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ABSTRACT: Nickel-rich layered oxides are widely used as cathode materials

for energy-dense lithium-ion batteries. These chemistries, based on the parent
compound LiNiO, (LNO), are highly sensitive to ambient environments and
are known to readily react with moisture and carbon dioxide. As a result,
impurities such as lithium hydroxides and lithium carbonates are formed at the
LNO surface, compromising electrochemical behavior. Here, we address this
issue by coating LNO cathode particles with a hydrophobic barrier layer
composed of graphene and ethyl cellulose (GrEC). This coating limits contact
between atmospheric moisture and the LNO surface, which minimizes the
generation of lithium impurities. This scheme is evaluated by exposing coated
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LNO to humidified CO, for 24 h as an accelerated ambient degradation test.

Subsequent spectroscopy, microscopy, and electrochemical characterization show no detectable signatures of carbonates on the
LNO surface, thus verifying that the GrEC coating prevents ambient degradation. By demonstrating this methodology for the
ultimate nickel-rich chemistry, this approach can likely be generalized to a wide range of ambient-sensitive battery materials.

B INTRODUCTION

Lithium-ion batteries (LIBs) are playing a key role in the
societal transition toward clean energy by serving as the
technology of choice to power electric vehicles and grid-level
energy storage.1 Current and emerging engineering applica-
tions demand battery packs with increasingly higher energy
densities and longer lifetimes, necessitating intelligent materials
selection of electrochemically active materials. For LIB cathode
materials, Ni-rich layered oxide chemistries provide a pathway
to address this need because they possess intrinsically high
energy densities and lifetimes that can be tuned with careful
control over transition metal content and operational states of
charge.”” Incumbent Ni-rich LIB cathode materials include
LiNig sMn, ;Cop,0, (NMC811), LiNig¢Mn,,Coo,0,
(NMC622), and LiNiygCoq5Aly0sO, (NCA), which are
isostructural to the parent compound LiNiO, (LNO). The
addition of dopant elements in these multicomponent lithium
transition metal oxides (e.g., Mn, Co, and Al) helps increase
cycling longevity. Nevertheless, these materials still show
instabilities that can be traced back to the chemical reactivity of
Ni.

Beyond cycling stability, recent work on Ni-rich LIB cathode
materials has sought to understand and mitigate their high
sensitivity to ambient conditions. Ni-rich layered oxides are
known to readily react with atmospheric moisture and CO,,"
forming LiOH on the oxide surface. The current under-
standing of this ambient degradation pathway involves two
mechanisms, both requiring water as a reactant. One proposed
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mechanism involves moisture-catalyzed transition metal
reduction reactions, which are favorable due to the inherent
reactivity of Ni** compared to Ni**.>~® This pathway results in
partial delithiation near the surface, with lithium sequestered in
hydroxide deposits. A second proposed mechanism for the
formation of LiOH involves H'—Li" site exchange upon
exposure to water, which has been well-documented as a
consequence of washing Ni-rich layered oxides to remove
undesirable lithium residues after synthesis.””"' After LiOH
forms, it then readily reacts with ambient CO,, forming species
such as LiIHCO; or Li,CO,.” Lithium bicarbonates can further
react with LiOH to form H,O and Li,COj; byproducts in an
autocatalytic feedback loop. Following prolonged exposure to
ambient conditions, where the supply of CO, is effectively
unlimited, lithium carbonate impurities are continuously
generated until the available cathode surface area is depleted
of reaction sites.

Surface hydroxides and carbonates are highly undesirable
because they are detrimental to both electrochemical perform-
ance and cell manufacturing. Lithium impurities reduce first-
cycle capacity due to their low electronic and ionic
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Figure 1. LNO exposed to humid CO, for 24 h exhibits severe morphological and surface chemical changes. (a, b) Scanning electron microscopy
images of (a) pristine LNO and (b) LNO after being exposed to humid CO, for 24 h. (c) Raman, (d) DRIFTS-FTIR, (e) XPS C Is, and (f) XPS
O 1s spectra show the growth of surface carbonate species after exposure to humid CO,.

conductivities, causing increased electrode polarization and
charge transfer impedance.7’12_14 Furthermore, lithium carbo-
nates on cathode surfaces promote electrolyte oxidation
reactions and generate gas products during cycling, which
compromise the long-term cycle life.”'*~"" At sufficiently high
concentrations, surface hydroxides and carbonates are also
known to cause slurry gelation, compromising electrode
coating E)r_c;czedures that require strict control of slurry
viscosity. Therefore, these surface species are typically
removed from cathode powders prior to slurry mixing using

. 23-25 O 15,26
methods such as acid treatments, washing, ™" anneal-
. 7,1827,.28 . . L .
ing, and chemical conversion of lithium impur-
ities 252930

A more attractive strategy is to inhibit the formation of
surface hydroxides and carbonates altogether. Consequently,
industrial facilities employ large dry rooms with tight limits on
internal dew points for the storage and handling of Ni-rich LIB
cathode powders. Because the operation of these dry rooms are
expensive and energy—intensive,31 strategies for preserving
high-quality cathode surfaces in ambient conditions are of high
interest to ease the demand for strict environmental control.
One promising approach is to utilize hydrophobic coatings that
prevent direct contact between ambient moisture and Ni-rich
oxide surfaces.’”””’ Because the coating layer must also be
electrochemically inert and transparent to lithium ions,
compatible coating materials are highly limited and rarely
employed in practice. To circumvent these restrictions, it
would be ideal if LIB cathode surfaces could be protected with
a barrier layer that could be removed on demand prior to
electrochemical cycling.

In this work, we address the aforementioned issues of
ambient-reactive Ni-rich layered oxides via a hydrophobic
coating layer composed of graphene and ethyl cellulose
(GrEC). We demonstrate this scheme for LNO because it
represents the Ni-rich limit with the highest ambient sensitivity
in the family of Ni-rich layered oxides.”*"*> Ethyl cellulose
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(EC) is an attractive materials choice because it is hydro-

ic**™*? and can be scalably coated onto cathode material
surfaces via solution-phase methods. EC can also be pyrolyzed
thermally*® or photonically,*' enabling its removal immediately
preceding electrochemical cycling. Notably, when this pyrolysis
occurs in the presence of graphene, EC is known to
decompose into low molecular weight aromatic carbon
products, yielding carbonaceous residues with high sp* content
that improves charge transport.”***™** GrEC coatings there-
fore enable both long-term ambient storage and exceptional
electrochemical performance for Ni-rich LIB cathode powders.

B RESULTS AND DISCUSSION

LNO powders were synthesized via a hydroxide coprecipita-
tion and calcination method, yielding secondary particles of
LNO that were approximately 10 ym in diameter (Figure S1).
Scanning electron microscopy (SEM) showed that these
secondary particles were composed of individual LNO grains,
which each exhibited a smooth surface morphology (Figure
la) immediately after particle synthesis. After 24 h of exposure
to humidified CO,, the LNO surface became rough, with
jagged features that rendered individual grains indistinguish-
able from one another (Figures 1b and S2). This trans-
formation was indicative of degradation induced by the humid
CO, exposure and was consistent with surface changes
observed in other Ni-rich cathode systems.”®*”***’ To further
investigate the chemical changes associated with this apparent
surface morphological transformation, the degraded samples
were interrogated with Raman spectroscopy, diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS-FTIR), and
X-ray photoelectron spectroscopy (XPS).

Raman spectroscopy of pristine LNO showed peaks that
were assigned to the Ni—O A, (540 cm™) and the E, (460
cm™) vibrational modes (Figure 1c, top),”'*** with no other
peaks clearly present. Surface-sensitive DRIFTS-FTIR of
pristine LNO revealed spectral intensities at wavenumbers
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Figure 2. Electrochemical performance of uncoated LNO before and after humid CO, exposure. (a, b) Activation cycles of (a) pristine LNO and
(b) LNO exposed to humid CO,. Activation was performed at C/10 with a constant voltage hold at 2.8 V vs Li/Li* until the current reached C/20.
The inset in (b) shows a magnified view of the voltage peak present at the initial delithiation shoulder of LNO. (¢, d) Nyquist plots (c) before
cycling and (d) after activation for pristine LNO and LNO exposed to humid CO,.

consistent with C—O stretching (1500 and 1435 cm™') and
CO; bending (865 cm™) (Figure 1d), which suggest that
organic species and lithium carbonate impurities were weakly
present. To further interrogate these surface species, XPS was
used to carefully identify the chemical nature of the pristine
LNO surface. The XPS C 1s spectrum was fit with component
peaks assigned to adventitious C—C bonding at 284.8 eV, C—
O bonding at 286 eV, and C=0 bonding at 287.3 eV (Figure
le, top). At higher binding energies, spectral intensities were
observed and fit to lithium impurities CO5; and HCOj; at 289.6
and 290.9 eV, respectively. Meanwhile, the O 1s spectrum was
fit with component peaks assigned to Ni—O bonding at 528.9
eV, ROLi bonding at 530.5 eV, O—C=0/CO; bonding at
531.5 eV, and C—O/O—C=0 bonding at 533.2 eV (Figure
1f, top). Taken together, these results suggest that the pristine
LNO was relatively clean, containing surface organic species
and carbonate impurities that are generally expected for Ni-
rich layered oxides following synthesis.'®

Exposure of the LNO to humid CO, induced significant
spectroscopic changes, which allowed chemical identification
of the morphological changes observed in SEM. First, Raman
spectroscopy (Figure lc, bottom) showed the emergence of a
peak at 1080 cm™' that was spectrally consistent with prior
reports of carbonate vibrations in Ni-rich cathodes.”'**°
Second, DRIFTS-FTIR (Figure 1d) revealed that spectral
intensities assigned to C—O stretching (1500 and 1430 cm™")
and out-of-plane CO, bending (865 cm™") increased following
exposure to humid CO,, which is consistent with an increase in
carbonate species on the LNO surface.''**¥*~>! Finally, the
XPS C 1s spectrum showed an increase in the carbonate
spectral intensities after exposure to humid CO, (Figure le,
bottom), while the XPS O 1s spectrum revealed that the
carbonate spectral intensities increased simultaneously with
decreased transition metal—oxygen (TM—O) bonding in-
tensities (Figure 1f, bottom). Because these TM—O spectral
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intensities originate from Ni—O bonding in LNO, these results
suggest that an additional carbonate-rich layer is formed on the
LNO surface during exposure to humid CO,.

Humid CO, exposure severely degraded the electrochemical
performance of uncoated LNO, which was evident in the initial
activation cycle. As a baseline, pristine LNO achieved an initial
charge capacity of 252 mAh g~' and a discharge capacity of
240 mAh g, with low polarization during the charge—
discharge process (Figure 2a). In contrast, LNO exposed to
humid CO, exhibited severe charge—discharge polarization,
resulting in a low charge capacity of 214 mAh g™ and a
corresponding discharge capacity of 189 mAh g~' (Figure 2b),
which were ~15% and ~21% lower than the pristine LNO
charge and discharge capacities, respectively. The shape of the
initial charge process provided an additional signature of the
carbonate impurities that were generated during humid CO,
exposure. The initial delithiation voltage for LNO is known to
occur at approximately 3.7 V vs Li/Li*, which was observed for
pristine LNO. However, the voltage shoulder for LNO exposed
to humid CO, was measured at approximately 4.0 V vs Li/Li",
corresponding to an ~300 mV overpotential. Moreover, above
this voltage shoulder, a peak was evident (Figure 2b, inset),
which has been observed previously and is characteristic of the
electrochemical removal of impurity species on the LNO
surface.”””*! This feature was not present in the voltage profile
for pristine LNO.

The increase in electrode polarization was also assessed via
electrochemical impedance spectroscopy (EIS) and equivalent
circuit modeling using a Randles circuit (Figures 2c,d and S3).
Before activation, the charge transfer resistance was higher for
the cell fabricated with LNO exposed to humid CO, (313.2 Q)
compared to pristine LNO (213.8 ). These results indicated
that the surface layer of impurities that formed during humid
CO, exposure was detrimental to the initial electrochemical
behavior and further corroborated the observed polarization
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Scheme 1. A Hydrophobic GrEC Coating Protects the LNO Surface from Ambient Degradation
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increase in the voltage—capacity plots of the initial cycle. After
activation, the cell fabricated with LNO exposed to humid CO,
had a higher measured charge transfer resistance (17.2 Q)
compared to pristine LNO (12.1 Q), suggesting that lithium
impurities negatively impact cell behavior beyond the initial
activation protocol.

To address the issue of ambient-induced degradation, LNO
particles were encapsulated with a protective barrier layer to
preserve the pristine surface state. Because the ambient
degradation of Ni-rich layered oxides requires the presence
of both moisture and CO,”'® limiting the availability of
moisture via an external, the hydrophobic barrier layer is a
promising strategy for preventing the formation of surface
carbonates and hydroxides.””>® Toward this end, LNO
particles were encapsulated with a GrEC coating (Scheme
1). Graphene and ethyl cellulose (EC) were selected due to
their inherent hydrophobic character’*™*’ and combined
ability to form a conformal coating on particles. In particular,
the EC filled in gaps between the graphene nanoflakes,
ensuring that the LNO particles were uniformly encapsulated
and protected from ambient degradation. Because EC is
electrically insulating, it is removed via a low-temperature
pyrolysis step prior to electrochemical testing, which
decomposes the EC into low molecular weight aromatic
carbon with high sp® character.”” These carbonaceous residues
bridge the graphene flakes, thus creating a percolating
electronically conductive network throughout the electrode
that aided charge transport as has been previously demon-
strated for other Ni-rich cathodes such as NMCS532,*
NCA,”** and LNO."

Experimentally, LNO particles were coated by homoge-
neously combining a GrEC dispersion in N-methyl-2-
pyrrolidone (NMP) with LNO powder using a centrifugal
mixer. A subsequent solvent removal step yielded LNO-Gr-EC,
where the graphene and EC formed a uniform coating on the
LNO surface (Figure 3a). The LNO-Gr-EC was then subjected
to 24 h of exposure to humid CO, and examined for changes
to the particle surface morphology. SEM showed that the
GrEC coating successfully preserved the quality of the LNO
surface during the humid CO, exposure, as evidenced by the
lack of changes to the secondary particle shape (Figure 3b).
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Figure 3. Scanning electron microscopy images show no changes in
the surface morphology of the GrEC-coated LNO after 24 h of
exposure to humid CO,. (a) As-coated LNO-Gr-EC, (b) coated
LNO-Gr-EC after 24 h of exposure to humid CO,, (c¢) LNO-Gr
obtained by pyrolyzing LNO-Gr-EC, and (d) LNO-Gr obtained by
pyrolyzing LNO-Gr-EC after 24 h of exposure to humid CO,.

Individual primary particles of LNO were visible below the
thin coating layer and exhibited no discernible changes in
surface morphology, in contrast to the uncoated LNO exposed
to humid CO, (Figure 1b). Because any exposed LNO surfaces
would rapidly react and form impurity species under these
humid CO, exposure conditions, the SEM images suggested
that the GrEC coating was conformal and free of pinhole
defects.

In preparation for electrochemical cycling and spectroscopic
analysis, the EC layer was removed from the system by heating
the LNO-Gr-EC in flowing O, to 300 °C, yielding LNO-Gr.
The EC pyrolysis was conducted on as-coated samples (LNO-
Gr, Figures 3c and S4) as well as samples that were coated and
then exposed to humid CO, for 24 h (LNO-Gr, 24 h humid
CO,, Figures 3c and S5). Raman spectroscopy indicated that
the graphene D/G ratio decreased after this heatm§ step,
confirming the decomposition of EC (Figure $6).”*** T
coating uniformity and quality were invariant even after
thermal pyrolysis of EC, demonstrating that this scheme was
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Figure S. Electrochemical performance of LNO-Gr before and after exposure to humid CO, shows no discernible signatures of degradation. (a, b)
Activation cycles of (a) pristine LNO-Gr and (b) LNO-Gr exposed to humid CO,. Activation was performed at C/10 with a constant voltage hold
at 2.8 V vs Li/Li* until the current reached C/20. The inset in (b) shows a magnified view of the initial delithiation shoulder of LNO-Gr without
any voltage spike present. (c, d) Nyquist plots (c) before cycling and (d) after activation for pristine LNO-Gr and LNO-Gr exposed to humid CO,.

robust and yielded active materials that were compatible with
subsequent electrode fabrication procedures.

Because the pyrolysis temperature of EC*** (300 °C) is
lower than the decomposition temperatures of LIHCO; (350
°C), LiOH (400 °C), or Li,CO; (725 °C),”'®*”*° surface
impurities generated during exposure to humid CO, should be
preserved following the EC removal step and thus detectable
via subsequent spectroscopic analysis. To confirm whether the
EC pyrolysis conditions were sufficient to induce changes in
the surface morphology or chemistry, uncoated LNO that was
exposed to humid CO, was subjected to the same thermal
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treatment. Subsequent SEM, Raman, and XPS analysis of this
powder showed that the rough surface morphology and
carbonate spectral intensities persisted through the heating
procedure (Figures S7—S9). These results suggest that if
lithium impurities formed on the LNO-Gr-EC during storage,
the EC removal step would not remove them from the LNO
surface.

Following the removal of the EC coating, spectroscopic and
gravimetric methods that directly interrogated the LNO-Gr
surface revealed that the GrEC coating indeed mitigated the
formation of surface carbonates and hydroxides upon the
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exposure to humid CO,. The XPS C 1s spectra were fit with
the same component peaks as the uncoated LNO, with the
addition of sp* bonding at 284.0 eV due to the presence of
graphene. No significant changes were observed in the XPS C
Is spectra between the pristine and humid-CO, LNO-Gr
samples (Figure 4a). In the O 1s spectra, component peaks
corresponding to aromatic C=0/CO; and C—O—-C were
assigned at 533.2 and 531.5 eV to account for the
carbonaceous residue produced by EC pyrolysis (Figure 4b),
but again no significant changes were observed between the
pristine and humid-CO, LNO-Gr samples. Similarly, the
Raman spectra of the LNO-Gr samples before and after humid
CO, exposure showed no appreciable differences, especially
near the spectral vicinity of carbonate vibrational modes (1080
em™!, Figure 4c). This trend was also observed for the
DRIFTS-FTIR spectra, which showed no substantial differ-
ences in the intensities corresponding to C—O stretching
(1500 and 1435 cm™) and CO, bending (865 cm™, Figure
4d). Finally, because impurity species should desorb or
decompose at high temperatures, thermogravimetric analysis
(TGA) was performed to quantify the amount of impurity
species present on the LNO (Figure 4¢). Upon heating to 500
°C, the pristine LNO showed minimal mass loss (less than 0.1
wt %), suggesting that the LNO was relatively impurity-free. In
contrast, the uncoated LNO exposed to 24 h of humid CO,
lost 1.5% of its mass upon heating to 500 °C, which was
attr;l;‘l;ted to the decomposition of carbonate species near 350
OC. ’

Compared to the uncoated LNO, the mass loss behavior for
the GrEC-coated LNO before and after exposure to humid
CO, was nearly identical (0.7 wt % loss at 500 °C), which
suggested that the impurity levels on both samples were
comparably low. Notably, both LNO-Gr samples exhibited a
mass decrease beginning at approximately 300 °C. Because
other analytical techniques suggested that the LNO-Gr sample
was largely free of impurities, this mass loss was attributed to
the pyrolysis of the carbonaceous residue that remained after
the initial EC removal.*® To test this hypothesis, TGA was
performed on GrEC powder that was prepyrolyzed under
identical conditions as the LNO-Gr samples (Figure S10). The
GrEC powder similarly showed mass loss below 500 °C,
confirming that the mass loss observed for the LNO-Gr
samples was due to the pyrolysis of residual carbon.

Finally, the LNO-Gr electrodes were galvanostatically cycled
to search for electrochemical signatures of impurity species.
During the activation cycle, the pristine LNO-Gr sample
exhibited no evidence of compromised electrochemical
behavior, achieving a charge capacity of 253 mAh g™' and a
discharge capacity of 240 mAh ¢! (Figure 5a). Similarly, the
LNO-Gr sample after exposure to humid CO, achieved a
charge capacity of 245 mAh g~' and a discharge capacity of
230 mAh g~ without a discernible voltage peak at the shoulder
near 3.7 V vs Li/Li* (Figure Sb). The charge transfer
resistances of the pristine LNO-Gr sample and the LNO-Gr
sample after exposure to humid CO, were similar before
cycling (176.9 Q vs 191 €, respectively; Figure Sc) and after
activation (12.3 Q vs 13.2 Q, respectively; Figure 5d). To
verify that the benefits of the GrEC coating extend beyond the
first activation cycle, the LNO-Gr sample and the LNO-Gr
sample after 24 h of exposure to humid CO, were
galvanostatically tested to 100 cycles. The extended cycling
results showed nearly identical long-term cycling behavior for
the two samples (Figure S11), thus confirming that the LNO
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underneath the GrEC coating was essentially unchanged
during humid CO, exposure. Altogether, the galvanostatic
cycling and EIS results showed that the GrEC coating
protected the LNO from degradation during exposure to
humid CO, and had no deleterious effects on subsequent
electrochemical behavior.

Overall, this work builds upon prior research that
investigated the value imparted by GrEC coatings on a wide
range of lithium-ion battery electrode chemistries in the
context of cycling stability and electronic conductivity.”**~*
This previous work extensively explored the beneficial impacts
of GrEC coatings on LNO"” and related layered oxides due to
reduced chemomechanical degradation, suppressed deleterious
phase transitions near the top of charge, and improved rate
capability.”**>** Building on this promising precedent, the
research presented here further demonstrates that the same
coating technology can address the ambient sensitivity of
LNO, which has extremely strict storage requirements among
the family of Ni-rich layered oxides. Therefore, this work
establishes a secondary material platform that can be broadly
applied not only to lithium-ion battery cathode materials but
also to other ambient-reactive materials that can benefit from
the additional electronic conductivity imparted by pyrolyzed
GrEC coatings.

B CONCLUSION

In this work, we addressed the ambient degradation of LNO by
coating particles with a uniform, hydrophobic coating
composed of graphene and ethyl cellulose. Compared to a
control sample of bare LNO powder, which formed significant
surface lithium impurities after 24 h of exposure to humid
CO,, the coated LNO-Gr-EC was highly resistant to
degradation. X-ray photoelectron, Raman, and DRIFTS-FTIR
spectroscopies showed no spectral evidence of carbonate
formation on LNO-Gr-EC after exposure to humid CO,,
corroborating the lack of surface morphological changes in
SEM and mass changes in TGA. Moreover, the presence of
lithium impurities is known to introduce greater electrode
polarization, higher impedance, and a voltage peak near the
delithiation shoulder in the activation cycle, indicating that the
lithium impurities severely compromise electrochemical
performance. These characteristics were clearly present for
uncoated LNO following exposure to humid CO, but were
absent for the coated LNO-Gr-EC electrode exposed to the
same conditions. Overall, this study establishes a scalable
strategy for improving the ambient stability of Ni-rich cathode
materials. By demonstrating this scheme for the Ni-rich limit of
the layered lithium transition metal oxide family (i.e., LNO),
this work can also be applied to related Ni-rich chemistries
such as NMC and NCA that are widely used in electric
vehicles and related energy storage technologies.

B EXPERIMENTAL METHODS

LNO Synthesis. LNO powder was synthesized at the Argonne
National Laboratory (ANL) Materials Engineering Research Facility
(MERF) using a procedure that was slightly modified from previous
reports.sz’53 In particular, Ni(OH), precursor powders were
synthesized continuously in a 10 L Taylor Vortex Reactor (TVR)
via the hydroxide coprecipitation method using NiSO,-6H,0 as the
starting material. Nickel sulfate salts were first dissolved in nitrogen-
purged deionized water to obtain a 2 M solution. A 4 M solution of
NaOH was employed as a coprecipitating agent, while the chelating
agent was 4 M NH,OH. The pH and temperature of the solution
inside the reactor were maintained at 11.8 (+0.02) and 50 °C (+0.2
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°C), respectively. The reactor was filled with nitrogen-purged
deionized water before pumping in the reactants, and the inner
cylinder was rotated at 900 rpm to create a Taylor vortex flow pattern
inside the gap between two concentric cylinders where the reaction
proceeded. The nickel sulfate solution was fed at ~17 mL min~', and
NH,OH was introduced at ~8.5 mL min™". The NaOH flow was
adjusted to maintain the pH of the solution. The final precursor
powder was produced continuously with a yield of ~170 g h™". The
precipitated product was washed thoroughly with nitrogen-purged
deionized water until the conductivity of the solution was below 20 uS
cm™". The washed powder was then dried overnight at 120 °C under
vacuum to obtain the hydroxide precursor with a tap density of 1.94 g
cm™ and particle size (DS0) of 9.36 um. The final LNO powder was
obtained after calcination with LiOH at 665 °C for 12 h with a
heating ramp of 2 °C min™' under an O, atmosphere in a modified
box furnace. The LNO powder had a final tap density of 2.31 g cm™
and a particle size (D50) of 9.66 um. Prior to use, LNO powders were
subjected to a low-temperature thermal cleaning process at 250 °C for
1 h under flowing oxygen to remove weakly adsorbed impurity
species. The ramp rate used for this step was 5 °C min™'. After
cooling, the cleaned LNO powder was then immediately moved into
an Ar glovebox (VAC Omni-Lab) with less than 0.5 ppm of oxygen
for long-term storage.

Graphene—Ethyl Cellulose Production. Graphene—ethyl cellu-
lose powder was produced using a previously established liquid-phase
exfoliation method.”**~** Briefly, 100 g of 150 mesh flake graphite
(MilliporeSigma) was mixed with 6 g of ethyl cellulose powder (4 cP,
MilliporeSigma) and 1 L of 200-proof ethanol in a Silverson LSM-A
shear mixer at 10230 rpm for 2 h. The dispersion was retrieved and
centrifuged for 20 min at 7500 rpm in a Beckman Coulter J26 XPI
centrifuge to remove unexfoliated graphite, which was discarded. The
supernatant from this step was then flocculated with a 0.04 g/mL
solution of NaCl in water until the final dispersion reached a 1.74:1
ratio of graphene dispersion:sodium chloride solution. After a final
centrifugation step at 7500 rpm for 7 min, the GrEC powder was
harvested, rinsed with deionized water, vacuum filtered, and dried
under infrared light overnight. The powder was analyzed using
thermogravimetric analysis, which revealed that the GrEC powder was
approximately SO wt % graphene.

Humidity Exposure. A chamber was used to expose LNO
powders to humid CO, (99.9% purity). Specifically, incoming CO,
(99.9% purity) was humidified prior to reaching the chamber by
flowing through an Erlenmeyer flask that was filled halfway with
deionized water, placed on a hot plate set at 100 °C, and sealed with a
rubber stopper. Two plastic tubes were inserted into the two holes in
the rubber stopper to supply incoming dry CO, and carry outgoing
humidified CO,, allowing the flask to function as a bubbler. A small
hygrometer was left inside the chamber to measure the internal
relative humidity, which was approximately 60% RH during gas flow.
After humidity exposure, the powder was retrieved and dried in an 80
°C vacuum oven (ThermoFisher Lindberg Blue M) overnight to
desorb additional moisture prior to subsequent analysis and electrode
fabrication. The powder was then moved into an Ar glovebox (VAC
Omni-Lab) for long-term storage.

Electrode Fabrication. Control electrodes were fabricated by
mixing a 90:5:5 mass ratio of LNO, Super P conductive carbon black
(MTI Corporation), and poly(vinylidene fluoride) (PVDF, MTI
Corporation). To improve slurry homogeneity, the PVDF was
dissolved in N-methyl 2-pyrrolidone (NMP, anhydrous, Millipor-
eSigma) at 60 °C overnight to form a 6 wt % solution. The PVDF
solution and carbon black were first mixed with additional NMP such
that the total solids percentage in the final slurry was approximately
45 wt %. Mixing was performed in a centrifugal mixer (Thinky USA)
at 800 rpm for 3 min, 1200 rpm for 3 min, 1600 rpm for 3 min, 2000
rpm for 3 min, and 2000 rpm for 3 min. In between each mixing step,
the slurry was allowed to rest for 1 min without agitation. After a
homogeneous slurry of carbon black, PVDF, and NMP was obtained,
LNO was added and mixed again using the same protocol. The slurry
was then cast onto carbon-coated aluminum foil (MTI Corporation),
dried in a convection oven set at 120 °C for 15 min (BINDER
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GmbH), and followed by a final drying step under dynamic vacuum at
80 °C overnight (ThermoFisher Lindberg Blue M). The resulting
active material loading was approximately S mg; o cm™ Electrode
discs were punched out and calendered to a final electrode porosity of
approximately 40% using an electric cold roller press (MTI
Corporation).

To coat LNO particles, GrEC powder was first dispersed in a
5.33:1 vol/vol mixture of ethanol and NMP (anhydrous, Millipor-
eSigma). The ratio of ethanol to graphene in the mixture was
approximately 5 mg mL™'. To impart mechanical stability to the
coating, multiwalled carbon nanotubes (MWCNTs, MilliporeSigma)
were also added such that the mass ratio of graphene to MWCNTs
was approximately 8:1. These components were homogeneously
dispersed using a Fisher Scientific Sonic Dismembrator Model 500
equipped with a 1/4 in. tip for 1 h at a power output of 40 W. Next,
the dispersion was placed on a hot plate set at 90 °C to evaporate the
ethanol. LNO powder was added to the dispersion at a 97.5:2 mass
ratio of LNO to graphene and homogeneously incorporated into the
dispersion using a centrifugal mixer (Thinky USA). The mixing
protocol used was 800 rpm for 3 min, 1200 rpm for 3 min, 1600 rpm
for 3 min, 2000 rpm for 3 min, and 2000 rpm for 3 min, with a 1 min
rest period in between each mixing step. The dispersion was used for
electrode preparation by casting onto aluminum foil, drying at 120 °C
for 15 min in a convection oven (BINDER GmbH) and a final step in
an 80 °C vacuum oven (ThermoFisher Lindberg Blue M) for
overnight drying. LNO-GrEC electrodes with active material loadings
of approximately 5 mg o cm™ were punched out and calendered
identically to the control electrodes. Ethyl cellulose (EC) pyrolysis
was accomplished by heating samples under flowing O, in a tube
furnace (ThermoFisher Lindberg Blue M) to 300 °C for 1 hata S °C
min~! ramp rate.

Coin cells (2032-type) were assembled in an Ar glovebox (VAC
Omni-Lab). Cells were assembled with Celgard 2325 as the separator
and lithium metal (China Energy Lithium, Co.) as the counter
electrode. In each coin cell, 100 yL of 1 M LiPFg in ethylene
carbonate/ethyl methyl carbonate (EC/EMC, 50/50 v/v, Millipor-
eSigma) was used as the electrolyte.

Electrochemical Characterization. Galvanostatic cycling was
performed between 2.8 and 4.6 V vs Li/Li* with an Arbin LBT-20084
64-channel battery cycler. The cells were activated with five cycles at
0.1 C using a constant-current constant-voltage protocol on discharge,
where the voltage was held constant at the end of the discharge step
until a cutoff value of C/20. During extended cycling, the cells were
charged and discharged at 1 C. Here, 1 C is defined as the current
required to fully discharge LNO in 1 h. Electrochemical impedance
spectroscopy (EIS) measurements were performed on fully dis-
charged cells using a Bio-Logic VSP potentiostat between 1 MHz and
10 mHz. Equivalent circuit modeling was performed using the EC-
Lab software (Biologic).

Scanning Electron Microscopy (SEM). A Hitachi SU8030
scanning electron microscope was used for SEM. Powder was
deposited onto double-sided carbon tape adhered to an SEM stub.
Prior to imaging, samples were also coated with 7 nm of Os using an
osmium coater (SPI supplies). Imaging was performed at an
accelerating voltage of 2 or 10 kV and a current of 10 mA.

X-ray Photoelectron Spectroscopy (XPS). XPS analysis was
performed using a Thermo Scientific ESCALAB 250 Xi+ (Al Ka
radiation, ~1486.6 eV) at a base pressure of ~2 X 10~® Torr and an
analysis spot size of 900 ym. During the analysis, samples were charge
compensated with a flood gun. Depth profiling was performed with an
Ar" gun at 2 keV, corresponding to an approximate etching rate of
0.11 nm s™. To prepare samples for analysis, a spatula was used to
press powder onto double-sided copper adhesive tape on the sample
holder, which left an optically dense layer of LNO. The amount of
ambient exposure time during this step was less than 30 s. Peak fitting
was performed using the Thermo Scientific Avantage software, with
charge calibration set to adventitious carbon at ~284.8 eV.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectroscopy was performed in diffuse reflectance mode using a
Nicolet iS50 spectrometer (Thermo Fisher) equipped with a DRIFTS
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module. To prepare samples for DRIFTS-FTIR, KBr powder was
mixed with LNO at a ratio of 99:1 using a mortar and pestle inside an
Ar glovebox. Spectra were acquired with an average of 64 scans at a
resolution of 4 cm™". Because the scans were conducted in ambient
conditions with CO, present, the spectra of the LNO powders were
normalized using the intensities of the CO, doublet (located at 2330
and 2360 cm ™) to allow for direct comparison between samples.

Raman Spectroscopy. Raman spectroscopy was conducted using
a HORIBA LabRAM HR Evolution Confocal Raman microscope
equipped with a 532 nm laser. 60 spectra were acquired and averaged
using a 600 g/mm grating for S s.

Thermogravimetric Analysis (TGA). Thermogravimetric anal-
ysis was performed using a Mettler Toledo TGA/DSC 3+ under
flowing dry air. Prior to TGA, all powders were dried at 80 °C under
dynamic vacuum to desorb moisture and then loaded into alumina
crucibles for data acquisition.
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