry shows gas evolution at the beginning of charge
(Fig. 4c¢), corresponding to O evolution and possibly CO- evolution from side reactions. However,

LiOH chemistry shows even a slight pressure drop during the first charge plateau, followed by gas
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evolution at the end of the first charge plateau (Fig. 4d). As discussed in detail in Supplementary
Note 10, LiOH oxidation consumes O at the first charge plateau owing to electrolyte degradation
by hydroxyl intermediates, followed by CO> evolution from the oxidation of side products.

We further studied the composition of evolved gases on charging by in situ isotope-labeled
MS. The results reveal that LioO2 chemistry generates O and COz on charging (Fig. S34). In
contrast, LiIOH chemistry lacks Oz and CO; evolution during the first half of charge process (Figs.
4e, S36a—c, and S37a—c). During the second half of charge process, only CO; evolution was
observed, but still it lacks O, evolution (Figs. 4f, S36d-f, and S37d-f), indicating that the
increased cell pressure for LIOH chemistry in Fig. 4d is associated with COz evolution. We stress
that 20% H,'®0 was used for isotope-labeled MS measurements when studying LiOH chemistry,
which eliminates false O signals from the decomposition of amorphous Li>O2 or from potential
air contamination.

Therefore, operando cell pressure measurements and in situ isotope-labeled MS spectra in
this study have clearly demonstrated that LiIOH chemistry is irreversible in conventional
TEGDME-based organic electrolytes for lack of oxygen evolution on charging. These results are
consistent with a few studies?®?, but are contradictory to other studies>*?*°. For those studies that
demonstrated O evolution in LiOH chemistry, we infer that the discharge products might be
mixtures of crystalline LiOH and amorphous Li2O: in the presence of only trace amounts of water
(e.g., a few hundreds of ppm), and thus Oz evolution detected by MS might be actually from the
decomposition of amorphous Li>Oz, rather than LiOH.

To further elucidate charge mechanism of LiIOH, we examined the cathodes at different
states of charge (SoC), as shown in Fig. 5a, using ex situ SEM, XRD, FTIR, and NMR techniques.

At 30% SoC, LiOH was partially removed as revealed by SEM and XRD (Fig. 5b,d), confirming
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that the first charge plateau is associated with LiOH decomposition. Surprisingly, LiOH fully
disappeared at only 70% SoC (i.e., the end of first charge plateau; Fig. 5b,e), suggesting non-
Faraday’s reactions participated in the first charge plateau (i.e., part of LiOH chemically reacts
with acidic byproducts from electrolyte degradation). As mentioned before, electrolyte
degradation by OH* generated acidic products (Fig. S23), which would react with LiOH via acid-
base reaction, leading to early LiOH removal and thus multi-stage charge behaviors. FTIR and
NMR results in Fig. 5g,h reveal that insoluble side products were deposited on the cathode at 70%
SoC, including Li.CO3, HCOLi, and CHszCOyLi. Considering that TEGDME,
CH30O(CH2CH20)4CHg, contains no ethyl groups (—-CH2CHz3), we infer that CH3zCO.Li was most
likely generated by a series of free-radical chain reactions®, leading to chain growth from methyl
to ethyl (Supplementary Note 16 for details). At 100% SoC, the insoluble side products on the
cathode were fully removed as revealed by FTIR and NMR. Nonetheless, many side products are
soluble in degraded electrolytes, such as aldehydes and carboxylic acids, which were observed by
NMR even at 100% SoC (Figs. S17b and S38). Combining MS, FTIR, and NMR results, we infer
that CO:z evolution at the second half of charge process is associated with decomposition of side
products.

Besides TEGDME-based electrolytes, we also studied DMSO-based electrolytes for
comparison. Similar results were also observed in 20%-H>O/DMSO electrolyte (Figs. S39-S42).
However, it showed the earlier LiIOH removal at 50% SoC and lower charge potential than
TEGDME-based electrolyte, which can be ascribed to the higher reactivity of DMSO toward OH

intermediates causing “Nernstian shift”.

To further demonstrate how electrolyte degradation affects cycling performance, we

compared cycling performance of Ru/CNT cathode with different amounts of 20%-
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H>O/TEGDME electrolyte and with different cut-off charge potentials. When half of the
electrolyte was used, the cycling performance was shortened by more than half from 150 down to
60 cycles (Fig. S45), mostly likely owing to the early depletion of the electrolyte due to
degradation over cycling. We therefore suggest future studies should specify the amount of the
electrolyte used. Considering that LiOH was fully removed at ~70% SoC in 20%-H.O/TEGDME
electrolyte, we performed cycling test with three controlled cut-off potentials (Fig. S46). At a low
cut-off potential of 3.85 V, the cell only achieved 38 cycles, owing to the insufficient removal of
insoluble side products on the cathode at low potential. On the other hand, the cell with a high cut-
off potential of 4.85 V achieved 174 cycles, owing to the severe degradation of electrolytes at high
potential. Interestingly, the cell with a middle cut-off potential of 4.15 V achieved the best cycling
performance over 294 cycles, owing to the mitigation of both cathode passivation and electrolyte

degradation.

Thus far, we have demonstrated that LiOH oxidation is irreversible in TEGDME-based
electrolytes for lack of O2 evolution, owing to the formation of surface-reactive OH* species that
degrades organic electrolytes. Therefore, if organic components can be eliminated from
electrolytes, Li—O- batteries based on LiOH should be reversible, such as aqueous or solid-state

Li—O; batteries.

Reaction mechanism of LiOH chemistry and theoretical analysis by DFT calculations. From
above experimental results, we proposed reaction mechanisms for LIOH chemistry in Ru-
catalyzed cells with conventional liquid organic electrolytes in the presence of water, which are
further investigated using DFT calculations. To guide the design of structural models for DFT

calculations, we performed XPS measurements for RUu/CNT cathode at pristine (Fig. 6a),
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discharged (Fig. 6a), and charged state (Fig. 6¢), respectively. At pristine state, the Ru surface of
Ru/CNT cathode is only slightly oxidized with 25% of RuO. (Fig. 6a), and thus one monolayer (1
ML) coverage of oxygen on Ru(1010) plane was used as structural model for initial discharge
process. On the other hand, Ru surface is largely oxidized at full discharge with 59% RuO: (Fig.
6b), especially at full recharge with 82% of RuO: (Fig. 6¢), and thus RuO2(001) plane was selected
as structural model for charge process.

Figure 6d,e shows reaction pathways and corresponding energy diagrams using DFT
calculations for LiOH formation. During discharge, Oz is first electrochemically reduced to LiO>*
via one-electron reduction, followed by chemical disproportionation of LiO>* to Li.O2*. In the
final step, the hydrolysis of LiO.* leads to LiOH and regenerate active site. Overall, it is a net 4
e transfer reaction for LiOH formation. In general, 4 e transfer reactions involve scaling relations
between adsorption energy of intermediates, leading to a minimum overpotential of 0.2-0.4 V, as
suggested by theoretical studies®’. Indeed, our calculation results show an overpotential of 7pc =
0.48 V (Fig. 6e), corresponding to the first electrochemical reduction as the rate-determining step.
The subsequent chemical steps are down-hill in energy diagram (Fig. 6e).

Figure 6f,g shows reaction pathways and corresponding energy diagrams using DFT
calculations for LIOH decomposition. During charge, LiOH is first electrochemically oxidized to
*OH via one-electron oxidation, followed by H-atom abstraction from TEGDME by OH* and
associated electrolyte degradation (Supplementary Note 16 for details). Overall, itisanet 1 e
transfer reaction for LiOH decomposition. This 1 e~ transfer reaction does not involve scaling
relations, leading to a low onset charge potential of Uc =3.06 V vs. Li*/Li, corresponding to a

small overpotential of #c = 0.26 V (Fig. 6e).
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To further study the missing Oz on charge, we calculated energy diagrams for 4 e OER in
LiOH chemistry (Fig. S51). Because of high energy barrier for O—O bond re-formation in typical
Ru-based catalyst?®, O, evolution occurs at a high onset potential of Uogr = 3.99 V vs. Li*/Li on
Ru0O,(001) planes. Given Uoer >Uc, LIOH is therefore preferably oxidized to form OH* via 1 e”

transfer, instead of 4 e~ OER, leading to low charge potential but lack of O evolution.

Conclusion

In summary, this work demonstrates that the LiOH chemistry is irreversible for lack of O
evolution in commonly used liquid organic electrolytes, and its “high performance” is achieved at
the expense of electrolyte degradation and is largely dependent on the amount of the electrolyte.
We propose that LiOH forms via four-electron conversion of O, but decomposes via one-electron
oxidation to surface-reactive OH* species that attacks electrolytes, which are further supported by
DFT calculations. Given that LiOH chemistry can be operated in highly humid environments, we
still believe it is very promising for practical Li-air batteries. As such, more fundamental research
is needed to achieve reversible 4 e~ LiOH chemistry. Therefore, we encourage the following
research directions: (1) finding alternative reaction pathways for oxidizing 4 e discharge products,
such as using redox mediators; (2) using stable solid-state electrolytes or molten-salt electrolytes

against surface-reactive OH* species.

Methods

Materials. TEGDME (99%), DME (99.5%), DMSO (99.9%), HMPA (99%), PC (99.7%), EC
(99%), CsHe (99.9%) were purchased from Sigma-Aldrich. All above solvents were stored over

freshly activated 4A molecular sieves (Alfa Aesar). LiTFSI (99.95%) and LiClO4 (99.99%), DO
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(99.9 at% D), DMSO-d6 (99.9 at% D), deuterium chloride (35 wt% DCI in D20, 99 at% D), water-
180 (H.08, 97 at% 80), polytetrafluoroethylene preparation (60 wt% PTFE in H20), 2-propanol
(IPA, 99.9%), KO, powder, Li2COs (99%), and NaCl (99.5%) were purchased from Sigma-
Aldrich. Ultrapure H20 (Nanopure Analytical, 18.2 MQ-cm) was used. LiTFSI and LiClO4 were

dried under vacuum at 120 <C overnight. High-purity O2 (=99.5%) was purchased from AL
Compressed Gases. Multi-walled carbon nanotubes with - COOH functionalized (CNT, =95%,
OD 20 - 30 nm), Ketjenblack EC600JD carbon black (KB-600), and carbon nanofibers (CNF, PR-

24-XT-HHT) were purchased from Nanostructured & Amorphous Materials, AkzoNobel, and

Pyrograf Products, respectively.

Preparation of Electrodes and electrolytes. The preparation of Ru/CNT catalyst is described in
Supporting Information. A typical oxygen cathode was fabricated by making a homogenized
slurry of RU/CNT catalyst or CNT (60 wt%), KB-600 (25 wt%), CNF (5 wt%), and PTFE (10
wt%) in IPA/H20 mixture (1/4, viv), followed by casting on a carbon paper (Spectracarb 2050A-
0550, Fuel Cell Store). We note that ultrasonic homogenizer is effective to disperse hydrophobic
carbon in IPA/H>O mixture within a few seconds, achieving a good slurry. The electrodes and
glass fiber membranes (GF/D, Whatman) were dried at 150 <C under vacuum overnight and then
transferred into glove box without exposure to air. The areal loading of cathodes is calculated by
total electrode materials excluding PTFE binder and is kept at 0.540.1 mg cm™2. All LiFePO4
reference electrodes (MT1 Corporation, ~12 mg cm™2) were partially pre-delithiated at ~20% prior
to use, showing a stable average discharge—charge plateau at ~3.45 V vs. Li/Li*. The electrolyte
was prepared by dissolving 1 M LiTFSI in various solvents such as pure TEGDME or 20wt% H>0
in TEGDME. The water content in the anhydrous electrolyte was measured to be <5 ppm by a
Karl Fisher coulometer (C20, Metter Toledo).
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Cell assembly. All Li—O> cells in this study are CR2032-type coin cells (Wellcos Corporation)
with 37x®1.4 mm open meshes, which are described previously'®. Briefly, a typical coin cell was
assembled by sandwiching a GF/D separator (®18 mm) between a LiFePO4 reference (unless
specified, ®16 mm) and an oxygen cathode (®12 mm) in an Ar-filled glove box (MBraun, H.O
<0.5 ppm and O2 <0.5 ppm). To better retract the cycled cathodes, we placed an extra Celgard
2400 separator (18 mm) between the cathode and the GF/D separator. Unless specified, 200 i
of the electrolyte was used. After assembly, the cell was put into a 500-mL cell testing container
and purged with high-purity O for 10 min, followed by resting in O> for 6 hours prior to
electrochemical testing. The humidity of the oxygen was measured to be <20 ppm by a humidity
analyzer (EQ-RH-800-LD, MTI Corporation). We note that when cell testing for dry electrolyte
(i.e., 0%-H>O/TEGDME or 0%-H,O/DMSO electrolyte), the cell container was filled with 10-20

g of activated 3A molecular sieves to remove any moisture in the cell testing setup.

Ex-situ analysis of cycled cathodes and electrolytes. After retracted from the dissembled cells
inside glovebox, all the cycled cathodes were washed with DME three times, followed by drying
under vacuum for at least 1 hour, prior to any ex-situ analysis. When preparing XRD samples,
Kapton tape was used to protect the cathodes from exposure to air. For Raman samples, the
cathodes were placed between two quartz slides with the edge sealed by Kapton tape. For NMR
samples, D.O and DME (unless specified) were used to extract side products on cathodes and in
electrolytes, respectively. We note that all cell parts were rinsed with DME three times to extract
the electrolyte as much as possible. To improve the signal/noise ratio, the extracted electrolyte in
DME was dried at room temperature under vacuum to remove DME, yielding the concentrated
electrolyte. For quantitative *H NMR analysis, 10 i of 2.5 wt% CgHs in DMSO-d6 (~11.8 mg in

total) was added as internal standards.
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Theoretical calculations. Vienna Ab-initio Simulation Package (VASP) was utilized to calculate
the total energies of model systems.® Projector Augmented Wave (PAW) pseudopotential replace
the interaction potentials of the core electrons.®® Exchange-correlation energy of electrons was
calculated with the spin-polarized generalized gradient approximation (GGA) as implemented in
the VASP software.*® Kohn—-Sham orbitals were expanded by plane waves up to a cut-off energy
of 520 eV. Calculations were continued until the energy for ionic relaxation step was converged
within 11072 eV, and the criteria of electronic convergence for ground state energy is 1<10™* eV.
k-point of all the slab models is 3 <3 x1. Based on experimental XPS analysis, discharge and
charge processes were considered as O ML/Ru(0001) and RuO2(001) slab model, respectively.

Discharge process assumes the following three steps: (1.1) * + Li* + e + O2(g) — LiO2*; (1.2)
LiO2* — YLi202* + %02(g); (1.3) %.Li202* + H20(l) + ¥202(g) — LIOH* + %02(g). Charge
process assumes the following two steps: (2.1) LIOH* — OH* + Li* + ¢7; (2.2) OH* + TEGDME
— * + H,O(I) + H-abstracted TEGDME - The change in Gibbs free energy (AG) for each step was

calculated by the following equation: AG = AE — TAS + AZPE + neU,** where AE, AS, and AZPE
are the change of binding energy/enthalpy, entropy, and zero-point energy, respectively; T, n, e,
U are temperature, number of electrons gained (i.e., positive for discharge and negative for charge),
elementary charge, applied potential, respectively. The neU term was included to account for the
energy shift of electrons by an applied potential U vs. Li*/Li. We note that AG was referenced to
the reactants, i.e., AG = 0 at initial state in energy diagram. The equilibrium potential for a given

reaction was calculated by Uo = —AG%ne, where AGP is the free energy change of the total reaction

atu=0.

Data availability
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Figure 1| Characterization of Ru/CNT catalyst and TEGDME-based electrolytes. (a—c) TEM,

XRD, XPS results of the Ru/CNT catalyst, showing that Ru nanoparticles are uniformly dispersed

on CNT and the surface of Ru nanoparticles is slightly oxidized (i.e., a native oxide layer). Inset

in a schematically illustrates the Ru/CNT catalyst (color: CNT, gray; Ru, gold). The XPS Ru 3p

in ¢ shows spin-orbit splitting (i.e., Ru 3p1y2 and Ru 3ps;. doublets), which can be further

deconvoluted into three sets of doublets, corresponding to Ru, RuO2, and satellite peaks*>*3 (Table

S3 for detailed peak assignments). (d) 2Na NMR spectra of various electrolyte solvents. (e) The
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linear relationships of 22Na NMR chemical shift vs. donor number (DN) of various electrolyte
solvents, showing that the DN of the TEGDME increases with the increase of water content. Note
that: propylene carbonate (PC, 15.1 kcal mol™), 1,2-dimethoxyethane (DME, 18.6 kcal mol™),
dimethyl sulfoxide (DMSO, 29.8 kcal mol™), hexamethylphosphoramide (HMPA, 38.8 kcal
mol 1), tetraethylene glycol dimethyl ether (TEGDME, 16.6 kcal mol™), 0.5%-H,O/TEGDME
(16.9 kcal mol™), 20%-H,O/TEGDME (25.0 kcal mol™). (f) The anodic LSV curves of
TEGDME-based electrolytes with various water contents, showing that their electrochemical
stability —decreases with the increase of water content. Note that 1 M

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) was used.
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Figure 2 | Electrochemical performance of Ru/CNT cathode in TEGDME-based electrolyte.
(a) Voltage profiles of RU/CNT cathodes in TEGDME electrolytes with 0—20% H-O added at a
current of 50 pA. (b—c) Cycling performance of Ru/CNT cathodes in (¢) 0%-H.O/TEGDME

electrolyte and (d) 20%-H,O/TEGDME electrolyte at a current density of 125 mA g%, showing
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that the Ru/CNT cathode exhibits much improved cycling performance in 20%-H.O/TEGDME
electrolyte when compared with that in dry electrolyte. Note that the blue arrows in b and c indicate
the terminal of charge process at a cut-off potential of 4.65 V. (d) Rate performance of RU/CNT
cathodes in 20%-H,O/TEGDME electrolyte at a current density of 125, 250, and 500 mA g L. (e)
A summary of cycling and rate performance of Ru/CNT cathodes in 0%-H,O/TEGDME
electrolyte at a current density of 125 mA gt and 20%-H.O/TEGDME electrolyte at a current

density of 125, 250, and 500 mA g *.
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Figure 3| The ex-situ characterization of discharge products in TEGDME-based electrolytes.
(a) XRD patterns of pristine Ru/CNT cathode and discharged Ru/CNT cathodes in dry and various
wet electrolytes (0.1wt%, 2wt%, 5wt%, and 20wt% H>O in TEGDME), showing that the discharge
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products evolve from amorphous Li2O: to crystalline Li>O2, to mixture of LioO2 and LiOH, finally
to LiOH. (b,c) XPS Li 1s spectra of discharged Ru/CNT cathodes in (b) 0%-H,O/TEGDME
electrolyte and (c) 20%-H>O/TEGDME electrolyte. (d) Raman spectra of pristine Ru/CNT cathode
and discharged Ru/CNT cathodes in dry TEGDME and 20%-D,O/TEGDME electrolytes,
confirming that proton source in LiOH is from water. (e—g) SEM images of (e) the pristine RU/CNT
cathode and the discharged Ru/CNT cathodes in (f) dry and (g) 20wt% HO electrolytes, showing
that amorphous Li,O> forms in dry electrolyte and nanosheet-like LiOH form in 20%-
H>O/TEGDME electrolyte. Note that the cells were operated at a current of 50 A and capacity of

0.5 mAh.

27



@), Ru/CNT, 0% H,0; Li,0, (b)) Ru/CNT, 20% H,0; LiOH
= 40 g 40
3 -
g 35 ¢ 35
< > 1L
S T [ L S N ~ 3.0 | | [
w A T T Y Y W :
254 U, =29V 251 U, =31V
204 . . . . , 201~ ; ; : ; ;
0.0 0.1 02 03 0.4 0.5 0.0 0.1 02 03 0.4 05
Capacity / mAh Capacity / mAh
(c) 0 T T ; ’
45 Ru/CNT, 0% H,0; Li,0, . 45 Ru/CNT, 20% H,0; LiOH .
< 5 g o ' 8
5 40 ! L5 2 5 40 -5 2
4 i 0o 2 109
> 3.51 ! S5 > 35 >
~ Y n %)
L 158w -15 9
3.0 205_ 3.0 . 205_
Rest|_Discharge Rest. Charge Rest | Discharge |Rest! Charge
2.5 ; T T . T . T T —-25 25 T .I T : T : T T —-25
0 2 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time /h Time/h
(e)
T4l RUCNT
o f (0-550% SoC) __//
j 3.51 g (50%-> 100% SoC)
;3.0-"_’—7
i 0.00 0.25 0.50
l Capacity / mAh l
() 20% H,°0, 0->50% SoC (&) 20% H,°0, 50%->100% SoC
£ 7500+ & 7500+
% 1602 g 1602
S 5000 3 5000
8 160180 8 160180
C)stoo- 180, ostoo- 180,
o prbiimt et B b i 0 Jmitupmtp A bt ek
2000 . : . .
2] [2]
1500 £ 15001
=] 16 =]
8 1000 €70, 8 1000
\N ClGolSo \N
8 500 cto, 8 500
O YNNI AP i AR 0
0 2 4 6 8 10 :
Time / min Time / min

Figure 4 | Comparison of Li2O2 with LiOH chemistry by GITT, operando gas pressure
measurements, and isotope-labeled MS. (a-b) GITT results of Ru/CNT cathodes in (a) 0%-
H>O/TEGDME electrolyte and (b) 20%-H>O/TEGDME electrolyte at a capacity of 0.5 mAh,

showing that two-phase reaction mechanism dominates ORR reactions in dry and wet electrolyte.
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During charge, Ru/CNT cathode in dry electrolyte shows increasing OCP because of either the
increasing ohmic drop or single-phase (i.e., solid-solution) reaction mechanism, whereas Ru/CNT
cathode in wet electrolyte shows a charge plateau below 3.8 V because of two-phase reaction
mechanism. (c—d) Operando pressure measurements of Ru/CNT cathodes in (c) 0%-
H>O/TEGDME electrolyte and (d) 20%-H>O/TEGDME electrolyte at a capacity of 0.25 mAh.
Note that blue arrows indicate the onset of pressure increase (i.e., gas evolution) during charging.
The gas evolution starts right after the charge process in dry electrolyte, whereas the gas evolution
happens at the second charge plateau of >3.8 V in 20%-H.O/TEGDME electrolyte. (e-f) Isotope-
labeled MS spectra of Ru/CNT cathodes in 20wt% H,'®0 electrolyte and °0; at (e) the first half

of charge process of 0—0.25 mAh (i.e., 0—50% SoC) and (f) the second half of charge process of
0.25—0.5 mAnh (i.e., 50%—100% SoC), showing that the charging process lacks O evolution but

generates CO- at the second charge plateau, including C°0,, C®0*0, C0,. Note that “SoC”

refers to state of charge and the cells were operated at a current of 50 pA.
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Figure 5| The ex-situ characterization of charge products in TEGDME-based electrolytes at
different state of charge. (a) The voltage profile of Ru/CNT cathode in 20%-H.O/TEGDME
electrolyte showing the various of state of charge (0%, 30%, 70%, and 100% SoC). (b) The XRD
patterns of the Ru/CNT cathodes in 20%-H.O/TEGDME electrolyte at the state of charge of 0%
SoC, 30% SoC, 70% SoC, and 100% SoC, confirming that the first charge plateau is associate
with the two-phase reaction mechanism. (c—f) The SEM images of the Ru/CNT cathodes in 20wt%

H20 electrolyte at the state of charge of (c) 0% SoC, (d) 30% SoC, (e) 70% SoC, and (f) 100%
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SoC. (g) FTIR spectra of pre-loaded Li»COs electrode and various Ru/CNT cathodes (pristine,
70% SoC, and 100% SoC), showing that Li.CO3z and RCO-Li forms at the end of first charge
plateau. (h, i) *H NMR spectra and zoomed part of pure TEGDME and the extracts by DO from
the cycled Ru/CNT cathodes at 70% SoC and 100% SoC, revealing that the side products (e.g.,
lithium formates and acetates) forms at 70% SoC but disappears at 100% SoC. We note that the
TEGDME solvents (3—4 ppm) were still left on the cathode even after wash, the peak at 2.5 ppm
is from internal standard DMSO-d5, and the peak at near 2.08 ppm (*) could be assigned to the
impurities in the TEGDME or the trace acetonitrile vapor contaminated during the extraction

process inside glove box.
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Figure 6 | Proposed reaction mechanisms of LiOH chemistry. (a—¢) XPS Ru 3p spectra of

Ru/CNT cathodes at (a) pristine, (b) discharged, and (c) charged states. (d,f) The proposed reaction

pathways and structural models for LiOH chemistry with Ru/CNT catalyst in the presence of

water: (d) discharge on O monolayer (ML)/Ru(1010) surface and (f) charge on RuO2(001) surface.

The color of atoms in structure models: Li, purple; Ru, gray; O, red; H, white. (e,g) The

corresponding energy diagrams using DFT calculations for (e) discharge and (g) charge reactions
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at various potentials. The R -in f and g represents H-atom abstracted TEGDME - radical, which can
decompose in O; to carboxylic acids (RCO.H) and CO, that further react with LiOH to form lithium
carboxylates (RCO-L.i) and Li.COs. Besides, equilibrium potentials for discharge and charge in e and g can

be easily calculated by Uo= —AG%ne, yielding U, = 3.93 V for discharge and U, = 2.80 V for charge.
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