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Enhancing Cycle Life in Superoxide-Based Na—O, Batteries

by Reducing Interface Reactivity
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Ga-Yoon Kim, Mahmoud Tamadoni Saray, Arashdeep S. Thind,

Pablo Navarro Munoz Delgado, Musawenkosi Ncube, Robert F. Klie,

Reza Shahbazian-Yassar, Ahn T. Ngo, Larry A. Curtiss,* and Mohammad Asadi*

Sodium-oxygen (Na-0,) batteries are considered a promising energy storage
alternative to current state-of-the-art technologies owing to their high
theoretical energy density, along with the natural abundance and low price of
Na metal. The chemistry of these batteries depends on sodium superoxide
(NaO,) or peroxide (Na,0,) being formed/decomposed. Most Na-O,
batteries form NaO,, but reversibility is usually quite limited due to side
reactions at interfaces. By using new materials, including a highly active
catalyst based on vanadium phosphide (VP) nanoparticles, an ether/ionic
liquid-based electrolyte, and an effective sodium bromide (NaBr) anode
protection layer, the sources of interface reactivity can be reduced to achieve a
Na-O, battery cell that is rechargeable for 1070 cycles with a high energy
efficiency of more than 83%. Density functional theory calculations, along
with experimental characterization confirm the three factors leading to the
long cycle life, including the effectiveness of the NaBr protective layer on the
anode, a tetraglyme/EMIM-BF, based electrolyte that prevents oxidation of
the VP cathode catalyst surface, and the EMIM-BF, ionic liquid aiding in
avoiding electrolyte decomposition on NaO,.

1. Introduction

Non-aqueous sodium-oxygen (Na-0O,)
batteries are considered a promising
energy storage alternative for currently
available lithium-based batteries owing
to their high gravimetric energy density,
and more specifically, the natural abun-
dance and low price of Na metal that can
lead to an inexpensive and low-weight
battery technology.l'® The chemistry of
sodium-—oxygen batteries is controlled by
two possible discharge products: sodium
superoxide (NaO,) and sodium peroxide
(Na,0,). As they both have very close
Gibbs free energies of formation (—437.5
and 459 kJ mol™!, respectively), both
will be thermodynamically feasible prod-
ucts during the discharge process.l’~1"]

The formation mechanisms and kinet-
ics of NaO, and Na,O, can differ sig-
nificantly. In Na-O, cells, the oxygen
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Figure 1. The schematic mechanism in the formation of NaO,and Na, O,
in the Na—O, cell batteries.

(O,) is reduced to superoxide anion (O,”) at cathode sur-
face through a catalytic process. This one-electron re-
action is relatively simple and fast. The Na' ions then
react with O,— to form NaO, (Figure 1). The growth
of NaO, can occur via two mechanisms, 1) solution-
based or 2) surface-based. In the surface-based mechanism,
NaO, grows directly on the cathode surface;['*!?! while, in the
solution-based mechanism, NaO, desorbs into the electrolyte
solution. As its concentration increases and reaches supersatu-
ration, it precipitates on the cathode surface.l'>!3] The formation
of Na, O, can also occur in several possible ways. The NaO, can
undergo chemical disproportionation to form Na,O, (Figure 1,
pathway I) either on the surface or in solution and release
0,.1*71%] The Na, O, can also form via adding a second electron
to NaO, in a surface reaction (Figure 1, pathway II). A number
of factors can affect the kinetics of these processes. As discussed
later, NaO, disproportionation to Na,O, (I) has a significant
energy barrier, which makes this pathway less likely. The forma-
tion of Na,O, via addition of a second electron and Na* ion (II
in Figure 1) will depend on various factors such as kinetics of
reduction of NaO, on the surface, as well as cell configuration
that is not well understood.['*]

Numerous studies have confirmed the formation of NaO, as
the main discharge product in Na-O, battery cells in a single elec-
tron reaction in commonly used electrolytes (ether-based), po-
tentially offering a battery with high energy density.[*>17:1.18-20]
However, cyclability and long-term stability of Na—O, batteries
based on NaO, remain as major challenges due to reactivity at the
surfaces of the cathode, anode, and discharge product, resulting
in irreversible formation and decomposition of NaO,.[?1?]

Recently, nitrogen-doped carbon nanofibers and 0.5 M sodium
triflate in tetraethylene glycol dimethyl ether (tetraglyme or
TEGDME) were used in a Na-0O, battery cell.”’! The results indi-
cated a reversible formation/decomposition of a film-like NaO,
layer at a current density of 200 mA g~! and capacity of 500 mAh
g! for 90 cycles. In another study, vertically aligned carbon nan-
otubes and 0.5 M sodium triflate in tetraglyme were shown to re-
versibly form and decompose nanosized NaO, particles for 100
cycles at a low current density of 67 mA g=! and a capacity of 750
mAh g~1.121 While these results and others!®~?’! indicate some
improvements, the limited cycle life, low current rates, and low
capacities hamper the realization of Na-O, battery technology.
These are mainly attributed to i) the lack of a highly active and
stable catalyst to form and decompose NaO, at high rates and
low overpotentials, ii) reactions of electrolytes with the NaO, dis-
charge product, and iii) the high reactivity of the Na anode with
the electrolyte, sodium salts, and O,, resulting in both the con-

sumption of the electrolyte and the excessive corrosion of the Na
anode.[6:21.25-28]
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Here, we report a Na—-O, battery cell composed of vanadium
phosphide (VP) nanoparticles at the cathode that works in syn-
ergy with an aprotic tetraglyme/ionic-liquid electrolyte to reduce
sources of interfacial reactivity and reversibly form/decompose
NaO, nanoparticles via a solution-mediated pathway as the sole
discharge product, with a NaBr protection layer on anode surface,
for 1070 cycles at a capacity of 1000 mAh g=! and with a high en-
ergy efficiency of more than 83%. The protection layer is needed
to prevent parasitic reactions and enable the long cycle life. Our
results indicate that the Na—O, battery cell has a low polariza-
tion gap of 100 mV at the first cycle. Different electrochemical
and physicochemical characterization techniques, that is, Raman
spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), differential electrochemical mass spectroscopy
(DEMS), and scanning electron microscopy (SEM) are used to
understand the chemistry of the cell, the role of VP nanoparti-
cles, and the stability of cell components. Density functional the-
ory (DFT) is used to investigate the Na anode protection, the role
of the ionic liquid, and the formation of NaO,.

2. Results and Discussion

We initially investigated the performance of five transition metal
phosphide (TMP) nanoparticles, that is, VP, molybdenum phos-
phide (MoP), tri-molybdenum phosphide (Mo,P), di-iron phos-
phide (Fe,P), tri-iron phosphide (Fe,P), and di-nickel phosphide
(Ni,P). They were synthesized using a chemical vapor trans-
port (CVT) method followed by mechanical ball-milling (Section
S1.1, Supporting Information). All were characterized by XRD
and XPS. The XRD pattern of the VP nanoparticles chosen for
this study is shown in Figure 2a, where peaks at 28.7°, 32.5°,
35.7°, and 44.0° 20 degrees correspond to (002), (100), (101), and
(102) facets, respectively, confirming the crystalline structure of
the synthesized nanoparticles with an average crystallite size of
~56 nm (Section S2, Supporting Information). Figure 2b,c shows
high-magnification high-angle annular dark field (HAADF) scan-
ning transmission electron microscopy (STEM) images of a VP
particle (from a region shown in Figure S2a in Section S3, Sup-
porting Information), with the corresponding fast Fourier trans-
form (FFT) pattern of Figure 2c along [111] axis. The magni-
fied inverse FFT (IFFT), along with a superimposed VP atomic
model at [111] zone axis (Figure 2d) confirms the hexagonal crys-
tal structure of the VP nanoparticles. More STEM analysis of the
VP nanoparticles is explained in Section S3, Supporting Infor-
mation. The XRD characterization of the other nanoparticles is
given in Section S1.1, Supporting Information.

Figure 2e,f shows the V 2p and P 2p XPS spectra of the VP
nanoparticles, respectively (Section S4, Supporting Information).
Peaks at binding energies of 512.4 and 520 eV (Figure 2e¢) indi-
cate the standard V 2p;, and V 2p,, peaks of V°. Compared to
metallic vanadium (511.7 and 519.3 eV), the binding energies of
the V 2p;, and V 2p, , in VP are up-shifted by ~0.7 eV, which in-
dicates the formation of V—P bonds. Moreover, the P 2p spectrum
of VP shows the doublet peaks at 128 and 128.9 eV (P 2p;/, and P
2p, ,, respectively) that are negatively shifted compared with that
of elemental phosphorus, in agreement with the formation of VP
structure. Details of the XPS characterization of the other TMPs
are given in Section S1.1, Supporting Information.
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Figure 2. Characterization of the VP nanoparticles as the cathode and the NaBr protection layer for the Na anode used in the Na—O, battery cell. a)
Diffraction pattern of the VP nanoparticles and b,c) high magnification HAADF-STEM images of the VP nanoparticles. Inset in Figure 2c shows the fast
Fourier transform (FFT) pattern of image (c) along [111] zone axis. d) Magnified inverse FFT (IFFT) along with superimposed VP atomic model at [111]
zone axis, with red and cyan spheres representing V and P atomic columns. e,f) V 2p and P 2p XPS spectra of the VP nanoparticles and g) diffraction
pattern of the NaBr protected Na anode compared to that of pristine Na anode. h,i) Na 1s and Br 3d XPS spectra of the NaBr protected Na anode.
Characterization of other TMPs is explained in Section S1, Supporting Information.

We evaluated the electrochemical performance of the TMP
nanoparticles, that is, VP, MoP, Mo,P, Fe,P, Fe,P, and Ni,P as
the cathode catalyst in a two-electrode system (Section S5.2, Sup-
porting Information). The cyclic voltammetry (CV) results indi-
cated VP nanoparticles have higher current density and lower
overpotential for both ORR and OER, suggesting a better cat-
alytic activity for these reactions (Figure S4 in Section S5.2, Sup-
porting information). Moreover, we used the VP nanoparticles
and other TMP nanoparticles as the cathode catalyst in a Na—
O, battery cell under pure O, environment to further inves-
tigate the electrocatalytic performance of these materials. The
cathode was prepared by coating a mixture of TMP nanopar-
ticles and Vulcan XC-72R with mass ratio of 9:1 on a gas dif-
fusion layer (GDL) with a geometrical surface area of 1 cm?.
The cathode material loading on the GDL was controlled to be
0.1 mg cm™. A 1 M sodium bis(trifluoromethylsulfonyl)imide
(NaTFSI) salt dissolved in a 3:1 %v/v of tetraglyme:1-Ethyl-3-
methylimidazolium tetrafluoroborate (EMIM-BF,) mixture, with
25 mM each of 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO)
and 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ) redox mediators
(RMs). The 3:1 %v/v of tetraglyme:EMIM-BF, mixture was uti-
lized as the electrolyte because adding EMIM-BF, showed to
improve the ionic conductivity of the electrolyte and catalytic
performance of VP nanoparticles (Section S5.3, Supporting In-
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formation). The redox mediators could act as electron transfer
agents from the cathode to reduce oxygen in the electrolyte.(?”]
As shown in Figure S6 in Section S5.4, Supporting Information,
VP nanoparticles can operate for 230 continuous cycles without
any Na anode protection, whereas other TMP nanoparticles, that
is, MoP, Mo, P, Ni, P, Fe,P, and Fe, P show relatively smaller cy-
cle life and higher potential gaps during the discharge and charge
processes. The better performance of VP can be attributed to bet-
ter OER/ORR electrocatalytic activities. Therefore, VP nanopar-
ticles were selected to be the cathode catalyst in a Na—O, battery
cell under a pure O, environment.

To improve the performance of the developed Na-O, bat-
tery, we also utilized a NaBr anode protection coating com-
bined with the VP nanoparticles as the cathode catalyst and
tetraglyme:EMIM-BF,-based electrolyte. As for the anode, a NaBr
anode protection layer was chemically synthesized by drop cast-
ing of 1-bromopropane on sodium metal anodes and drying un-
der vacuum (Section S5.5, Supporting Information). Comparing
the XRD patterns of a pristine Na anode with the NaBr-protected
Na anode (Figure 2g) indicates peaks at 26.0°, 29.5°, 42.8°, 69.5°,
and 77.5° that could be attributed to the (111), (200), (220), (420),
and (400) facets of NaBr, respectively, confirming the presence
of a NaBr coating as the protection layer. We also carried out
XPS experiments for the NaBr protected anode to confirm the

© 2025 UChicago Argonne, LLC and The Author(s). Advanced Energy
Materials published by Wiley-VCH GmbH
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Figure 3. The Na—O, battery cell performance using VP cathode and NaBr protected Na anode. a) Charge/discharge profiles over 1070 cycles at a
constant density of 1A g~! and a constant capacity of 1 Ah g~1. The electrolyte is 1 m NaTFSI dissolved in TEGDME:EMIM-BF, (3/1v/v%) with 25 mM
each of TEMPO and DBBQ RMs. b) Discharge and charge potential values over 1070 cycles. c) Changes in coulombic efficiency, energy efficiency, and

polarization gap over 1070 cycles.

chemical composition (Figures 2h and 2i, respectively). Our XPS
results indicate peaks at 1070.5 and 1071.8 eV for Na 1s, each of
which is relevant to the presence of metallic sodium (Na°) and the
Na'!*, with the single ion pair in the form of the NaBr. Moreover,
the Br 3d spectrum of the Na anode shows Br 3d3/2 and Br 3d5/2
standard peaks at 67.8 and 68.9 eV, confirming the predominant
presence of metallic—bromide bonds on the Na anode in the form
of NaBr. The detailed fabrication procedure and characterization
experiments for the NaBr coating as well as two others, sodium
chloride (NaCl) and sodium iodide (Nal) examined in this study,
are provided in Sections S5.5 and S5.6, Supporting Information.

The battery cycling experiments shown in Figure 3a were
performed at room temperature under constant discharge and
charge current densities of 1 A g7! (0.1 mA cm™2) and a
capacity of 1 Ah g7! measured based on the total mass of
the cathode materials, that is, VP nanoparticles and Vulcan
XC-72R (0.1 mg cm™?) after 24 h rest time under the pure O,
environment. Figure 3a displays the discharge and charge pro-
files of the Na—O, battery cell over 1070 continuous discharge—
charge cycles. As shown in the inset of Figure 3a, the cell po-
tential decreases to 2.25 V versus Na/Na‘t after 1 h of dis-
charge process at the 1st cycle (Section S5.6, Supporting In-
formation). Over the following charge process, the cell poten-
tial increases to 2.30 V versus Na/Na®, yielding a polarization
gap of only 50 mV at the capacity of 1 Ah g=! at the 1st cycle.
Figure 3b shows discharge and charge potential variation over
1070 cycles. As shown in this figure, we observe a fairly constant
discharge potential over the 1070 cycles (~2.25 V vs Na/Na™).
However, the charge potential increases from 2.3 (first cycle) to
3.20V (last cycle) versus Na/Na* over the course of cycling up to
cycle 1070.

The variations in coulombic efficiency (C.E.), energy efficiency,
and polarization gap of the Na—O, battery cell at a current den-
sity of 0.1 mA cm~2 are shown in Figure 3c. As illustrated in
the figure, the Na-O, battery cell demonstrates a coulombic effi-
ciency of 100% over 1070 cycles of galvanostatic cycling at a cur-
rent density of 0.1 mA cm~2 (green dots in Figure 3c). The pri-
mary reason for the 100% coulombic efficiency is due to the same
capacity obtained on both discharge and charge processes that
can be attributed to the excess amounts of sodium and oxygen in
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the cell. The polarization gap (blue dots in Figure 3c) consists of
two different regions, i) from cycle 1 to 150 where the polarization
gap increases from 100 mV at the 1st cycle to 0.76 V at the 150th
cycle and ii) from cycle 151 to cycle 1070 with a gradual increase
from 0.76 to 1.07 V. Moreover, the Na—-O, battery cell exhibits an
energy efficiency of more than 83% for over 1070 cycles. In addi-
tion, the Na-O, cell exhibits cycling after 1070 cycles up to 1222
cycles where the cell fails (Section S5.6 and Figure S14, Support-
ing information). Figure S14, Supporting information indicates
discharge and charge potential drops to 2 and 2.75 V, respectively,
that can be attributed to potential degradation of cell components
after 1070 cycles.

We also examined the rate capability of the developed Na—O,
battery cell at different current densities (0.05, 0.1, and 0.2 mA
cm™2, respectively; Figure S15 and Section S5.7, Supporting In-
formation). The results indicate that the developed Na-O, bat-
tery can also operate at a faster rate; however, the charging and
discharge potentials differ.

We have compared the results for our Na—O, battery with other
reported Na—O, batteries (Table S2 in Section S6, Supporting In-
formation). As shown in this table, our Na—O, battery worked
around 2140 h (1070 cycles at 0.1 mA cm™2), that is 10 times
more than the best performing Na—O, battery, which operated for
~200 hours (400 cycles at 0.6 mA cm™2).11 Moreover, as shown
in Table S2, Supporting Information, other studies reported their
performance analyses with a current density between 0.01 and
0.1 mA cm™? that highlights the enhanced performance of our
Na-0, cell under a current density of 0.1 mA cm=2.

The performance of Na-O, battery cells using Nal and NaCl
protected Na anode is also shown in Figure S11 in Section
S5.6, Supporting Information. Our results indicate that the Na—
O, battery based on a NaBr anode protection coating outper-
forms the batteries based on the Nal and NaCl anode protec-
tion coatings under identical experimental conditions by exhibit-
ing the highest cycle life of 1070 (vs 650 for Nal and 260 for
NaCl).

To gain more insight about the reason behind the higher per-
formance of the NaBr anode protection coating in our Na—O, bat-
tery cell, we performed a DFT computational study of one layer
of NaCl, NaBr, or Nal on an Na surface (Section S7.1, Supporting

© 2025 UChicago Argonne, LLC and The Author(s). Advanced Energy
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Information) as a model for the protection coating. Our simula-
tion of one layer of NaCl (200), NaBr (200), and Nal (200) on bulk
(three-layer) Na (200) surfaces resulted in the lattice mismatches
to the Na surface of 10.2%, 4.5%, and 3.7% for NaCl, NaBr and
Nal, respectively (Figure 4a—e).

Based on the best lattice matches for NaBr and Nal, we evalu-
ated the diffusion of Na from different locations on the Na surface
through the NaBr and Nal layers. The most negative diffusion en-
ergies were computed to be —1.21 and —0.01 eV for NaBr and Nal
layers, respectively, which indicated that it is easier for Na atom
diffusion to the surface with a NaBr layer than that with a Nal
layer (Figure 4e). Thus, based on the lattice mismatch and Na dif-
fusion energy calculations, the modeling suggested that a NaBr
protective coating is more efficient compared to a Nal layer, and
this helps to explain the experimental observations in Figure 3;
Figure S11 in Section S5.6, Supporting Information. In addition,
effective NaBr anode protecting layers protect the sodium anodes
from pristine reaction between superoxide anions due to oxygen
crossover and the decomposition of the electrolyte by sodium
metal (Figure S13 in Section S5.6, Supporting Information). As
shown in Figure S13, Supporting Information, the XRD result
indicates no additional peak related to sodium oxides or sodium
hydroxides, suggesting no reaction between electrolyte and our
developed NaBr protection layer.

To characterize the chemistry of the cell and identify discharge
products in our new Na—O, battery cell, we first performed SEM
imaging experiments to determine the morphology and distri-
bution of the discharged cathode sample (Section S8, Support-
ing Information). Figure 5a shows the SEM image of the dis-
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charged cathode sample at capacity 1.0 mAh cm~2, wherein cube-
like NaO, nanoparticles of size from 500 nm to 2 um could be
detected.

We have also conducted conductive atomic force microscopy
(C-AFM) to study the morphology of the cathode after discharge
and charge compared with the pristine cathode (Section S9,
Supporting Information). Figure S22, Supporting Information
shows the C-AFM images of a) pristine cathode, b) 10th cycle dis-
charge, and c) 10th cycle charge. The C-AFM results indicate the
conductivity of the cathode decreases after the 10th cycle (Figure
S22a,b, Supporting Information). This can be attributed to the
formation of the insulating discharge product (NaO,); while, af-
ter charge, we observed the conductivity of the cathode increased
(Figure S22c¢, Supporting Information). This indicates that the
formed NaO, during the discharge process was decomposed af-
ter the charge process.

To identify the cathode products, we then carried out Raman
spectroscopy experiments (Figure 5b) for the discharged and
charged cathode samples at different cycles, that is, 1, 100, and
200, and compared them with the pristine cathode sample. Com-
paring the Raman spectra of the cycled cathodes with the pris-
tine cathode indicates that peaks at 852, 950, and 1042 cm™! were
attributed to VP nanoparticles, whereas peaks at 1355 and 1585
cm™! were relevant to those of the D and G bands of Vulcan XC-
72R and the GDL (Figure S23 in Section S10, Supporting Infor-
mation). However, a Raman peak at #1156 cm™! (depicted with
red asterisk) could be seen in all the discharged cathode sam-
ples, which is an indication of NaO, formation during the dis-
charge processes. As shown in Figure 5b; Figure S23, Supporting
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Figure 5. Characterization of the discharge and charge processes in the Na—O, battery cell. a) High magnification SEM image of the discharged cathode
(scale bar, 1 um). b) Raman spectra of the discharged and charged cathodes. c) Diffraction patterns of the discharged and charged cathodes. d,e) Na 1s
and O 1s XPS spectra of the discharged cathodes. f) In situ DEMS experiment for the charge process.

Information, there was no such peak (1156 cm™) in the charged
cathode samples, meaning that NaO, was reversibly decomposed
in the following charge processes. We also did not find any Ra-
man peaks relevant to those of Na,0O,, Na,0,.2H,0, NaOH, and
Na,CO, suggesting NaO, was the sole product of the developed
Na-0, battery. Moreover, the standard Raman peaks marked with
black circles remained unchanged in all the cycled cathode sam-
ples, which indicates the high stability of the VP nanoparticles.
To study the effect of the EMIM-BF, and redox mediators in the
chemical composition of the discharge products, we also perform
Raman spectroscopy experiments for four different electrolyte
compositions of i) TEGDME electrolyte, ii) TEGDME/ionic lig-
uid electrolyte, iii) TEGDME/ionic liquid with DBBQ, and iv)
TEGDME/ionic liquid with TEMPO (Figure S24 in Section S11,
Supporting Information). The results show that in the case of
ionic liquid/TEGDME, NaO, is the sole cathode product; while,
by using only TEGDME electrolyte, both Na,O, and NaO, are
produced as discharge products (Figure S25 in Section S11, Sup-
porting Information). This is a reason for the increased poten-
tial gap in the case of using only the TEGDME electrolyte, which
is also consistent with the many other studies that showed the
formation of Na, O, could contribute to a high polarization gap
in Na-0, batteries.[?’! Furthermore, the Raman spectroscopy re-
sults indicated that NaO, is the only cathode product formed by
using the EMIM-BEF, ionic liquid/TEGDME electrolyte with and

Adv. Energy Mater. 2025, 15, 2404703

2404703 (6 of 11)

without TEMPO and DBBQ (Figure S25 in Section S11, Support-
ing Information).

We have also studied the stability of the electrolyte by per-
forming nuclear magnetic resonance (NMR) H-NMR and 3C-
NMR spectroscopy of the fresh and used electrolytes (Section
S12, Supporting Information). The results show no change in the
NMR spectra of the used electrolyte, indicating that the EMIM-
BF, ionic liquid/TEGDME electrolyte is stable in the Na-O, cells
(Figure S26, Supporting Information).

We performed XRD experiments to gain more insight into the
type of the discharge product (NaO,) and its reversibility at dif-
ferent cycles, that is., 1, 100, and 200 (Section S13, Supporting
Information). The diffraction pattern of the discharged cathode
sample at the first cycle indicated new peaks at 32.5° and 46.5°
compared with the pristine cathode (Figure 5c), which were at-
tributed to the (200) and (220) reflections of NaO, nanoparticles.
No characteristic peak related to those of Na,O,, Na,0,.2H,0,
NaOH, and Na,CO, was found in the diffraction patterns of the
discharged cathode samples, which was also in agreement with
the Raman spectroscopy experiment. Moreover, after the charge
process of the first cycle, the two peaks relevant to NaO, disap-
peared completely, meaning that the NaO, discharge product was
fully removed by oxidation in the charge process. This trend is
similar in higher cycle numbers, for example, 100 and 200. It is
also important to note that the peaks at 25.6°, 31.8°, 35°, 43.2°,

© 2025 UChicago Argonne, LLC and The Author(s). Advanced Energy
Materials published by Wiley-VCH GmbH
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Figure 6. DFT optimized cathode surfaces with O, adsorption: a) VP(102), b) VP (102) covered by EMIM, and c) VP (102) covered by O. The V, P, C, N,
H, and O atoms are in red, light purple, brown, light blue, white, and dark blue, respectively.

54.8°, 57.4°, 58.8°, and 75°, marked with black circles and rele-
vant to the pristine cathode sample, remained unchanged in all
cycled samples, which reflects the high stability of the cathode.

Next, a set of XPS experiments was carried out to study both
the chemical composition of the discharge product formed at the
cathode surface (Figure 5d,e) and the VP nanoparticles over the
course of cycling (Figures S27 and S28 in Section S14, Support-
ing Information). Figure 5d shows the O 1s spectra of the dis-
charged cathode sample at the first cycle with a peak at 532.6 eV,
indicating more content of oxygen-rich phases of sodium, that
is, NaO,, and also a smaller Auger peak at 536 eV (Na KLL). A
similar understanding could be obtained from the Na 1s spectra
depicted in Figure Se, where a peak at 1072.5 eV was correlated
to the formation of NaO, phase according to the literature. More-
over, the V 2p spectra of the cycled cathode sample compared
with that of a pristine cathode sample indicated the formation of
oxide-phases, that is, VO and V,Os, suggesting partial oxida-
tion of the VP nanoparticles over the course of cycling under
an oxygen-rich environment (Figure S28 in Section S14, Sup-
porting Information). Comparing this result with that of Raman
and XRD experiments for the cycled cathode sample (Figures 5b
and 5¢, respectively), we concluded that the formed VO and V,O;
at higher cycle numbers were in small amounts as there was
no indication of such oxide phase observed in the Raman spec-
troscopy and XRD experiments.

In order to confirm the chemical composition of the discharge
product, we also carried out an in situ DEMS experiment and
measured the number of electrons transferred per O, during the
charge process (Section S15, Supporting Information). Our in
situ DEMS result shown in Figure 5f indicated an immediate
increase of the O, signal that remained constant at 4.5 x 10~
mol s~! during the charge process; while, the CO, and H,O sig-
nals remained unchanged. This shows that the chemical compo-
sition of the discharge product was of an oxide species without
any H,0 (Na,0,.2H,0 and NaOH) or CO, (Na,CO,) content.
Furthermore, the measured number of electrons transferred per
O, also indicated e”/O, = 1.00, which was attributed to the de-
composition of NaO, via a single electron transfer reaction. This
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result is consistent with Raman spectroscopy, XRD, and XPS re-
sults confirming NaO, is the only discharge product for the de-
veloped Na-O, battery.

We then performed a mechanistic study to gain insight into
the long cycle life in this Na—O, battery, by using both experimen-
tal and computational methods. At first, to provide insight about
the discharge process of this Na—-O, battery cell, we performed a
DFT investigation of O, adsorption on a VP (102) surface (Section
S7.2, Supporting Information). The (102) surface of VP was cho-
sen for this study based on our observations from the XRD results
(Figure 2a). To do so, we first studied the O, adsorption on VP
(102) surface (Figure 6a). Our results indicate that the VP (102)
pristine surface was extremely active and resulted in O, dissocia-
tion as shown in this figure. As the ionic liquid molecules could
adsorb on the VP surface as well, we performed simulations with
EMIM cations on a VP (102) surface with different coverages as
shown in Figure S18 in Section S7.2, Supporting Information.
Using the high EMIM coverage of the VP (102) surface, we intro-
duced O, into the model again and found that O, adsorbs on a
V-V bridge site in molecular form, as shown in Figure 6b; Figure
S19ain Section S7.2, Supporting Information. This suggests that
the ionic liquid molecules are helpful in preventing O, dissocia-
tion on the pristine VP (102) surface. Without the presence of the
ionic liquid, it is possible that the VP surface will be partially or
fully oxidized due to its high activity for O, dissociation. We tested
0, adsorption on a fully oxidized VP (102) surface and found that
0, will not bind on a fully oxidized VP (102) surface anymore as
displayed in Figure 6c¢, consistent with the poor performance for
the electrolyte without the EMIM ionic liquid.

The NaO, discharge product is likely formed by a through-
solution nucleation and growth mechanism based on sev-
eral previous studies of Na-O, batteries with ether-based
electrolytes.?"32] Lutz et al.,*’! using fast imaging transmis-
sion electron microscopy, found that NaO, cubes form during
reduction by a solution-mediated nucleation process and that
the subsequent oxidation of NaO, also proceeds via a solu-
tion mechanism. Sheng et al.**! determined that in medium to
high donor number electrolytes (such as diglyme and DMSO),

© 2025 UChicago Argonne, LLC and The Author(s). Advanced Energy
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Figure 7. Schematic of the NaO, battery illustrating how a NaBr protective coating on the anode, a tetraglyme/EMIM-BF, based electrolyte, and the VP

cathode catalyst act to reduce interfacial reactivity.

solution-phase formation of NaO, is favored over disproportion-
ation to Na, O,; while, in low donor number electrolytes (such as
acetonitrile), Na,0, formation is favored by a surface reaction.
Thus, the tetraglyme/EMIM-BF, based electrolyte used in this
study is likely to favor solution-phase NaO,, formation leading to
nucleation and growth of the observed solid NaO, on the cath-
ode similar to what happens for LiO,.**] To gain more insight
on the nucleation and growth mechanism of the NaO,, we mea-
sured the concentration of NaO, as a function of time in the elec-
trolyte during the discharge process of the Na—O, battery cell us-
ing titration experiments (Figure S31 in Section S16, Supporting
information). The results shown in Figure S31, Supporting in-
formation indicate that initially the concentration of NaO, in the
electrolyte increased from 10 mM at 1 h to its maximum value of
~50 mM at 6 h; and then, it decreased down to ~30 mM after 15 h.
This was consistent with Welland et al’s model proposed for nu-
cleation and growth of LiO, from an electrolyte,**] where there
were three different stages of growth similar to what we found
for our Na-O, system. As shown in Figure S31, Supporting in-
formation, at first, the concentration of NaO, in the electrolyte in-
creased sharply from 1 to 6 h in the discharging process passing
its solubility limit until it eventually reached the supersaturation
limit. Then after reaching this point, NaO, particles started grow-
ing on the cathode surface, and the concentration of the NaO, in
the electrolyte started to decrease. Finally, particles continued to
grow, and the concentration of NaO, in the electrolyte decreased
to a constant value of 30 mM, that was related to equal forma-
tion of new NaO, in the electrolyte solution and the NaO, depo-
sition on the cathode surface. In this last step, the cubic particles
grew on the cathode surface. Therefore, based on changes of the
NaO, concentration as a function of time in the electrolyte, we
could confirm a solution phase nucleation and growth mecha-
nism in our Na-0O, cell.

In addition, the Na* and O, likely formed contact ion pairs
based on DFT calculations (Table S3 in Section S7.3, Supporting
Information), consistent with a solution phase nucleation and
growth mechanism. In addition, it has been reported that the dis-
proportionation of NaO, in solution phase is not favorable based
on DFT calculations reported by Zhao et al.*®! We have also car-
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ried out additional higher-level calculations on disproportiona-
tion of a NaO, dimer that supports this (Table S3, Supporting In-
formation). The formation of NaO, in a dry electrolyte is consis-
tent with an experiment we performed in which a small amount
of water (1200 ppm) was added to the electrolyte and resulted in
the formation of solid Na, O, and NaOH instead of NaO, (Section
S17, Supporting Information).l*”]

The reason for the long cycle life of over 1000 cycles for this
NaO, based battery is threefold, all related to reducing the reac-
tivity of interfaces involved (Figure 7). First, the VP nanoparticles
combined with the EMIM-BF, /TEGDME electrolyte is an effec-
tive catalyst system. Evidence for this is that the addition of the
EMIM-BF, ionic liquid to the TEGDME electrolyte results in a
higher activity of VP cathode catalyst than TEGDME by itself (Sec-
tion S5.3, Supporting Information) and reduces the polarization
gap (0.08 V with ionic liquid vs 0.69 V without ionicliquid after 10
cycles; Figure S24 in Section S11, Supporting Information). This
is probably because the ionic liquid limits O, dissociation on the
VP surface according to the DFT results discussed above, which
enables the VP to be a more effective electrocatalyst for oxygen
reduction.

Second, the ionic liquid may also have a role in prevent-
ing parasitic reactions on the NaO, surface from the TEGDME
where such parasitic reactions were observed in the case of
a NaO, based battery using a monoglyme electrolyte.**] This
could be another reason for the improved cycle life of the Na—
O, battery. The evidence for the lack of these parasitic reac-
tions on the NaO, surface with the ionic liquid added to the
electrolyte is that no CO, is present in DEMS during charge
(Figure 5f), and there is no carbonate present in the Raman spec-
tra (Figure 5b). We have carried out ab initio molecular dynam-
ics studies that indicate the ionic liquid will be near the surface
of NaO, (Figure S20 in Section S7.4, Supporting Information),
so that it may have a role in preventing any parasitic TEGDME
reactions with the NaO, surface that could give carbonate
products.

The third reason for the long cycle life in the reported Na-O,
battery is the use of the NaBr protective coating on Na anode. It
enables more cycles than NaCl (260 cycles) and Nal (650 cycles)

© 2025 UChicago Argonne, LLC and The Author(s). Advanced Energy
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as protection coatings (Figure S11 in Section S5.6, Supporting
Information). An effective protective coating such as NaBr pre-
vents side reactions between oxygen or superoxide anions with
the Na anode, as well as providing for good Na* transport at the
anode/electrolyte interface.

The Na-0O, cell with a VP cathode and a NaBr protective coat-
ing is run for one deep discharge and charge cycle at a current
density of 0.1 mA cm™ up to a capacity of 6.5 mAh cm~2 (Sec-
tion S18, Supporting information). Figure S34, Supporting in-
formation indicates that the Na—O, cell is able to discharge and
charge with potentials of 2.15 and 2.40 V, respectively. This deep
discharge capacity suggests that with further development, this
Na-O, battery has the potential to reach a high gravimetric en-
ergy density of ~#400 Wh kg=', which is ~two times larger than
that of the current Na-ion batteries (Section S18, Supporting In-
formation).

3. Conclusion

These results demonstrate evidence that it is possible to have a re-
versible one-electron discharge process that forms only NaO, in
a Na—0, battery cell with long cycle life using a proper catalyst—
electrolyte—anode design that reduces interfacial reactivity. The
combination of a highly active VP catalyst, effective Na anode
protection by the NaBr coating, and ionic liquid added to the
TEGDME electrolyte enables this battery cell to be rechargeable
for many cycles with a low polarization gap at a reasonably high
rate, which is in contrast with previous studies where only lim-
ited cycle life was achieved because of formation of non-desired
sodium species during the discharge process. This new Na-O,
battery cell architecture offers a new pathway for the practical re-
alization of this technology.

4. Experimental Section

Synthesis of TMP Nanoparticles and Cathode Electrode: The transi-
tion metal phosphide nanoparticles, vanadium phosphide (VP), molybde-
num phosphide (MoP), tri-molybdenum phosphide (Mo P), di-iron phos-
phide (Fe,P), tri-iron phosphide (Fe;P), and di-nickel phosphide (Ni,P)
were synthesized by a chemical vapor transport (CVT), at the specific
stoichiometry ratios of the corresponding pure elements; that is, Vana-
dium (99.9%, Sigma—Aldrich), Nickle (99.7%, Sigma—Aldrich), Iron (99%,
Sigma-Aldrich), Molybdenum(99.9%, Sigma—Aldrich), and Phosphorus,
red (99.99%, Sigma—Aldrich) were mixed in a total loading weight of 1 g
and vacuum sealed in a quartz ampule. The quartz ampule was heated in
two zone tubular furnace to 1080 °C within 24 h, and then, the hot zone
was kept at 1080 °C for 4 days and the cold zone was lowered to 900 °C
over 4 days to form pure crystals with pristine structure. For preparation of
cathode electrode, synthesized TMP nanoparticles were mixed with Vulcan
XC-72R (9:1 w/w) in 20 mL of 2-propanol (Sigma-Aldrich, ACS grade) by
an ultrasonic liquid processor (Sonics, Vibra-Cell VCX 130 with a 3.00 mm
probe) The final solution was then centrifuged and the top two-thirds of
the centrifuged sample, the supernatant, was stored as the catalyst ink. A
1 cm? gas diffusion layer (GDL Sigracet 39 BB, thickness = 315 um, spe-
cific area ~ 95 g m~2, FuelCellStore) was used as the air breathing cathode
substrate, which was air-brushed (Speedaire, nozzle size = 0.013 in) with
the catalyst ink. The amount of catalyst loading was controlled at 0.1 mg
cm™2,

Preparation of the Electrolyte: The liquid electrolyte was first prepared
by dissolving 1 M sodium trifluoromethanesulfonimide (NaTFSI, 97%
trace metal basis, Sigma-Aldrich) dissolved in a mixture of tetraglyme
(Reagent Plus, 99%, Sigma—Aldrich):EMIM-BF, (for electrochemistry, >
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99.0%, Sigma—-Aldrich) with 3:1% v/v, and then, 25 mM each of 2,2,6,6-
tetramethyl-1-piperidinyloxyl (TEMPO) (99%, Sigma—-Aldrich) and 2,5-di-
tert-butyl-1,4-benzoquinone (DBBQ) (98%, Sigma-Aldrich) as redox me-
diators (RMs) were added to it.

Preparation of Na Anode Protection Coatings: Sodium anode protec-
tion coatings were synthesized by reacting chloropropane (for synthesis,
Sigma—Aldrich), iodopropane (for synthesis, Sigma—Aldrich), and bromo-
propane(for synthesis, Sigma—Aldrich) with metallic Na ingot (99.95%
trace metal basis, Sigma—Aldrich) under vacuum conditions. Initially, the
Na ingot was cut into smaller pieces using a sharp knife inside an argon-
filled glovebox. The surfaces of the Na pieces were then scratched to obtain
shiny metallic Na. Cleaned Na pieces were pressed on a stainless-steel
disc to achieve a certain thickness. The Na anodes were cut into small
discs using a puncher, and their surfaces were again scratched to obtain
shiny Na anodes. The final thickness of the Na anodes was ~0.3 mm. The
prepared Na anodes were placed in a custom-made holder, and bromo-
propane, chloropropane, and iodopropane were added for coating. The
sodium anodes were then transferred into the glovebox chamber and vac-
uumed for 5 min, resulting in the formation of sodium halide coating;
while, hexane evaporated due to its low boiling point. The sodium anodes
with halide protection coatings were stored in an Ar environment for fur-
ther use.

X-Ray Diffraction (XRD) Spectroscopy: XRD experiments for the TMP
nanoparticles and Na protection coatings were carried out using a
RIGAKU ATX-G workstation that used a nickel (Ni)-filtered copper (Cu)
Ka anode, a multilayer optic monochromator, and a high-count-rate scin-
tillation detector over the range 10° < 20 < 100° with a step size of 0.02°
and a counting time of 1's step™'. All other parameters were chosen to
enhance the signal to noise in the spectra. The coated Na anodes were all
sealed in a custom-made sample holder with Kapton tape on top to avoid
any contamination.

X-Ray Photoelectron Spectroscopy (XPS) Spectroscopy: XPS experi-
ments were performed to obtain the chemical composition of VP nanopar-
ticles and protected Na anodes. Samples were stored in a sealed vial un-
der Ar environment and transferred into the XPS chamber using a mobile
glovebox to avoid any contamination. XPS experiments were performed
using a Thermo-Scientific ESCALAB 250Xi instrument equipped with an
electron flood and scanning ion gun. All the XPS measurements, includ-
ing peak normalizations and binding energies, were based on the C 1s C—C
bond at 284.8 eV. A Shirley background was used to consider the inelastic
scattering for the curve-fitting using Thermo-Avantage software.

Scanning Transmission Electron Microscopy (STEM): High-resolution
scanning transmission electron microscopy (HR-STEM) experiments were
conducted on VP nanoparticles at the atomic scale using a spherical aber-
ration corrected JEOL JEM-ARM 200CF STEM with a cold field emission
gun operating at 200 kV, with 22 mrad convergence angle. To achieve this,
VP nanoparticles were dispersed in methanol and deposited onto a cop-
per grid using the drop-casting method. The high-angle annular dark-field
(HAADF) and annular bright field (ABF) images were taken using an Orius
CCD camera with 512 x 512 scanning resolution.

Scanning Electron Microscopy (SEM):  SEM imaging was performed us-
ing JEOL scanning electron microscope JSM-IT800HL. For SEM experi-
ments, a similar Na—O, battery cell was assembled and discharged at a
current density of 0.1 mA cm™2. The discharged cathode was extracted in
an Ar-filled glovebox with O, and humidity level below 1 ppm, and then,
rinsed with anhydrous DMC to remove electrolyte residues. The sample
was then transferred to a sealed vial, and then, rapidly handled for the SEM
imaging to avoid any possible transformation within the formed species
during the discharge process. Images were obtained in secondary electron
mode using an accelerating voltage of 15-3 keV.

Focused lon Beam/SEM:  The anode morphology was characterized us-
ing a Thermo Fischer Scientific Helios 5 CX focused-ion beam (FIB)/SEM
DualBeam system at the University of lllinois Chicago. The Na anode sam-
ples with protective halide coating were transferred from the glovebox to a
vacuum cryo transfer system (Leica EM VCT500) in an Ar-filled container.
The sample container was plunged into a liquid N, bath and subsequently
cooled to liquid N, temperature. The cooled container was opened un-
der a high liquid N, level such that the anode surface was completely
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submerged under the liquid N, level, minimizing any air exposure. The
sample was then transferred to the cryo-FIB/SEM using a transfer shuttle.
The temperature of the transfer shuttle was maintained at —150 °C dur-
ing sample transfer. The sample temperature was maintained at —193 °C
inside the cryo-FIB/SEM during the experiments.

Raman Spectroscopy Experiments: Raman spectra were collected using
a Horiba LabRAM HR Evo Confocal Raman. A 532 nm laser source, 600 g
mm~! grating, and a custom-designed LCD objective with an adjustable
aberration correction were organized to probe the glass-sealed samples.
The measurement parameters such as acquisition time, averaging param-
eters, and laser power were all optimized to enhance the signal-to-noise
ratio of the spectra. Raman spectroscopy experiments were carried out for
the discharge and charge processes of different cycles.

In Situ Differential Electrochemical Mass Spectroscopy (DEMS): A Hi-
den HPR-40 DEMS membrane inlet mass spectrometer (MIMS) was uti-
lized to accurately measure the e~ /O, transferred during the charge pro-
cess of the Na-O, battery cell under investigation. To calibrate the O,
signal of the DEMS instrument, a custom-made sample loop with known
volumes (0.02, 0.05, 0.1, and 0.25 mL) was used. The moles of O, in
each sample were calculated based on standard temperature and pressure
conditions (1 mole of gas having a volume of 22.4 L at T atm pressure). In
situ DEMS experiments were executed using a custom-designed Swagelok
battery cell (EQ-STC-LI-AIR, MTIXTL) after discharging it at a current den-
sity of 0.1 mA cm~2. The battery cell was then connected to the DEMS
instrument and flushed with Ar (UHP, Airgas) for 15 min to eliminate gas
impurities; while, the DEMS instrument was in operation. The connection
to the DEMS instrument was maintained until the O, signal reached a
steady state, which took approximately an hour. Next, the Na—O, battery
cell was charged at a current density of 2 A g=! (0.2 mA cm™2) for 30
min, resulting in a capacity of 1 Ah g—1. Throughout the charge process,
the DEMS signals for O,, H,0, and CO, were continuously monitored
(Figure 5f in the manuscript).

Preparation of Na—O, Cell Battery: All cells were assembled in an Ar-
filled glovebox with O, and humidity levels below 1 ppm. Identical custom-
made Na-O, battery cells with two needle valves and a pressure gauge, to
house 40 uL of an electrolyte soaked in a Whatman GF/A Glass Microfiber
filter (Sigma-Aldrich), were used as the separator/electrolyte with Na an-
odes and the TMP based cathodes. The battery cells were then transferred
out of the glovebox with valves remaining closed to avoid any contamina-
tion. The battery cells were flushed with Ar (UHP, Airgas) to remove any
possible trace impurity, and then, filled with O, (UHP, Airgas) to a relative
pressure of 0.12 MPa.

Electrochemical Measurements:  To determine the ionic conductivity of
the electrolyte, an electrochemical impedance spectroscopy (EIS) experi-
ment, employing an AC impedance spectrum, was conducted. The exper-
iment utilized a symmetric SS|Electrolyte|SS electrochemical cell. The AC
impedance measurements were performed at room temperature, cover-
ing a frequency range from 100 kHz to 0.1 Hz and applying an AC signal
of 5 mV. This signal strength was chosen as it generated a suitable signal-
to-noise ratio; while, inducing a strongly linear current. The EIS experi-
ment was carried out using a BioLogic potentiostat SP150. Cyclic voltam-
metry (CV) experiments were performed to measure the oxygen evolution
and reduction (OER and ORR, respectively) using TMP-based nanoparti-
cles as catalysts. A custom-designed electrochemical cell was employed
by using a pristine Na metal disc serving as the counter electrode and the
reference electrode and the TMP-based cathode as the working electrode.
Cyclic voltammetry (CV) experiments were performed by sweeping the po-
tential between 1.5 and 4.5 V versus Na/Na* at a scan rate of 0.5 mV s™!
using BioLogic potentiostat SP150.

DFT Simulation: Vienna ab initio simulation package (VASP) was
employed for periodic density functional theory (DFT) calculations. The
GGA-PBE functional was used to determine electron—electron exchange-
correlation energies, and the projector-augmented wave (PAW) method
was employed for core-valence interactions. Kohn—Sham wave functions
were expanded using a plane-wave basis set, and the Monkhorst—Pack grid
was utilized for reciprocal Brillouin zone integrations. The bulk structures
of Na, NaCl, NaBr, Nal, and VP were optimized with a cut-off energy of
600 eV and a 10 x 10 x 1 k-point mesh. For the slab models of Na and
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VP, a cut-off energy of 400 eV was applied. lonic relaxation was performed
iteratively until the force on each atom was below 0.02 eV A=". Due to al-
lowing relaxation on only one side of the slab model, dipole corrections
were incorporated into all calculations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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