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ABSTRACT: Na—O, batteries have emerged as potential alter- NacNa+e i diated discharge mechanism  Na* + Oy souian) <> NaO,
natives to state-of-the-art lithium-ion batteries due to their high » o N § 20 g
specific energy density. However, challenges related to poor overall > 5 ® §®@%c) .
efficiency and long-term stability have hindered their practical (<} = - 'S =) 8
I N L _ ye)| Dendrites @ ®C O =
application. Understanding the deactivation mechanisms at the <. e 'y | g
electrode/electrolyte interfaces is critical to overcoming these 858 Srort-chain high donor number electrolyte solvent =)
challenges. Herein, we investigate the effect of the cathode/ £ == O
. . . . S o 1O Na: | ) 2
electrolyte interface on the discharge mechanism by varying the 1 o @ Oy ! o 3
=% )
glyme-ether electrolyte solvent and the nature of the carbon A rb ~ ) o

cathode. We report that discharge—charge energetics at carbon/
electrolyte interfaces driven by surface-mediated discharge are 3 ;

ong-chain low donor number electrolyte solvent
sensitive to the nature of the carbon cathode. Their main pioNar+e  Surface-medi ischarge i Nat + O+ & & NaO,
deactivation mechanism involves the formation of undesired
discharged products, which can be mitigated by tuning the cathode surface. Conversely, discharge—charge energetics and
deactivation of Na—O, cells driven by a solution-mediated discharge process have limited dependence on the carbon cathode.
These findings have implications for effectively designing efficient and stable Na—O, batteries.

g protic M—O, (M = Li/Na) batteries have gained aprotic solvent to stabilize Na*—0,” ion pairs'’ in the

significant attention as potential alternatives to electrolyte. Specifically, the interaction of the aprotic solvent
commercial Li-ion batteries' ® due to their high with the sodium salt in the electrolyte is influenced by the
theoretical energy densities and reversible redox chemistries. chain length of the solvent."! For instance, short-chain-length,
Among M—O, batteries, Li—O, systems have been the most high-donor-number (>18 kcal/mol) electrolyte solvents, such
studied because of their promising theoretical specific as diethylene glycol dimethyl ether (DEGDME), are reported
capacity.7_) However, the large overpotential barrier required to exhibit weak solvent—solute interactions with the sodium

to dissociate the most thermodynamically stable discharge
product, Li,O,, significantly increases the charge potential (>4
V vs Li/Li*), resulting in poor overall cell efficiency and
stability. Alternatively, in Na—O, systems, kinetics favor the
one-electron-transfer reaction to form NaO, over the two-
electron-transfer reaction to form Na,0,, leading to low
overpotentials in the initial stage of charge.'’ Na is also more
abundant than Li, making these systems more commercially
attractive.’ Despite these advantages, Na—O, batteries still face
challenges related to their limited long-term stability. Received:  August 11, 2023
The solvation properties of aprotic glyme-ether electrolyte Accepted:  October 3, 2023
solvents, described by their donor and acceptor numbers, have Published: October 9, 2023
been shown to play a critical role in the discharge mechanism
that governs the formation of Na—O, species at the
cathode.'"'” These properties describe the ability of the

salt (NaOTF), resulting in an abundance of free solvent
molecules. This consequently facilitates the stabilization of the
Na*—0," species in the electrolyte.'’ Subsequently, a quasi-
equilibrium state is established between the solvated Na'—
O, (so1) species in the electrolyte solvent and the adsorbed
NaO,* species on the cathode surface (Na*—O0, () =
NaO,*). Once a saturation limit of solvated species is
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Figure 1. (a, b) Galvanostatic discharge—charge profiles of DEGDME cells with different carbon cathodes: Ketjen Black (K.B.) (blue), XC-

72 (orange), and GDL (red), for a limited capacity of 0.79 mAh/ cngeomtﬂc

and full capacity, respectively, in a potential window of 1.5— 4.5

V, at a current density of 80 gA/cm”. (c—e) SEM images post limited discharge for cells with K.B., XC-72, and GDL carbon cathodes,
respectively (average size of ~1.5 pm for all three cathodes). (f—h) SEM images post full discharge for cells with K.B., XC-72 (average size of
~11 pm), and GDL carbon cathodes (average size of ~5 um), respectively. (i—k) SEM images of separator characterized when the cell
undergoes fluctuations for K.B., XC-72, and GDL cathode cells, respectively.

achieved, the equilibrium shifts toward chemical deposition of
solvated Na*—0, ) species on the cathode surface, forming
cubic-structured NaO, extended structures. Conversely, long-
chain, low-donor-number solvents (<12 kcal/mol),"" such as
tetraethylene glycol dimethyl ether (TEGDME), exhibit strong
solvent—solute interactions with the sodium salt (NaOTF),
leading to limited availability of free solvent molecules. This
induces high barriers for solvation of Na"*—O,™ species in the
electrolyte, leading to surface-mediated discharge with limited
contributions from the solution phase."'

The stability of Na—O, discharge products has been
primarily studied for the DEGDME system, where their
degradation is hypothesized to occur via multiple mecha-
nisms.'»'> For instance, it has been reported that cubic NaO,
products undergo disproportionation, leading to the formation
of (i) Na,0,"™'® during discharge, and (ii) the hydrated
peroxide (Na,0,-2H,0) phase during idling."> Various
strategies have been suggested to optimize solvent—solute
interactions to limit the interaction between the solvated Na-
O,- species and the electrolyte solvent. One such approach
involves reducing the concentration of free solvent mole-
cules'”'® in the electrolyte by increasing sodium salt
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concentration.'” However, this leads to an increase in
electrolyte viscosity”’ and a decrease in ionic conductivity,
resulting in increased overpotential losses. In contrast,
strategies to enhance stability by changing the electrolyte
and promoting surface-mediated discharge mechanisms have
been less studied, which is a focus of the present work.

Herein, the effects of the solvation properties of glyme-ether
electrolytes and the nature of the carbon cathodes are probed
to understand the influence of the cathode/aprotic electrolyte
interfaces on product formation and cell performance. Three
types of carbon cathodes are considered (Figure S1): Ketjen
black (K.B.) carbon, Vulcan XC-72 carbon, and the
commercial binder-free gas diffusion layer (GDL), which is
used as a benchmark cathode due to its wide use.”*'~** Two
ether-based electrolyte solvents (DEGDME and TEGDME)
with different solvation properties and chain lengths are
investigated. The nature of the carbon cathode/aprotic solvent
interface and the discharge mechanism for product formation
are linked to the reported cell performance and stability.

The electrochemical performance of Na—O, cells with the
short-chain electrolyte solvent, DEGDME, and varying carbon
cathodes is initially probed to (i) benchmark the performance

https://doi.org/10.1021/acsenergylett.3c01664
ACS Energy Lett. 2023, 8, 4555—-4562


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01664/suppl_file/nz3c01664_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01664?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01664?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01664?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01664?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c01664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

45 ~ 457 T ——7

+® 40F - Ketjen black cathode 1 +(U 4.0t (b) - Ketjen black cathode

zZ - XC-72 cathode zZ - XC-72 cathode

=~ =

© b - GDL cathode @ 35 - GDL cathode

= 3.5 =

@ 30t 2 3.0

2 25 1225 —

S 20 18 20 ]

5 5
L ] 1.5}

5 15 S M @ 0

o 1.0L . . . O 1oL A . . . . L]

0.0 0.2 0.4 0.6 0.8 0.0 0.5 1.0 1.5 20 25 3.0
Specific capacity (mAh/cngeomemc) Specific capacity (mAh/cngeomet,,-c)
§\ SN, d) > ,,j‘ ©) §

K 1\’)1‘*
: &
f 3

Figure 2. (a, b) Galvanostatic discharge—charge profiles of TEGDME cells with different carbon cathodes: Ketjen Black (K.B.) (blue), XC-
72 (orange), and GDL (red), for a limited capacity of 0.79 mAh/ cm"gmmmC and full capacity, respectively, in a potential window of 1.5— 4.5
V, at a current density of 80 uA/ cm? (c—e) SEM images post limited discharge for cells with K.B., XC-72, and GDL carbon cathodes,
respectively. (f—h) SEM images post full discharge for cells with K.B., XC-72, and GDL carbon cathodes, respectively.

of the cells reported in this work, and (ii) determine the effects
on the cell performance due to variations in the carbon
cathode at the interface with DEGDME. Figure 1a,b shows the
electrochemical performance of DEGDME cells with three
different carbon cathodes (K.B., XC-72, and GDL) for limited
(0.79 mAh/cm’opeic) and full discharge capacity, respec-
tively. For all these cells, a steady discharge potential of
approximately 2 V vs Na/Na® is observed during limited
discharge (Figure la). Eventually, the cell potential drops to a
cutoff limit of 1.5 V vs Na/Na* (Figure 1b). As detailed in the
Figure S2, Page S6 in the Supporting Information, the
geometric area of the cathodes is used to normalize the cell
capacity based on (i) standard practices as reported,”"*¥***¢
and (i) the fact that it is a common parameter among all three
carbon cathodes considered. We observe that the use of
different carbon cathodes yields modest differences in the full
discharge capacities (Figure 1b), which are much smaller than
the differences in the BET (Brunauer—Emmett—Teller)
surface area of the carbons (K.B. > XC-72 > GDL, Table S1).

X-ray diffraction (XRD) is employed to characterize the
crystalline discharge products formed as a function of the
carbon cathode post limited (Figure S3) and full discharge
(Figure S4). In all cases, we observe a dominant XRD peak at a
20 angle of approximately 32.7°. The simulated diffraction
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patterns of the bulk structures from density functional theory
(DFT) calculations suggest that the measured XRD patterns
correspond to a pyrite NaO, bulk structure (Figure SS). This
analysis shows that varying the carbon cathode has minimal
effect on the bulk structure of the crystalline discharge species,
consistent with the literature.”>”” Post limited discharge SEM
analysis shows pyrite NaO, species with well-defined cubic
structures (Figure lc—e). However, post full discharge SEM
shows structures that are distorted and physically larger than
the limited discharge case (Figures 1f—h). The observed cubic
structures are consistent with the reported solution-mediated
discharge mechanism for DEGDME cells.""**** Interestingly,
NaO, species are also observed on the glass-fiber separator,
independent of the carbon cathode used (Figures S6 and S7),
consistent with the chemical deposition of solvated Na™-O,~
agglomerates from solution onto a solid surface in a solution-
mediated discharge process.

Significant differences are observed during charge between
DEGDME cells discharged at limited and full capacities
(Figure 1a,b). The limited-capacity charge behavior exhibits an
initial plateau at 2.5 V vs Na/Na" that lasts approximately 50%
of the charge capacity, followed by a step increase in the charge
potential (>3 V vs Na/Na*) for all three cathodes. The
increase in the charge potential suggests the formation of

https://doi.org/10.1021/acsenergylett.3c01664
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Figure 3. Fitted high-resolution O 1s spectra of the (a) K.B. cathode, (b) XC-72 cathode, and (c) GDL cathode of TEGDME cells,
respectively, after limited discharge capacity studies. Fitted high-resolution O 1s spectra of the (d) K.B. cathode, (e) XC-72 cathode, and (f)
GDL cathode of TEGDME cells, respectively, post full discharge capacity studies.

additional discharge product phases'* beyond the crystalline
pyrite NaO, detected by XRD. To characterize these species,
we have used high-resolution XPS analysis of the C 1s and O
1s core binding states of the discharged cathodes (Figures S8
and S9, respectively). These measurements were conducted ex
situ; however, the exposure of the cathodes to air was minimal
(Methods in the Supporting Information). Post limited
discharge, the XPS analysis of the O Is core binding state
suggests the formation of mainly Na-oxide species (NaO,,**
Na,_,0,,”” and Na,0,,”" Figure $9a—c). Post full discharge, a
mix of NaO, and Na,CO;" phases is observed (Figure S$9d—
f). The formation of Na,CO; is related to electrolyte
degradation.” Unlike the limited capacity studies, the full-
capacity charge behavior exhibits an initial charge plateau
(Figure 1b) that is short-lived, at less than 10% of the full
discharge capacity for all three cells. Upon further charging, the
cell potential exhibits significant fluctuations (Figure 1b) above
3 V vs Na/Na®, indicative of cell failure. These fluctuations
arise from dendrite formation,”>*” as corroborated by SEM
showing needle-like structures puncturing the separator
(Figure 1li—k).

To determine changes induced by the nature (solvation
properties) of the electrolyte solvent, studies similar to the case
of DEGDME are performed using a long-chain glyme-ether
solvent, such as TEGDME. Figure 2a,b shows the galvanostatic
discharge—charge profiles of TEGDME cells with varying
carbon cathodes for limited and full discharge, respectively.
Unlike DEGDME cells, Figure 2b displays a dependence of the
discharge capacity on the carbon cathodes used, which scales
linearly with the BET surface area of the carbon (K.B. > XC-72
> GDL).

In addition to surface area effects, differences in the surface
structure and functionality of the carbon surface (Figure S10)
might also impact the observed discharge behavior and require
further studies to interrogate, which are beyond the scope of
this study. XRD analysis of the cathodes after limited and full
discharge (Figures S11 and S12) shows a dominant peak at a
20 angle of ~32.7° for the K.B. and XC-72 cells, corresponding
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to pyrite NaO,. For GDL, an indiscernible XRD pattern
(Figure S13) arises due to low discharge capacity.'’ SEM
imaging of the cathodes post limited and full discharge (Figure
2c—h) shows film-like morphologies of the discharge products,
a significant deviation from the cube structures observed for
DEGDME cells."" The 2-D growth of the discharge products
along the carbon surface in TEGDME cells indicates a surface-
mediated discharge product formation.

Charge energetics post limited and full discharge for the
high-surface-area carbon cathodes (K.B. and XC-72) are very
similar (Figure 2a,b), unlike in the case of DEGDME cells,
wherein there is an initial charge plateau at 2.4 V vs Na/ Na*
that lasts ~60% of the charge capacity, beyond which a step
increase is observed (>3 V vs Na/Na*). As discussed above,
the initial plateau corresponds to the decomposition of the
NaO,,"” while the increase in the charge potential corresponds
to the decomposition of other species.”® In the case of the
GDL cell, a rapid increase in the charge potential that reaches a
cutoff value of 4.5 V vs Na/Na* is observed.

The fitted O 1s high-resolution XPS spectra (Figure 3a,b)
for K.B. and XC-72 cathodes post limited discharge suggest the
presence of NaO, (532.9 eV)*® and deficient superoxide
species (Na,_,0,, 0 < x < 1) (532.3 €V).”” However, for the
GDL cathode (Figure 3c), formation of the Na,CO; phase
(531.5 eV)* in addition to NaO, (532.9 eV) is observed.
Na,CO; is also observed after full discharge on all three carbon
cathodes (Figure 3d—f), along with the NaO, phase from the
deconvolution of the O 1s spectra. This is further confirmed by
the analysis of the C s core binding state, which shows a peak
at 288.4 eV (Figure S14c—f) assigned to the C=0 stretch,”
indicating the formation of carbonate species which are absent
for the case of K.B and XC-72 cathodes post limited discharge
(Figure S14a,b). Undissociated remanent films (Figure S15a,c)
of Na—O, and Na,CO; (Figure S15d-f) species are also
observed post charge. Unlike the case of DEGDME cells, no
dendrite formation is observed (Figure S16), potentially due to
the strong TEGDME-solute interactions, limiting the transport
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Figure 4. (a) Cycling performance of DEGDME-K.B. and TEGDME-K.B. Na—O, cells for a discharge capacity of 0.395 mAh/ cngeometric
(blue and orange plots, respectively) within a cutoff limit of 1.5—4.5 V vs Na/Na* (Figure S19c shows reproducibility studies). SEM images
of the cathode post 1st (b) and Sth discharge stages (c) and the separator post Sth charge stage (d) for the DEGDME-K.B. cell. SEM images
of the cathode after the 1st (e) and 22nd discharge stages (f), and the separator after the 25th charge stage (g) for the TEGDME-K.B. cell.

Scheme 1. Ilustration of Discharge Processes at a Carbon/Long-Chain Glyme-Ether Aprotic Solvent (i.e., TEGDME)
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“Solution-mediated discharge pathway (i) is not energetically favorable at the carbon cathode/TEGDME interface due to high barriers for
solvation of the Na'-O,~ species in TEGDME. A cathode surface-mediated mechanism dominates the discharge process. In a surface-mediated
pathway, a pristine cathode serves as the active surface for oxygen adsorption followed by (ii) le- and/or 2e-transfer processes leading to the
formation of NaO, or Na,O, films, respectively, during discharge, as supported by our XRD and XPS studies (e.g,, Figures S11 and S12 and Figure
3, respectively). Upon charge (iii), the NaO, films are fully decomposed, while remanent Na,O, films are observed on the cathode surface, as
evidenced by XPS (e.g., Figure S15e), due to the much higher overpotential barrier required to dissociate this product. (iv) Subsequent cycling of
the cell results in the accumulation of the side products at the carbon/TEGDME interface, such as Na,O, and Na,COj, as indicated by XPS and

SEM analysis (e.g., Figures S20e and S22, respectively).

of solvated oxygen species to the anode and suppressing
dendrite formation.

Cell cyclability is probed via galvanostatic cyclic discharge—
charge experiments at a limited capacity of 0.395 mAh/
em’eometic (shallow cycling). K.B. carbon is kept consistent in
these studies, since it is the best-performing cathode at the
interface with both solvents. Figure 4a shows that the

4559

DEGDME-K.B. cell exhibits a stable performance up to cycle
S followed by an abrupt decrease in the discharge capacity. In
contrast, the TEGDME-K.B. cell exhibits stable performance
for up to 22 cycles, followed by a gradual decline in the
discharge capacity (Figure 4a, orange). Post characterization of
the DEGDME-K.B. cell (Figure 4b) shows the formation of
cubes after the first cycle identified as crystalline pyrite NaO,
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via XRD (Figure S17a). However, after the fifth discharge
cycle, only film-like structures are observed (Figure 4c). The
identified discharge products from XPS are listed in Table S2
(Figures S18 and S20). Post first cycle, for the DEGDME-K.B.
cell at a discharge potential of ~2 V vs Na/Na* Na—O, species
(NaO, and Na,0,) (Figure S18d) are mainly identified.
Further cycling (Sth discharge) leads to the formation of
Na,COj; as the major phase in the near-surface region (Figure
S18e). If we consider the fifth charge cycle of the cell, the
charge potential rapidly increases beyond ~3 V vs Na/Na" and
starts fluctuating (Figure S19a). When the separator of the cell
is characterized post Sth charge, we observe needle-like
structures consistent with dendrite formation (Figure 4d).

The TEGDME-K.B. cell, exhibits S-fold increase in stable
cycling compared to the DEGDME-K.B. cell. . Film-like
structures are observed throughout the cycling study (Figure
3e,f). Pyrite NaO, is the major crystalline phase, as
corroborated by XRD until the 22nd discharge stage (Figure
S17b), beyond which no discernible crystalline phase is
observed. XPS analysis shows Na—Q, species form post first
discharge (Table S2 and Figure S20d). Post 22nd cycle, we
observe the formation of Na,CO; in addition to Na—O,
species (Table S2 and Figure S20e). After the 22nd discharge,
the capacity gradually decreases, discharge—charge over-
potentials increase (Figure S19b), and the undesired discharge
products (i.e, Na,CO,) dominate the cathode surface as
corroborated by the deconvoluted high-resolution C 1s and O
Is XPS spectra (Figure S20c,f, respectively). The absence of
dendrites (Figure 4g) suggests that the accumulation of these
undesired side products upon further cycling passivates the
cathode surface, eventually causing cell failure.

In aggregate, our results suggest that the discharge
mechanism, the energetics of discharge—charge, and the
cyclability of Na—O, batteries are significantly influenced by
the nature of the electrode/electrolyte interfaces. We find that
independent of the extent of discharge or the nature of the
carbon cathode, film-like products form in TEGDME cells,
distinct from the thermodynamically stable cubic structures
observed in DEGDME cells (Figures 2c—h and 1lc—h,
respectively). This difference stems from the cathode-surface-
mediated discharge process in TEGDME cells as opposed to
the solution-mediated discharge in DEGDME cells. Scheme 1
illustrates the proposed steps involved in the surface-mediated
mechanism at the carbon cathode/TEGDME interfaces based
on our reported observations. In this mechanism, the pristine
cathode serves as the active surface for oxygen adsorption
followed by 1- and/or 2-electron-transfer processes leading to
the formation of NaO, or Na,O, films'® during discharge,
respectively, as supported by our XRD and XPS studies (e.g.,
Figures S11 and S12 and Figure 3, respectively). Thus, oxygen
adsorption on the cathode surface plays an important role in
this process, consistent with the observed changes in the
TEGDME cell performance (e.g, Figure 2b) resulting from
variations in the nature of the carbon cathode, which impacts
the quantity and nature of oxygen adsorption sites. Upon
charge, remanent traces of Na—O, and Na,CO; films are
observed on the carbon cathode surface, as evidenced by XPS
(e.g, Figure S1Sef), that eventually passivate the surface
during cycling, leading to cell failure.

Differences in the deactivation mechanisms of these cells are
observed, arising from differences in the solvation properties of
the respective electrolyte solvents. In the case of DEGDME
cells, deactivation is primarily induced by the formation of

4560

dendrites (Figure S21). This is consistent with literature
reports which show that O, crossover’” in DEGDME cells
leads to parasitic reactions and destabilization of the anode/
electrolyte interface (SEI),””*° promoting dendrite formation.
Strategies to mitigate dendrite formation in DEGDME cells
include the use of membranes or coatings to protect the
anode.”**® Conversely, TEGDME exhibits strong interactions
with the Na salt, inducing a high barrier for interaction of the
O, ions with the electrolyte molecules preventing their
crossover to the anode, limiting dendrite formation.As a result,
The reported results show that TEGDME cells deactivate due
to the formation of undesired side products (Scheme 1-iv),
which gradually passivate the carbon cathode surface. Given
the surface-mediated nature of discharge in TEGDME cells,
tuning the cathode surface can be used to improve their overall
efficiency and cyclability.
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