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ABSTRACT: Critical factors that govern the composition and
morphology of discharge products are largely unknown for Na—
O, batteries. Here we report a reversible oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) process
in a sodium—oxygen battery observed using in situ environ-
mental-transmission electron microscopy (TEM) experiment.
The reaction mechanism and phase evolution are probed using
in situ electron diffraction and TEM imaging. The reversible
ORR and OER cycling lies upon the nanosized copper clusters
that were formed in situ by sodiation of CuS. In situ electron Mesoporous Na,O,

diffraction revealed the formation of NaO, initially, which then

disproportionated into orthorhombic and hexagonal Na,O, and

0,. Na,0, was the major final ORR product that uniformly

covered the whole wire-shape cathode. This uniform product morphology largely increased the application feasibility of Na—
0, batteries in industry. In the following OER process, the Na,O, transformed to NaO,, which resulted in volume expansion at
first, and then the NaO, decomposed to sodium ions and O, gas. Galvanostatic charge/discharge profiles of CuS in real Na—
0, cells revealed a maximum capacity over 3 mAh cm 2 with a discharge cutoff voltage of 1.8 V and high cycling stability. The
nanosized copper catalyst plays a dominating role in controlling the morphology, chemical composition of discharge products,
and reversibility of this Na—O, battery. Our finding shines light on the exploration of effective catalysts for the Na—O, battery.

KEYWORDS: in situ TEM, Na—O, battery, oxygen evolution reaction, oxygen reduction reaction, phase evolution

ecause of their high theoretical energy density, metal-air mechanism of using copper catalysts for oxygen reduction or
B batteries can greatly extend the driving mileage of evolution reactions.'”~"”

electric vehicles per charge and accelerate the develop- The decomposition of discharge product, such as Li,O, in a
ment of advanced electrical energy storage system."” However, Li—0O, battery and Na,0, in a Na—O, battery, is the most
the sluggish oxygen reduction reaction (ORR) and oxygen challenging issue in the path to achieve rechargeable
evolution reaction (OER) kinetics is the bottleneck for performance. Carbon-based catalysts often lead to the
successful operation of rechargeable metal-air batteries.”~” formation of Li,CO; and lack stability in the long term.
Catalysts that promote the efficiency and reversibility of both Finding the right catalyst that can efficiently decompose Li,O,
ORR and OER are critically important for a rechargeable or Na,O, is the most important step in the deployment of Li—
metal-air battery. Although precious metal-related catalysts, O, or Na-O, batteries. Luo et. al reported the reaction

such as Pt, Pd, Ag-MnOx, or IrO,, are active OER/ORR mechanism of Li—O, batteries, where the RuO, acts as the
catalysts, their large-scale application is hindered by their high

cost and scarcity.”” The catalysts can enhance the power Received: January 10, 2020
density and modify reaction pathways and product struc- Accepted: March 4, 2020
tures.”” "' Reports show that copper-based catalyst derived Published: March 4, 2020

from Cu-MOF precursor exhibited boosted ORR activity
comparable to commercial Pt/C.'"> There are a number of
papers reporting the super effectiveness and possible
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Figure 1. (a) TEM image of biomimetic CuS grown along [001] direction; (b) electron diffraction pattern of CuS; (c) HRTEM shows the
crystal lattice of CuS and the FFT on the lower corner; (d) HRTEM image of CuS showing (002) crystal planes; (e) EDS elemental mapping

showing the Cu, S maps and composite Cu and S map.
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Figure 2. (a) Overall TEM image showing the reaction front and the morphology change after sodiation in vacuum; (b) CuS single crystal
diffraction pattern; (c) diffraction pattern of the sodiated region; (d) HRTEM showing the formation of Cu crystals formed after sodiation;

(e) EELS spectra showing the Cu signal and Na of the sodiated region.

catalyst and LiO, and Li,O, formed as major ORR products.'®
The big Li,O,/Li,O bubble-products that appear on the
interface between the carbon nanotube and lithium source may
cause limited capacity due to limited interface area and storage
capacity.'® Recently, Zhu et. al revealed that cobalt oxide and
amorphous lithia-composite can catalyze the reactions between
Li,O0/Li,0,/LiO, without formation of oxygen gas during
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charge and discharge cycles of a Li—O, battery, achieving
stable cycling with high capacity."”~*'

The Na-air batteries often produce a mixture of Na,O, and
NaO,.”** According to earlier reports, larger Na* ions can
stabilize superoxide and peroxide.””*"**~*° Na-air batteries are
very attractive due to the lower charging overpotentials than
Li—O, battery due to the major superoxide products. The
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Figure 3. (a—c) TEM images showing the sodiation process of Cu$ crystal in vacuum; (d—f) after introducing O, into the chamber, ORR
process took place in O,, showing the NaO, formation on top of the sodiated surface; (g) magnified image showing the high-density
mesoporous NaO, particles; (h) magnified image showing the copper clusters showing dark diffraction contrast pointed by the white arrows
underneath the mesoporous NaO, particles; (j) plot of the diameter and sodiation length changes during the sodiation and ORR process;

panels a—f share the same scale bar.

successful operation of a Na—O, battery depends critically on
catalyst’s performance, reaction mechanism, product morphol-
ogy, and electrolyte choice.'”” The reaction pathway and
dynamic evolution of the products can be directly observed
using in situ aberration-corrected environmental transmission
electron microscopy (TEM) in an oxygen-gas environ-
ment.”*"* Here we report an in situ TEM study on the
Na—O, battery with copper-based catalyst. As observed, the
Na* diffusion, size, and morphology of copper catalyst govern
the complex reaction kinetics and product formation. We
successfully identified the mesoporous ORR products, and
elucidated the phase transformation and decomposition route
of Na,0, species in OER.
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RESULTS AND DISCUSSION

The detailed synthesis procedure and morphology character-
ization of CuS nanowires were reported in our previous
publication.”® Figure 1 shows the fresh CuS wires growing
along the [001] crystal direction. CuS exhibits single crystalline
characteristic with hexagonal lattices as proven by the electron
diffraction pattern in Figure 1b and HRTEM and FFT analysis
in Figure lc and d. The single crystalline diffraction pattern
indicates that the CuS leaves on the central CuS stem is
epitaxial growth. The (002) crystal plane is indexed by
HRTEM in Figure 1d. Electron energy dispersive spectroscopy
(EDS) analysis revealed the uniform chemical composition of
Cu and S along the whole wire.

Figure 2 illustrates the morphology and structural changes of
CuS upon Na* insertion. The in situ TEM setup used a thin
layer of Na,O as solid state electrolyte. Once the CuS touched

https://dx.doi.org/10.1021/acsnano.0c00283
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the Na,O, the Na" can diffuse through Na,O into the CuS
wires and begin the insertion and conversion reaction with a
—2 V applied voltage. As shown in Figure S1, Figure 2a, and
Movie S1, the fresh crystalline CuS shows dark diffraction
contrast in the bright field TEM image, while the reacted-CuS
color became much lighter and curving due to the sodiation-
induced elongation. Please note that Figure 2a shows a TEM
image of a single CuS wire containing three sets of Cu$
microplates. Figure 2b shows a single-crystalline-like SAED
pattern, indicating some possible distortion and tilted regions.
These possible defects caused the extension of diffraction spots
in Figure 2b. The single-crystalline-like diffraction spots in the
fresh CuS as shown in Figure 2b evolved to a diffused
polycrystalline ring pattern corresponding to copper metal and
Na,S after sodiation as shown in Figure 2c. The high-
magnification TEM image in Figure 2d clearly exhibits the dark
nanocopper metal extruded from the matrix upon sodiation,
which mimics the lithiation process reported earlier.”® The
electron energy loss spectroscopy (EELS) profile acquired at
the sodiated region in Figure 2e clearly identifies the copper
metal peak and the underlying Na,S matrix by Cu L edge and
Na K edge.

Please note that such in situ TEM requires a careful
calibration of the electron dosage. A threshold of 600 e™/A* s
is found safe, above which the CuS-based air cathode
decomposes during ORR as shown in Figure S2. As clearly
shown in Movies S1—S3 and Figure 3, the sodiation process
produced a composite of copper clusters in a Na,S matrix,
which induced large volume expansion. Interestingly, the large
volume expansion is mostly released along the growth
direction [001], while it is less pronounced along the diameter
direction such as [010] or [100] direction. By tracking the
length and diameter of the CuS wire before and after sodiation
in Figure S1, the diameter changed from 377 to 401 nm after
sodiation, while the length changed from 1003 to 1481 nm. On
the basis of the equation volume = length X (zr*) for such
cylinder-like CuS, the volume expansion increased by ~67% of
its original volume. Clearly, the elongation along [001]
direction dominates the volume expansion. Figure 3 exhibits
the ORR process of the Na—O, battery observed using in situ
TEM. First, we sodiated CuS nanowires in vacuum to induce
the formation of Cu metallic clusters that acted as catalysts in
following ORR and OER. Figure 3a—c reveal the morphology
changes of CuS during sodiation in vacuum, which induce
elongation and diameter expansion. The black arrow points to
the sodiation reaction front. The nanoscale copper clusters on
the surface of sodiated CuS are eflicient catalysts for ORR and
OER. After introducing O, gas into the TEM during sodiation
process, ORR took place to further enhance the energy
capacity based on Na—O, battery mechanism. The diffused
Na® ions reacted with O, to form NaO, species as ORR
products. In sharp contrast with the previous report on using in
situ TEM for Li—O, batteries,'® the formation of NaO,
particles inside in situ TEM chamber in this study is quite
uniform along the CuS wires instead of just on the triphase
interface of CuS cathode, O, gas, and Na/Na,O anode. This is
most likely owing to the fast Na® transportation along the
nanowire and uniform copper formation over the whole wire
after sodiation as shown in Figure 2d. High-resolution TEM
image in Figure 3h identifies the copper nanoclusters that
shows dark diffraction contrast underneath the as-formed
NaO, particles in ORR. Figure 3] plots the diameter and
length of the sodiated region as a function of time. The white
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dashed arrow in Figure 3a marked the region, where the
diameter measurements were taken. The overall sodiated
length quickly reached 3605 nm at 2117s and slowed down
afterward. The diameter of the wire swelled to 483 nm at 2117
s after sodiation in vacuum. After releasing O, into the
chamber, ORR resulted in formation of additional NaO,
particle products and further significant swelling of the
diameter to 543 nm at 2480 s. The overall volume expansion
is around 200% compared to the fresh CuS, which is less than
the reported CuO air cathode.”® The large volume expansions
in CuO-based air cathode were caused by the rapid release of
gases in the reactions, which pulverized the air cathode itself.
Here, CuS-based air cathode is very stable, which does not
show large amount of volume expansion and pulverization.
Figure 4 exhibits the ORR and OER process of another CuS
wire observed using in situ TEM. Through the comparison of

Figure 4. (a) TEM image of another fresh CuS; (b) sodiation of
CuS in vacuum; (c) after introducing O, into the chamber, ORR
took place and TEM image found additional particle-shaped
products on the surface of sodiated phase; (d) magnified TEM
image of the mesoporous NaO, particles; (e) in situ TEM
micrographs of the OER process. Panels a—c share the same
scale bar.

the fresh CuS, sodiated phase, and final phase after ORR,
additional ball-shaped products grew out of the sodiated CuS
surface after ORR. Clearly shown by the high-magnification
TEM in Figure 4d, these ball-shaped products are mesoporous.
The OER process in O, can be visualized in Movie S4 and
Figure 4e. Surprisingly, the ball-shaped ORR products first
became bigger at 253 s and then slowly decomposed at 979 s
finally. One such example is pointed by the black arrow in
Figure 4e. On the basis of statistical measurements, we
calculated the mean diameter of the mesoporous ball-shaped
products, which is around 68 + 15 nm at 0 s and 78 + 17 nm
at 253 s in OER in Figure 4e. It is evident that the tiny copper
catalysts are active and efficient OER electrocatalysts that
enhance the reaction kinetics and promote the decomposition
of mesoporous Na,0,.
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Figure 5. Transmission electron diffraction pattern evolutions of (a, b) sodiation process in vacuum; (c—f) ORR process in O,; (h, i) OER
process in O,; (g) TEM image of the spherical mesoporous ORR products.
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Figure 6. Schematics showing the ORR and OER phase evolution of CuS wires.

In situ diffraction patterns in Figure S and Movies SS and S6
clearly identify crystal structures of the reaction products
during ORR and OER process. Figure Sa and b identify the
Na,S and extruded Cu formation after the sodiation of CuS
crystal, which is also similar to lithiation of CuS.*° After
releasing O, into the chamber, the Na,S began to transform to
NaS and NaO, instantly. A set of diffraction rings in the
electron diffraction pattern unambiguously identify the NaO,,
orthorhombic and hexagonal Na,O, phase as ORR products as
shown in Figure 5. At first, the dominating product was
confirmed to be NaO, as shown by a set of diffraction rings in
Figure Sc. As ORR proceeded further to 152 s in Figure 5d,
most Na,S transformed to NaS, while Na,O, became the
predominant sodium oxide phases. As observed, NaS is a very
stable substrate for the nanoscale copper catalysts under ORR
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and the subsequent OER process. Following the ORR, the
diffraction rings in Figure Se and f identify the increasing
amount of orthorhombic and hexagonal Na,O, phase. In the
end, the final product is a composite of hexagonal Na,O, and
orthorhombic Na,O, based on the electron diffraction analysis
in Figure 5f. First principle calculations showed that NaO, is
more stable at the nanoscale and requires much smaller
nucleation energy than Na,0,.”” Our results are consistent
with this theory, as we observed NaO, formed initially and
then Na,O, dominated in the final products as they grew in
size in ORR. In conclusion, in situ electron microscopy
revealed that the instability of NaO, phase led to a phase
decomposition into Na,O, and O,, which is in agreement with
the previously reported results.”® The O, gas released in the
decomposition of NaO, resulted in mesoporous Na,O,

https://dx.doi.org/10.1021/acsnano.0c00283
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product in the end of ORR as shown by the TEM image in
Figure Sg and Figure 4d. Figure Sg shows black dots, which are
likely due to the tiny amount of Na,O formed during the
reactions. Because of the higher sodium content, it showed up
as tiny black dots. Figure S3 exhibits the crystal structural
models of reaction products in these processes, including Na,S,
Na$, NaO,, orthorhombic and hexagonal Na,O, phases.”' ~**

As observed, the OER can also be reversibly catalyzed by the
nanoscale copper catalysts as shown in Figure Sh and i and
Movie S4. Theoretically, the decomposition of Na,O, phase
can go through two different routes in OER. The first route is
the direct decomposition into sodium ions and oxygen gas
(Na,0, < — O, + 2Na" + 2e7). The second route contains
two steps: the first step is the transformation to NaO,
intermediate phase (Na,0, + O, — 2NaO, ); then the
second step requires transfer of one additional electron to the
NaO, intermediate to form Na* and O, gas (NaO, — Na* +
O, + e7). The electrochemical reaction (NaO, « — Na* + O,
+ e7) has been proven as a reversible redox reaction with little
overpotential (~200 mV).””*> The electron diffraction
patterns in Figure Sh and i clearly identify the formation
NaO, intermediate phase with a number of diffraction rings
corresponding to (212), (002), (121), (120), (101), and (020)
crystal planes of NaO,. In the end of OER in Figure 5i, the
Na,O, phases show only one very weak diffraction rings, while
the predominant product is the NaO, phase, which can then
be decomposed to sodium ions and oxygen gas as proven by
Figure 4. The phase transformation schematic is presented in
Figure 6. The electron diffraction analysis in Figure S
corresponds well to the in situ TEM imaging analysis of
OER in Figure 4e, where the Na, O, phases first transformed to
NaO, with increased volume swelling, and then NaO,
decomposed and disappear as shown by the phase trans-
formation schematic in Figure 6. When one Na,O, unit cell
incorporated more O, and became two NaO, unit cells, its
volume swelled to a bigger size. The volume swelling observed
in Figure 4e is intuitively understandable. In addition, in situ
TEM imaging in Figure 4 also ambiguously identifies the
mesoporous feature of the final Na,O, products in ORR. The
mesoporous products facilitated O, gas release and incorpo-
ration in ORR and OER; therefore, the high porosity ensures a
better reversibility and fast reaction kinetic during the
following OER.

In comparison, previous literature showed the formation of
big Li,O, bubbles species at the close interface between Li
metal and air cathode as final products in the Li—O, battery.'®
The big-bubble-type morphology is not wanted as a final ORR
product due to the limited space inside the airbattery itself.
The uniformly Cu-decorated NaS wires after sodiation
provided an ideal surface sites for these reactions to take
place as shown by the schematic in Figure 6. It resulted in
more uniform distribution of ORR products as shown in
Figure 4, which is most wanted due to the reversibility
requirement, space utilization, and full-utilization of catalyst
surfaces.””” The small size and uniform distribution of the as-
formed mesoporous Na,O, products ensured good reversibility
of Na—O, battery.

The in situ TEM results in Figure 4e confirm that the Na,O,
product can decompose well in the OER process with
nanoscale copper catalysts. To double confirm the identity of
nanoscale copper clusters during ORR and OER, Cu-L edge
fine structure comparisons with copper metal, CuS, CuO are
carried out in Figure S4. The Cu metal L edge is quite
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distinctly different compared with CuS and CuO. The Cu
contents after ORR and OER in our cathode are quite similar
to Cu metal L edge. Therefore, it also proves the presence of
Cu metal nanoclusters during reactions.

In comparison, Liu et. al also reported Na,O, formation
when using CuO as air electrode in a Na—O, battery.”
However, the ORR resulted in structural breakdown of the
CuO wires structure.”® In our experiment, the as-formed
nanoscale copper catalysts on NaS wires are stable under ORR
and OER conditions, which is a desired property in a long-life
battery. In addition, we also compare our CuS-based air
cathode with Co;0, air cathode using in situ TEM. As shown
in Figure S5, ORR products only form at the interface between
the air cathode and Na source with Co;0, air cathode. This is
significantly different with the CuS-based air cathode, where
uniform formation of ORR products on all surfaces of CuS is
observed in Figures 3 and 4. It indicates that CuS-based air
cathode has a much higher sodium ion transfer rate than
Co;0,. A more uniform distribution of ORR products
promotes a longer lifetime and bigger energy capacity potential
of such air batteries. Especially with CuS-based air cathode, the
mesoporous products of Na,O, species as identified by in situ
electron diffraction contributed directly to the reversibility of
Na—Q, batteries. As mesoporous structures ensure fast
diffusion kinetics of ions, O,, and provide large surface areas
for ORR/OER to take place, the controlled product
morphology of OER products through the utilization of a
nanoscale copper catalyst is inherently related to the catalyzing
kinetics, high active surface area, and adsorption of different
species during the reaction.

The reversible cycling ability of the Na—O, battery using
CuS air cathode was proved using in situ TEM and
galvanostatic discharge and recharge profiles by assembling
Na—O, batteries using the CuS-based air cathode in Figure 7.

1stcycle 2stcycle 3stcycle

(a) (c) (e)

ORR]

(b) (d) (f)

OER|

Figure 7. (a—f) Reversible cycling of Na—O, battery shown by in
situ TEM.

As shown by the TEM images in Figure 7a, ¢, and e, after first,
second, and third ORR discharges, the ball-shaped NaO,
nanoparticles appeared uniformly on the surface of the air
cathode. In contrast, after OER in the first, second, and third
cycles in Figure 7b, d, and f, these ball-shaped NaO,
nanoparticles completely disappeared. Please note that the
ORR products are very sensitive to electron beam; therefore,
the observed formation of ball-shaped ORR products became
less with continued cycling. In addition, galvanostatic charge/
discharge profiles of CuS in real Na—O, cells are shown in
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Figure 8. Galvanostatic charge/discharge profiles of CuS in Na—O, batteries. (a) Discharge profile with a cutoff voltage of 1.8 V and a
discharge capacity of ~3 mAh cm™%; (b) discharge/charge profiles with a limited areal capacity of 0.3 mAh cm™ at a current density of 0.01
mA/cm”%; (c) voltage profiles in different cycles at 0.01 mA cm ™2 with a limited areal charge/discharge capacity of 0.1 mAh cm™?; (d) profile
of areal current densities and voltages versus time at 0.01 mA cm™2 with limited charge/discharge time of 10 h.

Figure 8. Figure 8a shows a maximum capacity over 3 mAh
cm™ at 0.01 mAh cm™? with a discharge cutoff voltage of 1.8
V, and the overall discharge time is larger than 300 h. Even for
such a long discharge time and a high discharge capacity, the
discharge plateau keeps stable at around 2 V. Figure 8b
illustrates an intact charge/discharge cycle at 0.01 mA cm™?
with a limited charge/discharge time of 30 h. Figure 8c and d
exhibit the long-term cycling performance of CuS, and the
overall working time of the cathode is larger than 600 h. After
30 cycles, the discharge terminal voltage is still higher than 2V,
and the charge terminal voltage stays stable at ~4.0 V. The
plateau voltage of the first discharge curve is slightly higher
than the rest cycles, which may result from the sodiation
process of CuS previously mentioned. Furthermore, the
theoretical voltage of the discharge reaction to produce
Na,0, is 2.33 V. The discharge plateau of CuS$ air cathode
is around 2 V, in agreement with the theoretical voltage of
Na,O,. The small deviation is caused by the polarization of
Na—O, systems. In addition, the main charge plateau is at ~4
V, in good agreement with the decomposition voltage of
Na,0,,°° and the slight slope in the charge process between
2.5 and 3.65 V may correspond to the decomposition of NaO,.
Na,0, is the dominant discharge product, which is in good
agreement with the previous literature and our in situ TEM
results.>*™>? Therefore, real-cell measurements are consistent
with in situ TEM results showing a major product of Na,O, as
ORR discharge products and a reversible cycling of Na—0O,
battery using CuS-based air cathode.

CONCLUSIONS

In conclusion, we used in situ environmental TEM to directly
observe the ORR and OER of a Na—O, battery using CuS as
the air cathode. The extruded copper crystals on the surface
acted as efficient catalysts for following ORR and OER. The
uniform distribution of copper nanocatalysts and inherent
reaction kinetics resulted in uniform formation of mesoporous
particle-shaped Na,0, products during ORR. The ORR
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products included NaO, transient phase, orthorhombic and
hexagonal Na,O, phases as identified by electron diffraction
analysis. In the following OER process, mesoporous Na,O,
transformed to NaO, phase first and reversibly decomposed
into sodium ions and oxygen gas during OER process. The
size, distribution, and composition of electrocatalysts played
important role in controlling the morphology and size of the
final reaction products. Real-cell test showed reversible ORR
and OER cycling and profiles consistent with in situ TEM
results. Our results provided insights on finding the right
catalysts to selectively control the product structure and
reversibility of ORR and OER of a rechargeable Na—0O,
battery.

EXPERIMENTAL SECTION

The detailed synthesis procedure and morphology character-
ization of CuS nanowires was reported in our previous
publication.” In situ TEM was conducted using an FEI G2
Environmental-TEM operating at 200 kV with a PicoFemto
scanning tunneling microscopy (STM) holder as shown in
Figure S6. All in situ TEM experiments were done through a
three-step procedure. (1) First, we sodiated the CuS under a
negative bias of —1 to —2 V in vacuum to induce the formation
Cu nanocrsytal on the nanowire surface. (2) Then 1 mbar of
0O, was introduced to the TEM chamber to initiate the ORR
process. In ORR, a constant negative bias of —2 V was applied
at the nanowire air cathode side. (3) In the following OER
process, a constant positive bias of +4 V was applied at the air
cathode to induce the reversible decomposition of ORR
products such as Na,O, and NaO,. Environmental-TEM that
is equipped with differential pumps allows the input of O, gas
into the TEM chamber. The oxygen pressure is 1 mbar inside
the TEM chamber. A maximum dosage of 200 e/A* s was used
in the in situ TEM experimental observation to minimize the
effect of electron beam dosage. The electrochemical perform-
ance of was measured in Na—O, systems. CuS mixed with
super P, polyvinylidene fluoride (weight ratio: 8:1:1), was
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coated on carbon paper, which worked as the cathode. Carbon
paper served as the current collector and the gas diffusion layer
of the cathode. Na metal and glass fiber membrane were
employed as the anode and the separator, respectively.
Excessive Na was used to exclude the influence of Na anode.
1 M NaTESI/TEGDME solution worked as the electrolyte.
Na—O, batteries were assembled with 2032 coin-type cells
(with holes) in the glovebox. The batteries were tested in the
O, atmosphere (99.9%), and the pressure of O, was 1 bar. The
galvanostatic charge/discharge test utilized Neware CT-4008
equipment. The test temperature was around 25 °C.
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