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Abstract !

Sodi d oxides show great promise as affordable alternatives to lithium layered oxides,
of ¢

but their po life and air stability limit their practical potential. Micron-scale single crystals

with greate density and lower surface area can overcome these challenges and improve
perfo ed to the traditional polycrystalline morphology. Herein, we present, for the first

time, the synthesis of layered O3-type Na(Niy;Fe4sMng;)O, single-crystals with greatly improved

cycle life a bility. A molten-salt synthesis technique is adopted with excess sodium hydroxide
to obtain pe single crystals. Because the main mechanisms of both capacity fade and air
degradation a result of surface reactions at the opening of the sodium diffusion channels,
particle was found to be a critical metric for materials performance. More important than

particle W surface area, the smaller proportion of exposed edge planes in the platelet

-
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morphology greatly reduces the amount of harmful surface reactions. Furthermore, the molten-salt

method was found to eliminate the need for coprecipitated precursors and even form better

t

morpholog¥, starting from metal oxides instead of coprecipitated hydroxides.
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1. Introduction

The i Ventiw of lithium-ion battery technology with oxide cathodes has shaped the modern

world. The Qﬂgy density of lithium-ion batteries was critical for the development of portable

electronics vehicles.'! Looking beyond these two applications, the rising market for grid-

scale en:r m requires low-cost alternatives to lithium-ion batteries. Unlike electronic devices
or electric vghiclgs, batteries for grid-scale energy storage do not require high gravimetric or
volumetric ensity. Instead, the main criterion is affordability. In this regard, cobalt-free
sodium-iorw are a possible alternative for grid-scale energy storage.”” Sodium itself is 1,000
times mor: t in the earth’s crust than lithium, and sodium-ion batteries have additional cost

benefits. B dium does not alloy with aluminum, aluminum foil can be used in place of copper

foil as the !0(16 current collector.”*! Additionally, sodium layered-oxide cathodes can be adopted

with a wider range of low-cost transition-metal ions compared to lithium layered-oxide cathodes.

Practically ghis E Its in less reliance on expensive metals, such as cobalt and nickel."”

it ategory of sodium layered-oxide cathodes, there are many possible structures and

W
transiti positions. Although each differ greatly, sodium layered oxides in general seem to

suffer from more severe surface reactions than their lithium-ion battery counterparts. The severe
reactions V\hectrolyte leads to harmful, cascading surface phenomena, resulting in undesirable
cycling stal @ | The severe reactions in air and moisture, on the other hand, cause sodium
extraction ft ulk to form insulating sodium species on the material surface and irreversible

iyl Both of these reactions limit the practical application of sodium layered-oxide

loss of
cathodeMe studies have shown promising results through dopants, coatings, and electrolyte

modification, mor;reative solutions need to be pursued to fully realize their practical potential.

<C
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Recently, single-crystal lithium layered-oxide materials are gaining interest due to several
benefits over traditional polycrystalline materials. Single-crystal lithium layered oxides may,
approxirMeﬁned as primary particles larger than 1 um that are mostly separated from other
primary pa @ This morphology has been shown to improve performance through increased
materialmpaekimgmdensity, reduced surface area, and/or reduced particle cracking due to less bulk strain
caused by L‘lange.[m'zo] During cycling, the reduced particle cracking and surface area have
been show@ave cycle life relative to the polycrystalline material, and the reduced surface area
also leads tggi ed air stability. Sodium layered-oxide materials may also greatly benefit from

o2

single-cryst ology, but this strategy has not yet been explored in the literature.

Sing lithium layered oxides have been successfully synthesized through several
different rrgEods. The high-temperature method involves promoting grain growth by heating the

precursor to particularly high temperatures, usually a couple of hundred degrees above the typical

calcination€fg ure. This method can cause severe particle agglomeration, which is why

washing, and annealing steps are often included after the initial calcination to

1271 An alternative method is a molten-salt synthesis, which

form disti i -crystal morphology.
involves extra salt (or salts) mixed with the precursor to form a molten-salt phase during calcination.
This liquidSEase promotes dissolution and recrystallization, which grows primary particles more

rapidly tha typical solid-state diffusion. The benefits of this method are two-fold. First, the

molten-salt does not require higher calcination temperatures. Second, well-formed secondary

particle pr!ursors are not as critical to forming calcined particles with good morphology due to the

dissolutionl recg’allization process.** !

To produce Sbdium layered-oxide single-crystals, the methods that rely on higher-temperature

and lon?m may be problematic as high temperatures and long calcinations are already
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required to form sodium layered oxides. Therefore, molten-salt synthesis appears to be the most
appropriate approach for sodium layered oxides. Herein, the molten-salt method is used to produce
the ﬁrsthayered-oxide single crystals. Starting from a common, O3-type Na(Nig;Feq4Mng3)0,
(hereafter 0O3-NFM) sodium layered oxide, the role of single-crystal morphology on
surface meactimitysawithout bulk effects, can be thoroughly explored. O3-NFM is known to have
superior bhty when kept below 4 V due to the highly reversible nature of its singular phase
transition ((3 to Pb and its low volume change of only ~ 1%.!°! The effects of particle size,

morpholo rface area on capacity retention and air stability are investigated relative to a
ci

standard, c ated, polycrystalline material. Additionally, the influence of starting material, salt

content, temperatufe, and the water rinsing step are assessed.

2. Results gd Discussion

2.1 Single Crystal§ from Coprecipitated Precursor

The traditional benefits of coprecipitation are twofold. First, coprecipitation leads to good
transition-metal uniformity throughout the material. Second, the resulting dense, spherical, secondary
particles reduce surface area and improve volumetric energy density without hindering sodium-ion (or
lithium-ion) diffusion.”* Coprecipitation is also widely used in industry, so it is the accepted standard
in layered-oxide research. Beginning from an ~ 8§ um hydroxide precursor, the molten-salt method
was tested at two different temperatures and three salt contents.

Judging by the resulting scanning electron microscopy (SEM) images in Figure 1, 150% total
NaOH (corresponding to 50% excess NaOH) results in the retention of the secondary particle
morphology at both 900 °C and 1000 °C. It was only at higher salt contents of 200% and 300% NaOH,
the single-crystal morphology was successfully formed. Therefore, salt content appears to matter

more than temperature for the purpose of forming the single-crystal morphology. Without enough salt,

~
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the secondary particles are unable to fully dissolve and re-crystalize. Additionally, salt content
influences primary particle size. At 900 °C, the primary particles increase from an average of 2, 5.2,
to 10 um at sodium contents of 150%, 200%, and 300%, respectively. Primary particle size is also
influenced by temperature. From 900 to 1000 °C, the primary particle lengths increase from an
average of 2 to 2.9 um at 150% NaOH and 5.2 to 5.8 um at 200% NaOH. Average lengths and

standard deviations are given in Table S1.

coprecipitated, hydg@xide precursors synthesized at either 900 or 1000 °C with varying sodium
contents. (a, o, 0% NaOH, (b, f, g) 200% NaOH, and (c, h) 300% NaOH. The optical images are
representative the 900 and 1000 °C samples.

Figure 1. (amal images of samples in the crucibles after calcination and (d-h) SEM images of
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Large amounts of excess sodium enable the growth of larger primary particles, but there is a
balance to be struck. Too much NaOH leads to material sintering with itself and the crucible. At 150%
NaOH, the resulting material was easy to remove from the crucible and break apart, as shown in the
optical images of the post-calcined crucibles on the right of Figure 1. At 200% NaOH, the material
sintered into a small puck on the bottom of the crucible, making it difficult to remove and grind. At
300% NaOH, the material nearly disappeared into the alumina crucible, making it very challenging to
recover. This is the result of poor alumina stability with molten sodium hydroxide at high
temperatures. Using fresh crucibles for every calcination, the crucibles clearly changed from white to
a green/black color after both the metals and sodium leach into it. Regardless of 900 or 1000 °C, at
low sodium contents, the dark color was only a thin layer on the inside. At 200% NaOH, the color
appeared to penetrate deeper into the crucible. At 300% NaOH, the outside of the crucible turned
entirely black. Practically speaking, the loss of material into the crucible will be a significant
challenge for large-scale production of these materials unless an alternative, more stable crucible
material can be found. Unfortunately, no material has been found to be stable yet under highly basic
conditions and high temperatures, to our knowledge.*"

2.2 Performance of Single Crystals

The solid-state synthesis method is commonly reported in the literature due to the relative
simplicity of grinding and pressing together metal oxides compared to mixing metal sulfates with a
base and chelating agent in a tank reactor to produce coprecipitated metal hydroxides. Although metal
oxides may be easier and more affordable to work with, the extensive griding and pressing of the
solid-state synthesis is not well scalable and can lead to poor morphology and transition-metal
nonuniformity relative to the coprecipitation method. However, the coprecipitation method may not

be necessary for the formation of single crystals with molten-salt synthesis. While other methods of

~
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single-crystal synthesis may require starting from micron-scale, dense secondary particles, the molten-
salt synthesis method relies on dissolution and recrystallization. Therefore, the desirable starting
morphology of coprecipitated particles is no longer necessary. Additionally, good transition-metal
uniformity is no longer as critical because the metal ions can travel longer distances in a liquid phase
compared to the typical solid-state diffusion. If coprecipitated particles are no longer critical, and the
pressing and grinding of precursors is no longer critical, then different starting materials, such as
metal oxides, can be investigated.

To compare materials synthesized with either coprecipitated hydroxide precursors or metal
oxides, the same molten-salt synthesis conditions were employed with each. As shown by X-ray
diffraction (XRD) in Figure S1, there is no meaningful change in the bulk crystal structure of these
materials compared to each other or the control sample, with the exception of a higher (003) peak
intensity, which is discussed in detail below. The lack of structural change implies no meaningful bulk
differences between (i) the standard, control synthesis to the molten-salt synthesis and (ii) the
hydroxide to the oxide precursors for the molten-salt synthesis. Looking at the scanning electron
microscopy (SEM) and electrochemical performance of these materials, however, there is a
meaningful difference.

The cycling performance in Figure 2a shows slightly improved capacity retention from the
molten-salt, hydroxide sample relative to the control, and significantly improved capacity retention
from the molten-salt, oxide sample. The capacity retention of each after 100 cycles was 61%, 67%,
and 76% for the control, hydroxide, and oxide samples, respectively. Although the bulk crystal
structures of each sample are about the same, the morphology of each vary significantly, as seen in the
SEM in Figure 2¢. While the control sample exhibits the typical ~ 8 um spherical secondary particle
morphology with nano-sized primary particles, both of the molten-salt synthesized samples have
micron-sized primary particles. The hydroxide material still retains a lot of secondary particles with

K
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spherical morphology due to the low salt content, while the material made from metal oxides does not

exhibit this issue and forms true single crystals.

(@) 120 ),
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Figure 2. (3) Cycle life, (b) first charge-discharge curves, and (c) SEM of the control, coprecipitated
material ¢ 0 molten-salt synthesized samples made with 125% NaOH at 1000 °C from either
the coprecipita droxide precursor or ground metal oxides.

To understand how the different synthesis conditions influence capacity retention during
cycling, it is first necessary to identify the primary causes of capacity fade. In layered oxides, various
bulk or surface degradation phenomena can cause capacity fade, but for O3-NFM, bulk structural
degradation is known not to be a major concern when charged below 4 V. The single O3 to P3 phase
transition that occurs is highly reversible and results in a volume change of only ~ 1%.
Correspondingly, no large-scale particle cracking has been observed after 200 cycles.! Various
surface phenomena, on the other hand, are known to be severe. Therefore, the different surface areas
and particle morphologies of the three samples must be the main cause for the differences in the
capacity retention seen in Figure 2.

The most obvious difference between each sample is their respective surface areas. A decrease

in total surface area would, practically, result in less surface degradation. By measuring the calcined

T
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powders with a Brunauer-Emmett-Teller (BET) surface area instrument, the area per mass resulted in
1.8, 1.5, and 3 m* g for the control, hydroxide, and oxide samples, respectively. Based on these
results, surface area is evidently not the cause for the increased capacity retention, at least in the oxide
sample. The other possible reason is the morphology of the particles themselves. The single-crystal
oxide sample displays platelet-like morphology with a large, flat top and narrow width.

Surface degradation phenomena that cause capacity fade include the formation of a large and
unstable cathode electrolyte interphase (CEI), surface reconstruction, transition-metal dissolution, and
micro cracking. Each of these phenomena are known to occur primarily along the edge planes in both
sodium and lithium layered-oxide materials, the edge planes being the planes perpendicular to sodium
diffusion.””” Therefore, if the narrow width of the formed platelet particles in the oxide samples
corresponds to the layered-oxide edge planes, then there would be less total surface degradation than a
particle without this morphology.

The first clue to the orientation of these platelet particles is in the XRD patterns shown in
Figure 3a. As mentioned previously, the only difference between the diffraction patterns of these
samples is the intensity of the (003) peak. Taking the area under the (003) peak and (104) peak, the
relative (003) to (104) peak ratios for each sample are found to be 0.5 for the control sample, 0.4 for
the molten-salt synthesized precursor sample, and 0.9 for the oxide sample. Although (003) to (104)
peak intensity ratios are often used as approximate measurements of nickel mixing in lithium layered
oxides,”! sodium layered oxides are not known to suffer from transition-metal mixing during

calcination. Instead, the more likely culprit of the high (003) peak intensity is the platelet morphology.

Autl
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Figure 3. (a of the control, coprecipitated material compared to molten-salt synthesized
samples m 25% NaOH at 1000 °C from either the coprecipitated hydroxide precursor or

ground me id66. (b) Bright field TEM image and selected area diffraction pattern through the
oxide, sing% sample with a [001] beam direction.

The platelet morphology suggests that the particles preferentially grow along a particular axis,
and given that the (003) peak is particularly large for these samples, it can be inferred that the X-ray is
diffracting through the (003) plane more than the others. Known as preferred orientation, this
phenomena occurs when particles are so large and flat that there is a large proportion of particles that
are lying “flat” in the XRD sample holders. Because XRD relies on random particle orientation to get
an accurate measurement through each facet, a larger proportion of the platelet particles lying flat
would cause a greater signal from the (003) plane if the long, flat sides are, in fact, the (003) plane. To
verify this, selected area diffraction was performed through the top of a flat particle with transmission
electron microscopy (TEM) (Figure 3b). The resulting pattern clearly shows the (-120), (-210), and
(110) planes with a [001] beam direction, proving that the long, flat side of the crystal is, in fact, the
basal plane. The inset in Figure 3b shows a representation of the particle orientation with the blue
sheets representing the metal oxide layers and the spheres representing sodium ions. The diffraction

pattern also shows clear diffraction points, which proves this particle to be a single crystal.

<L
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Now knowing that the primary difference between the oxide and the hydroxide samples is the
platelet morphology, this morphology must be the main cause of capacity retention. It is still unknown,
however, if particle size has any influence on electrochemical performance.

2.3 Varying Crystal Size

As seen in Figure 2c relative to Figure 1, growing single crystals from metal oxides is possible
with less excess sodium than growing them from coprecipitated, hydroxide precursors. More than
150% NaOH is required to break up the large spherical morphology for the coprecipitated precursor,
but 125% NaOH is enough to form single crystals from metal oxides. Presumably, this is due to the
smaller starting size of the ground metal oxides, shown in Figure S3, making it quicker and easier for
the metals to fully dissolve and recrystallize. Although both starting materials can result in good
morphology with enough salt, less salt is beneficial to reduce material penetration into the crucible.
Additionally, metal oxides are significantly cheaper and easier to produce than coprecipitated
precursors. The downside of using metal oxides in a traditional calcination, i.e., poor transition-metal
dissolution and particle morphology, is seemingly negated by the molten-salt method. Therefore, to
study the effects of particle size on electrochemical performance, metal oxides were studied with
variable amounts of excess sodium.

As shown in Figure 4 and the particle size evaluation in Figure S4, 150% NaOH results in small
particles of amount 2 pm in length. With larger amounts of excess sodium, the particle size increases
in addition to their standard deviations. The 175%, 200%, and 225% NaOH samples resulted in
particle sizes of about 3, 3.5, and 4.5 um, respectively, with the 225% sample showing particles both

well above and below 4.5 um.
—_—
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Figure 4. (| life, (b) XRD, (c¢) SEM, and (d) first cycle charge-discharge curves of the control,
coprecipitat ial compared to the molten-salt synthesized samples made from metal oxides at
900 °C andivariable amounts of excess NaOH.

The XRD patterns of each sample show that their bulk structures are mostly unchanged from
the control with no noticeable peak shifting or new peaks. The main difference is an increasing (003)
peak intensity relative to the (104) peak with increasing sodium content. Equivalent to the previous
metal-oxide sample calcined at 1000 °C, the sample with 150% NaOH has a (003) to (104) peak ratio
of 0.9. Then, the 175%, 200%, and 225% NaOH samples have peak ratios of 1.2, 1.8, and 1.7,
respectively. This increase in the (003) peak intensity implies more preferred orientation.

Despite the differences in particle size and peak ratio, the cycling performance of each material
is about the same for each molten-salt synthesized material (about 73% capacity retention after 100
cycles relative to 61% for the control). This is surprising considering that larger particle sizes directly
correlate to lower surface area and, therefore, less surface reactivity. Also surprising is a lack of lower

capacity or kinetic limitation in the larger particles synthesized with 225% NaOH. The rate of charge
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and discharge used to evaluate these samples (C/5 rate) is about the rate limit before capacity is lost
due to kinetics, at least for the control, polycrystalline sample. Larger particle sizes should result in a
longer, and therefore slower, pathway for sodium ions through the bulk material before reaching the
electrolyte.

The lack of kinetic limitation in the large particles implies that 4.5 um is still a small enough
size to not limit bulk diffusion relative to the control. This is particularly interesting because high-
nickel, lithium layered-oxide single crystals have been shown to exhibit kinetic limitations with

B There is clearly a discrepancy in optimal crystal size between different

smaller particle sizes.
layered oxide materials that warrants further investigation.

The lack of improved capacity retention in the larger particles requires a closer examination of
the particle morphology. Given that surface reactions along the edge plane are the main cause of
capacity fade in this material, a larger proportion of surface area along the edge facet should cause
greater capacity fade. The particle size evaluation in Figure S4 proves this to be true. The relative
proportion of edge plane surface area to basal plane surface area is quantified in Table S2 by
assuming a cylindrical particle shape with a “radius” of half the length and “height” of the measured
widths. The relative proportions of edge plane to basal plane are 0.91, 0.93, 0.98, and 1.02 with
increasing sodium content and crystal size. Therefore, as the crystal size increases, the proportion of
exposed edge plane also increases to keep pace. These results further corroborate the importance of
the platelet, single-crystal morphology over other factors such as particle size and surface area.

2.4 Air and Water Stability

Sodium layered oxides are well known to degrade in air and moisture, making their industrial
application more challenging and expensive due to transportation and storage concerns. Although the
precise mechanism of degradation varies for the different sodium layered-oxide materials, sodium is
generally extracted from the bulk to form NaOH on the surface, which subsequently reacts with CO,

K
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to form Na,COs. Too much extraction of sodium from the bulk causes an irreversible phase transition,
reducing capacity, and the formation of resistive Na,COj; species on the particle surface impedes
kinetics.!'*"+?7¢]

To study the influence of platelet morphology on air and water stability, the best performing
single-crystal sample was placed in a 50% humidity chamber for two weeks alongside a control
sample. As shown in our previous work, the result of humid air exposure on O3-NFM is the formation
of a new, hydrated phase visible as a peak to the left of the (003) peak in XRD.®” After the material is
dried under vacuum, however, this hydrated phase disappears and a “dehydrated” phase appears to the
right of the (003) peak. As shown in Figure 5b, both the single-crystal and control samples exhibit this
dehydrated phase after air exposure and drying, in addition to a new Na,CO; phase and overall peak
broadening caused by a loss of crystallinity. Interestingly, it has been recently reported that sufficient
annealing temperatures can fully reverse the damage caused by air exposure,!'” but annealing is

energy intensive and impractical for coated electrodes. Therefore, reducing the degradation before it

occurs will always be preferred.

@), (b)
——Control - Fresh
Na,CO; — Cpntrol - air )
_35 Single Crystal - air
s S z |
5 - s
g 3 z
o ‘@
o g
o 25 ——Control - fresh €
: ——Single Crystal - fresh -
——Control - air
) Sllngle Crystal-aw . . ‘ . ‘ . 1 L U A
0 20 40 60 80 100 120 140 10 20 30 40 50 60 70 80
Specific Capacity (mA h g-) Degrees (6/2)

Figure 5. irst gycle charge-discharge curves and (b) XRD patterens of the control and single
crystal s hesized with metal oxides and 125% NaOH at 1000 °C before and after exposing

forl5 days *elative humidity, followed by drying.

<
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Looking at the difference between the single-crystal and control samples, the morphology
appears to successfully reduce total degradation. The single-crystal material shows better peak
intensity retention of the original layered phase with less formation of the Na,CO; phase. Furthermore,
while the control sample decreases from 125 to 80 mA h g after air exposure, the single crystal
material decreases to only 100 mA h g"'. The platelet morphology of this material again leads to the
improved air stability. The phase transition, sodium extraction from the bulk, and formed insulating
surface species are known to occur at the opening of the sodium diffusion channels.!'"'***! It is,
therefore, unsurprising that a smaller exposed edge plane results in less overall degradation due to air
exposure.

Although the platelet, single-crystal morphology is relatively more stable in humid air than the
polycrystalline morphology, some degradation still occurs. Additionally, NFM is known to degrade
faster when submersed in water than it does in humid air.”” Therefore, the water-rinsing step required
in the molten-salt synthesis method, to remove the excess sodium salts, is potentially harmful. This
rinsing step involves pouring 10 mL of water per gram of calcined material through a Buchner funnel,
then drying the material and performing a short annealing step at 800 °C. As shown in Figure S7,
these materials clearly do degrade after the water rinse, apparent by the peak broadening, but the
annealing step appears to fully heal the bulk structure. Comparatively, the molten-salt synthesized
hydroxide sample without platelet morphology, shown in Figure 2, does not appear to fully heal after
the rinse as suggested by the lower initial capacity. Lowered capacity is a common sign of
degradation due to air/water exposure, as shown in Figure 5.

To better examine the effects of the water rinsing step on both the single-crystal and
polycrystalline samples, a water alternative was used and compared to the water-rinsed samples.
Ethylene glycol (EG) is known to be unreactive with the bulk layered oxide and has been used in past

¢ 13738

studies to remove residual sodium hydroxide and carbonate species for measuremen ' To verify

K
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adequate removal of the excess sodium, residual sodium species were measured after the annealing
step and are given in Table S1. Each water and EG washed sample show similar amounts of residual
sodium to the control sample of 2.3 wt.%. The electrochemical performance of the single-crystal
material made from metal oxides and the polycrystalline materials made from coprecipitated
precursor are compared using a water or EG wash in Figure 5a. Both the single-crystal and
polycrystalline materials exhibit similar cycling stabilities regardless of rinsing solvent, but their
initial capacities vary drastically.

Looking at the polycrystalline samples, the EG-washing does, in fact, improve the initial
capacity of the material relative to the water-washing. The SEM in Figure 6¢ shows no visual
difference between the EG- and water-washed samples, but the XRD pattern in Figure 6b shows less
peak broadening in the EG-washed sample. The full width at half max (FWHM) of the (003) peak is
0.21 and 0.32 degrees for the EG and water washed samples, respectively. The improved capacity,
therefore, appears to be caused by the lack of bulk degradation in the EG-washed sample relative to
the water-washed sample. The single-crystal sample, on the other hand, exhibits significantly worse
initial capacity after the EG-washing compared to the water-washing. The SEM and XRD pattern in

Figure 6 help explain why.

Author
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Figure 6. (g E:yc!e life, (b) XRD, and (c) SEM of molten-salt synthesized materials using either a

water or et ycol rinse to remove the extra sodium salts.

P

The XRD pattern in Figure 6b shows a higher nickel-oxide peak (visible at 43° on the x axis) in
the EG-washed sample compared to the water-washed sample. The greater quantity of nickel oxide in
the EG-washed sample implies that metal-oxide particulates are washed away by water but not EG.
During the water-rinsing step for each oxide tested in this work, the resulting water turned an orange-
pink color, indicating that transition-metal ions were washed away. Inductively coupled plasma (ICP)
analysis performed on the rinse shows that the color is primarily the result of manganese, as the Ni :
Fe : Mn mole ratio in solution was 0.08 : 0.04 : 1. Due to this loss of manganese as well as variations
from hand mixing metal oxides, the final metal ratio of the oxide sample was found to be slightly
different from the polycrystalline samples, as given in Table S2.

The metal-oxide particulates are clearly visible by SEM in Figure 6c. After water-washing the
oxide sample, the morphology shows smooth and distinct single crystals. After the EG-washing,

~
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however, there appears to be a lot of nano-scale particles and “gunk” surrounding the larger particles.
The formation of metal-oxide particulates could explain the lower initial capacity of the EG-washed
single-crystals. In addition to being insulating and reducing rate capability, inactive metal-oxide
particulates artificially reduce the total amount of active layered oxide per gram of material, making
the specific capacity appear lower than it is. Why these particulates formed in the first place, however,
particularly for the oxide but not the coprecipitated precursors, deserves further study. EG may be a
more reliable solvent to use than water to avoid capacity loss due to water degradation, but only if
metal-oxide particulates are not formed during calcination. Alternative rinsing solvents and methods
may also help eliminate the above-mentioned issues.
3. Conclusion

This work demonstrates that single-crystal sodium layered oxides are achievable with the molten-salt

synthesis method under certain conditions. Although single-crystal morphology is possible to achieve with

l

both coprecipitated precursor and metal oxides, less excess sodium is required when starting from metal
oxides due to the smaller starting particle size. The formed platelet-like single crystals all achieve greater
cycling stability than a standard, polycrystalline material due to their preferred growth parallel to the sodium
diffusion channels. This preferred growth results in relatively narrow edge planes, meaning that the

proportion of exposed surface area at the edge of the sodium diffusion channels is significantly smaller than

[

that in polycrystalline samples. Because the opening of the sodium diffusion channels is where the majority

)

of deleterious surface reactivity occurs, the lower exposed surface area in this region greatly improves both

(

cycling stability and stability during air and water exposure. The improved performance of these single-

crystal particles were found to be irrespective of particle size and surface area. The more important metric

t

for determining cycling stability is the relative proportion of exposed edge planes. However, further work is

J

needed for determining the upper limit of particle size and the influence of particle size on bulk diffusion

kinetics.

This article is protected by copyright. All rights reserved.

19

85US011 SUOWILIOD BRI 3]Gl [dde au) Aq pauienob a2 Sa1Le VO '8N JO SaINI 10} ARe1d 1 BUIIUO AB]IM UO (SUOIIPUOO-PUE-SLLLBILI0D 3 1A AReic]1jou uo//SdL) SUORIPUOD PUe SULB L a3 885 *[1202/80/6T] U0 AIgi8UIIUO AB]IM 'UOITLLIOJU] [B91ULO8 L PUY SLIUBIOS JO 01O AQ ZZ690TZ0Z IUS/Z00T OT/I0p/LI00 A3 1 AReiqjpujuo//Sdny Lo papeojumoq ‘e ‘2207 '6289ETIT



WILEY-VCH

The molten-salt synthesis method has been proven to be a good method for producing stable sodium

layered-oxide material, particularly with metal oxides. The ability to use metal oxides in place of
a2 A

coprecipitated precursors is exciting for the prospect of eliminating coprecipitation altogether in both the

sodium and lithium layered-oxide fields. The downside of the molten-salt method is the poor crucible

stability at high NaOH contents and the necessary rinsing step for removing excess sodium salt. Future work

a
should focus either on alternative crucible materials or alternative salts to mitigate the crucible issue.
S N

Additionally, further synthesis optimization may prevent the formation of the metal-oxide particulates on
the crystal surface that ethylene glycol is unable to remove, or alternatives to the water rinsing step may be

discovered.

4. Experi:ethods

4.1 Material Synthesis

E)

6,34

The mtated, NigsFeo4Mng3(OH), precursor with a particle size of ~ 8§ pm was prepared

by a hydro ecipitation process, as described in our previous reports./** The control samples

were al red by calcining the hydroxide precursor with 105% NaOH (mixed via an aqueous
NaOH or accuracy, and 105% corresponding to an Na : (Ni + Fe + Mn) molar ratio of 1.05 :

1), ramped up to 500 °C at 5 degrees per minute, held for 3 h, ramped up to 900 °C at 1 degree per

b

minute, he , and then cooled naturally at about 3°C per minute.

All @ It synthesized samples were prepared with either the coprecipitated, hydroxide

precursor o, ighiometric amounts of NiO, Fe;0,4, and Mn;0,4 ground together well in a mortar and

h

pestle. ides or oxides were then mixed with the reported amounts of NaOH, ramped up to

500 °C a

{

minute, held for 3 h, ramped up to 900 or 1000 °C at 1 °C per minute, held for 20

h, and then cooleddat 2 °C per minute. The samples were then well ground, rinsed with 10 mL of

ti

A
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water per gram of material through a Buchner funnel, rinsed briefly with ethanol, then annealed by

ramping up to 800 °C at 5 °C per minute, held for 6 h, and cooled naturally.

After @ation or annealing, all resulting powders were either used immediately or briefly
stored und sphere to minimize degradation due to air and moisture. The powders were

exposecﬂosr !or no longer than 3 hours and stored for no longer than 1 day.

4.2 Mater@cterization

Powm diffraction (XRD) measurements were carried out with a Miniflex 600 X-ray
diffractometef with Cu Ka radiation at a scan rate of 2.3°/min from 10° to 80° without spin. Metal
ratios were rneas;;:d with inductively coupled plasma optical emission spectroscopy (ICP-OES).

Particle mo, was examined with a field-emission scanning electron microscope (SEM, Tescan

Vega3). A 10F transmission electron microscopy (TEM) was used to acquire selected area

diffraction ffla e particles were first dispersed in isopropanol, then dripped onto a lacy carbon

grid, an r vacuum.

4.3 Electr cal Characterization

Cathodes were prepared as follows: the active material, Super P conductive carbon, and

poly(vinylihloride (PVDF) with a weight ratio of 8 : 1 : 1 were dispersed in N-methyl-2-

pyrolidonend mixed to form a uniform slurry. The obtained slurry was cast onto Al foil with
an active-matesi ading of ~ 5 mg cm™, followed by drying and cutting into circular disks. CR2032
coin ceﬁmbled inside an Ar-filled glove box with the prepared cathodes versus sodium
metal. Wyte solution was 1.0 M NaClO, in propylene carbonate (PC) with 3 wt.%

fluoroethylene car.rnate (FEC), and the separator was glass fiber. All cycling was performed at a

This article is protected by copyright. All rights reserved.

21

359017 SUOWILLOD dAIIAID) d|cedl|dde au A pausenof afe A1l WO ‘SN JO S3INI 10 AReid 1T 3UIUO AB]IAA UO (SUONIPUOI-PUR-SLLBIAL0DAS | 1M A 11U [UO//SANY) SUONIPUOD PUe SWLB L U1 385 *[202/80/6T] U0 Aleiq1auljuo AB]IM ‘UOIBLLIOJU| [IIUYIS | PUY JNUBIDS JO 90110 AQ 22690T202 |ILUS/Z00T OT/I0PAL0Y" A3 1M Aeiq1|Bul|uo//:Sdiy Wo1) papeojumod ‘e ‘2202 ‘6289€TIT



WILEY-VCH

current rate of C/5, assuming a 120 mA h g™ specific capacity with voltage cutoffs between 2 and 4

T

4.4 Air anQCharacterization

Ta s%effects of air and moisture stability, XRD and SEM were performed on powders

V.

that were s chamber kept at 50% relative humidity and 72 °F for 15 days, and then dried in a

100 °C vagium oven for 24 h. Electrochemical results were performed on punched electrodes stored,

CF

and then drie er the same conditions.

The ethylene glycol (EG) rinse replaced the water rinsing step by mixing 20 mL of EG per
gram of the ground, calcined material for an hour. The mixture was then filtered through the same
Buchner fi rinsed with ethanol before the annealing step. Residual sodium contents were
measured annealing step by mixing 20 mL of EG with 0.5 g of sample for an hour. The

mixture wmtered and rinsed with ethanol, and then titrated with 0.1 M HCI while measuring

N 2
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