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ABSTRACT: Nickel-rich cathode materials are quickly becoming the next
commercial cathode for electric vehicles; however, their long-term cycle life
retention and air stability remain a barrier to the use of these lower-cost,
higher-energy density materials. Surface reactivity and mechanical degrada-
tion, especially at high voltages, remain two issues that impede these
material’s commercialization. While surface treatments have shown great
promise in reducing surface reactivity, mechanical degradation or “cathode
cracking” persists yet. In the present work, LiNi0.9Mn0.05Al0.05O2 (NMA)
cathode materials are first pulverized into their primary particle constituents
and then coated with lithium phosphate via solution-based chemistry with
varying concentrations of phosphoric acid. The cathodes are characterized
using energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, transmission electron microscopy, electrochemical
impedance spectroscopy, and electrochemical cycling. After 100 cycles, the pulverized NMA cathodes coated using the lowest
concentration of phosphoric acid show delayed voltage decay and double the discharge capacity compared to the pristine material in
full cells during high-voltage cycling.
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■ INTRODUCTION

Lithium-ion batteries are at the forefront of the coming electric
vehicle revolution due to their relatively high specific and
volumetric capacities, longevity, and plummeting cost.1−3 A
typical commercial battery will have a transition-metal (TM)
oxide as its cathode, with LiCoO2 being the first widely
available and most successful metal oxide cathode. However,
this material suffers from low practical capacity, safety
concerns, unreliable raw material sourcing, and high cost.4−7

Therefore, there has been an effort to both decrease the cost
and increase the capacity of these cathodes by replacing Co
with Ni to ever-greater extents.8

Nickel can more readily oxidize to its Ni3+/4+ oxidation state
because its energy band does not overlap with that of the
O2−:2p band in TM oxide cathodes. The same cannot be said
of Co3+/4+ because its overlap with the O2−:2p band causes
oxygen release from the TM oxide structure when Li1−xCoO2
is delithiated beyond 50% (x > 0.5) on charging,9 limiting its
practical capacity to 140 mA h/g.10,11 Nickel is also cheaper
and has more reliable raw material sourcing.12 Unfortunately,
these nickel-rich cathode materials experience cycle life
reduction due to several factors including electrolyte-induced
surface nickel reduction,13 particle fracture,13 air instability,
and cation mixing.14 Ni4+ can undergo reduction by carbonate
electrolytes and form NiO-type rock-salt phase impurities,
which reduce the available active sites and impede facile

lithium-ion transport.13 Particle fracture is induced between
weakly bound primary particles in the secondary particle
structure due to anisotropic lattice expansion/contraction
during lithiation/delithiation. This leads to fracturing at the
grain boundary and infiltration of the electrolyte, which
reduces Ni4+ and leads to more phase impurity and active-site
loss.15 Residual lithium compounds (Li2O, LiOH, and
Li2CO3) can form on nickel-rich cathode surfaces via exposure
to air during material synthesis and electrode processing
causing the gelation of electrode slurry and gas generation on
cycling.14 Finally, due to similar radii of Ni2+ (0.69 Å) and Li+

(0.76 Å), Ni2+ can be incorporated into active sites and reduce
lithium transport in the layered structure.16

To mitigate the above issues, several strategies have been
attempted: doping,17−19 surface modification,20 surface mod-
ification via intentional electrolyte additive decomposi-
tion,21−23 process refinement,24,25 TM concentration gra-
dient,26 core−shell structures,27 grain boundary tailoring,28

and single-crystalline morphology.29,30 Individually, these
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modifications fail to generate nickel-rich cathode materials
with optimum cycle life retention and air stability for
commercial use. Particle cracking may still occur with high-
voltage cycling, slowly degrading performance, and air
instability allows residual lithium compounds to form during
material synthesis and electrode production.
In this work, two mitigation strategies have been combined

to limit particle fracture and surface degradation caused by air
instability. First, Co-free Ni-rich NMA (LiNi0.9Mn0.05Al0.05O2),
which demonstrates excellent capacity retention with moderate
voltage windows,31 was ball-milled to effectively “pre-crack”
the secondary particles into their primary constituents or single
crystallites. Currently, the synthesis parameters of NMA are
rather constrained due to its high aluminum content, which
can cause secondary phases to appear during calcination.31

This limits the possibility of growing single-crystalline NMA.
Ball milling allows the use of the NMA material without the
limitations of its secondary structure facture as stated above.
Second, these primary particles were coated with lithium
phosphate using varying concentrations of phosphoric acid.
This manufacturing-friendly, solution-based chemistry protects
the primary particles from detrimental side reactions
potentially exaggerated by its high surface-to-volume ratio.
With the appropriate concentration of phosphoric acid, the
pre-cracked cathode powders have a higher volumetric energy
density and greater high voltage and air stability, with double
the cycle life retention in full cells cycled at high voltages.

■ EXPERIMENTAL SECTION
Materials Synthesis. The spherical Ni0.9Mn0.05Al0.05(OH)2

precursor of 10−12 μm diameter was synthesized through
coprecipitation of NiSO4·6H2O, MnSO4·H2O, and Al(NO3)3·9H2O,
as described in a previous publication.31 Briefly, aqueous solutions of
the metal-ion sources were prepared with appropriate molar ratios
and pumped into a 10 L continuously stirred tank reactor under a
nitrogen atmosphere. Aqueous solutions of KOH and NH4OH were
also fed to the reactor to control the pH and precipitation rate. The
reactor temperature, pH, and stir rate were carefully controlled for the
extent of coprecipitation. Once complete, the resultant
Ni0.9Mn0.05Al0.05(OH)2 was washed thoroughly, vacuum-filtered, and
allowed to dry overnight. To synthesize LiNi0.9Mn0.05Al0.05O2 (NMA),
the coprecipitated mixed-metal hydroxide was mixed with LiOH·H2O
in a molar ratio of 1:1.01 and subsequently calcined under flowing
oxygen at 760 °C for 12 h.
Ball Milling. A high-energy, planetary ball milling process was

employed to pulverize the cathode active materials into a semiuniform
nanostructure, as previously investigated using NMC532 (Li-
Ni0.5Mn0.3Co0.2O2).

32 A 1:10 weight ratio of cathode active materials
(5 g NMA) and ZrO2 spheres (50 g of 3 mm diameter) were inserted
into a ZrO2 vessel (25 ml) and sealed in an Argon atmosphere. The
chamber was fixed inside a Retsch PM 200 planetary mill and
operated at a speed of 450 rpm. The milling procedure included
grinding and rest times of 60 and 20 s, respectively, and included a
reversal of rotation direction after each rest. An operational time of 75
min was used to obtain nanoscale primary particles as assessed by
scanning electron microscopy (SEM) (see below). The specific
surface area and pore size distribution of the samples were measured
in a Micromeritics ASAP 2020 apparatus at 77 K in N2, using sample
sizes of 346 and 1335 mg for the ball-milled and pristine cathodes,
respectively. The relative pressure regimes for the Brunauer−Emmet−
Teller (BET) analysis were chosen according to the criteria for
evaluating the BET surface areas of microporous materials.32 Tap
density was measured using an Anton Paar Dual Autotap with a tap
height of 3 mm and 260/min tap rate. The cylinder was tapped until
density stabilized after approximately 5000 taps.

Phosphate Coating. Lithium phosphate coatings were performed
using a diffusion-controlled reaction with phosphoric acid in an
ethanol solution. A similar method for performing the phosphate
coatings was described previously.33 Phosphoric acid (Sigma-Aldrich)
and pristine NMA of varying weight ratios were mixed with
anhydrous ethanol (Sigma-Aldrich) in an argon glovebox. The
solution was stirred and brought to 85 °C until the solvent
evaporated. The dried powder was then loaded into a tube furnace
and heated to 500 °C for 5 h in air.

Cell Fabrication and Electrochemical Testing. The coated and
uncoated NMA (90 wt %) were weighed in air and mixed with carbon
black (5 wt %) and PVDF from MTI Corp. (5 wt %) in NMP (Sigma-
Aldrich) for 3 min using a speed mixer. The slurry was then coated
onto an aluminum foil in air using a doctor blade and then placed in a
vacuum oven to be dried overnight at 100 °C. All electrodes were
fabricated with an approximate energy-to-area density of 1 mA h/cm2.
The electrodes were weighed and assembled into either half or full
coin cells in an argon glovebox with <0.1 ppm water and O2. Graphite
and lithium metal were obtained from MTI Corp. All cells were
assembled using 60 μL of the Gen-2 electrolyte [comprising 1.2 M
lithium hexafluorophosphate (LiPF6) in a mixed solvent of ethylene
carbonate ethyl methyl carbonate (3:7 by weight) purchased from
Tomiyama)] and cycled at room temperature. Charge and discharge
steps were all performed under constant current conditions without
any constant voltage step. Formation occurred at C/10 (1 C = 180
mA h/g) charge/discharge rates and subsequent cycling occurred at
C/3. A rest time of 15 min was allowed between charge and discharge.

X-Ray Photoelectron Spectroscopy. X-Ray photoelectron
spectroscopy (XPS) was performed using a Scientia Omicron HiPP-
3 system using Monochromatic Al Kα X-rays with 1496.7 eV
excitation energy. The X-rays liberate core level electrons from an 800
μm diameter spot. The kinetic energy photoelectrons are then
measured and via the photoelectric effect, a plot of photoelectron
intensity versus binding energy is obtained. Equipment was calibrated
to Au 4f7/2 = 83.98 eV using an argon sputter-cleaned Au foil. Each
sample was exposed to air for 60 min and then analyzed using 200 eV
pass energy and a 500 μm slit size in ultra-high vacuum conditions ∼1
× 10−7 mBar. For all scans, the adventitious C−C peak was calibrated
to 284.6 eV.

X-Ray Diffraction. X-Ray diffraction (XRD) data were acquired
using a PANanalytical Empyrean detector using Cu radiation. The
samples were prepped on a glass slide and ground into a fine powder
using a razor blade. Gonio 2-theta scans were taken using a divergence
slit of one-fourth, an anti-scatter slit of 1, and a 1 mm mask. Rietveld
refinement was performed using High-Score Plus software and pattern
matched using the ICSD database. The lattice parameters, site
occupancy, sample alignment, roughness, and scale factor were refined
to fit the spectra.

■ RESULTS AND DISCUSSION

Ball Milling and Li3PO4 Coating. The NMA active
material’s secondary particles were mechanically pulverized, or
pre-cracked, into primary particles or single crystallites using
the ball milling technique. A set gravimetric ratio of cathode
active material powder and ceramic balls were placed in a
ceramic chamber and run through a planetary ball mill over a
set revolution speed and length of time to achieve the
appropriate pulverization for this study as assessed by SEM
(Figure 1). Previously, Kim et al. employed a high-energy ball
milling method to prepare nanostructured electrodes with
much smaller particle sizes, ultimately leading to a much higher
first charge/discharge capacity compared to bulk-type electro-
des.32 Stein et al. performed a parametric study of the effect of
ball milling times, speeds, and compositions and found it
possible to tune the cathode active material particle size. They
also discovered that high milling speeds and long milling times
resulted in smaller crystallite sizes; however, they found that
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the electrochemical performance suffers.34 Pan et al. uncovered
similar results and suggested that electrochemical degradation
is strongly correlated with damage to the lamellar structure of
cathode particles induced by milling and lithium carbonate
formation.35 In our study, ball milling takes place in an inert
atmosphere to avoid the formation of residual lithium
compounds. A 1:10 weight ratio of NMA active material to
3 mm zirconia milling media milled at 450 rpm for 75 min
achieved the desired effect of pulverizing the particles’
secondary structure as evaluated by SEM (Figure 1).
XRD Analysis. Phase purity of the ball-milled NMA (BM-

NMA) was compared to the pristine material (P-NMA) via
XRD (Figure 2) and reveals that both samples have a
hexagonal α-NaFeO2-type structure of the R3̅m space group
and neither sample shows any phase impurity. Both samples
show splitting of the (018)/(110) and (006)/(012) peaks,
signifying a high degree of crystallinity, although a larger
FWHM of these doublets and the (003) peak for the BM-
NMA suggests a smaller crystallite size caused by the
pulverization of some of the primary particles (Figure S1,
Supporting Information). Crystallite sizes based on the
Scherrer equation using the (003) diffraction peak yields 51
nm for the pristine and 44 nm for the ball-milled material.
Lattice parameters for both the a and c axes show negligible
changes based on Rietveld refinement (Table S1, Supporting
Information). Rietveld refinement yields lithium/nickel cations
mixing for the P-NMA and the BM-NMA of 3.6 and 4.3%,
whereas the integrated intensity ratios of I(003)/I(104) yields
1.299 and 1.263, respectively.
Mechanical pulverization of the NMA secondary structure

increases tap density mildly and greatly increases the material’s
surface area, the measured tap density and BET surface areas
are 2.02 and 2.07 g/cm3 and 0.66 and 4.49 m2/g for the P-
NMA and BM-NMA, respectively. To avoid the negative
effects of having a large cathode surface area exposed to the
electrolyte during electrochemical testing, a lithium phosphate
coating was applied to the surface of both the ball milled and
the non-ball milled material. Sun et al. used phosphoric acid to

create a 10 nm thick lithium phosphate layer and proposed
that lithium carbonate and lithium hydroxide residual
compounds are consumed to form lithium phosphate on
heating.33 The increased capacity retention of the lithium
phosphate-coated material can be attributed to lithium
phosphate’s high ionic conductivity and its voltage stability
(0−4.7 V) (all voltages are V vs Li/Li+),36,37 whereas the
residual lithium compounds impede facile lithium-ion
diffusion.38 The lithium phosphate coating method has been
reported previously.33,39 Samples were placed in a beaker
containing anhydrous ethanol and phosphoric acid of various
concentrations. Starting concentrations (1 wt %) were
determined by Sun et al. and decreased to 0.4 wt % with the
goal of a thinner lithium phosphate coating.33 The ethanol was
evaporated at 80 °C, while the solution was stirred and the
resulting powder was baked at 500 °C in air.

Transmission Electron Microscopy/Energy-Dispersive
X-Ray Spectroscopy. To confirm that lithium phosphate was
successfully formed on the NMA’s surface, and to gain insights
into the coating thickness and uniformity, transmission
electron microscopy (TEM) images were obtained for the
UTC-BM-NMA (Table 1) material (Figure 3). The coating
thickness ranges from barely detectable to 7 nm, does not
appear to be conformal, and individual particles seem to have a
large variation in coating thickness. Energy-dispersive X-ray
spectroscopy (EDX) analysis shown in Figure 4 was also used
to identify the lithium phosphate coating and its uniformity.
The k-alpha signals of the ball-milled and lithium phosphate-
coated samples show a clear phosphorous signal. Spatially, the
peak counts Al, Mn, Ni, and P closely align, and the particle

Figure 1. Pristine NMA’s secondary particle structure (a) and NMA
after mechanical pulverization using the ball mill technique (b) as
seen in SEM. Images are the same scale.

Figure 2. XRD data comparing pristine NMA (a) and ball-milled
NMA (b) with their corresponding Rietveld mismatch.
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shape can be delineated from the scan, indicating that most of
the NMA particle has at least some phosphate coating. There
are clear regions with higher P counts compared with the bulk
metal oxide suggesting a nonuniform coating, in agreement

with the TEM scan. Similar results were obtained by Sahni et
al.39 Although the coating thickness shows large variations,
there appears to be P present in all regions where the TMs are
found, signifying at least partial protection for large portions of
the NMA surface.

XPS Analysis. Samples of coated and uncoated NMA were
exposed to air for 60 min to allow for partial growth of residual
lithium species and analyzed with XPS prior to cycling. See
Table 1 for sample names and a brief description. The O 1S
XPS peak for the uncoated, BM Li3PO4-coated, and the non-
BM Li3PO4-coated NMA hint at possible explanations for the
increased capacity retention of the coated NMA material
(Figure 5). The characteristic Li2CO3 peak at 532 eV can be
seen in all three samples and is shifted ∼0.43 eV for the coated
samples toward the lithium phosphate O 1S peak. Panels B and
C both show the emergence of a fifth oxygen peak at 531.5 eV,
which corresponds to lithium phosphate and is corroborated
by phosphate peaks at 133.6 eV in the P2p scans (Figure 5d).
The lattice oxygen (M−O) peak is seen as a shoulder in the
uncoated P-NMA sample and as a distinct peak in the Li3PO4
samples. It can be speculated that the decreased peak area of
LiOH in the UTC-BM-NMA and UTC-NMA accounts for the
change in the shape of the M−O peak envelope as the LiOH
peak area falls from 29% in P-NMA of the total area to 17 and
3.1% for UTC-BM-NMA and UTC-NMA samples, respec-
tively. The M−O peak is also shielded for the P-NMA due to
the uncoated sample having ∼9% more Li2CO3 and ∼12−27%
more LiOH than the UTC-BM-NMA and UTC-NMA
samples, respectively. Indeed, the deconvoluted peak ratios
of CO3

2−/MO and OH−/MO (Table 2) suggest that the
uncoated sample has more residual lithium compounds, and
this supports the assertion by Sun et al. that the phosphoric
acid consumes these species to form Li3PO4.

33 When
comparing the three ratios in Table 2 between the UTC-
NMA and P-NMA, the high value for CO3

2−/OH− indicates
that LiOH may be preferentially consumed during the coating
process. That is, the lithium phosphate coating increases the air
stability of the P-NMA by consuming the residual lithium
compounds and converting them into an ionically conductive
protective coating. Of the two coated samples, peak
deconvolution suggests (Figure 5b,c) both have less Li2CO3
and LiOH than P-NMA with the BM material showing more
Li2CO3 and LiOH. Because both the BM-NMA and the non-
ball-milled UTC-NMA materials were exposed to the same
concentration of phosphoric acid, the BM-NMA sample has
less Li3PO4 and therefore, more residual lithium compounds
due to its greater surface-area-to-volume ratio. The P 2p scans
(Figure 5d) show a clear phosphorous signal near 134 eV for
the UTC-NMA sample. The peak area ratios match an
expected degeneracy of 2:1 between the 3/2 and 1/2 spin−

Table 1. Sample Names and Their Brief Descriptiona

sample name description
ball

milled

lithium phosphate coating
(NMA wt/phosphoric acid

wt)

P-NMA pristine NMA no no
BM-NMA milled NMA yes no
C-NMA coated NMA no yes (100:1)
C-BM-NMA milled and coated

NMA
yes yes (100:1)

TC-NMA thinly coated
NMA

no yes (175:1)

TC-BM-NMA milled and thinly
coated NMA

yes yes (175:1)

UTC-NMA ultra-thinly
coated NMA

no yes (230:1)

UTC-BM-NMA milled and
ultra-thinly
coated NMA

yes yes (230:1)

aAll milled samples were milled using the process outlined in the
Experimental Section. All coated samples were coated with lithium
phosphate using varying concentrations of phosphoric acid during the
solution coating to apply ever thinner lithium phosphate coatings.

Figure 3. Lithium phosphate-coated NMA (a,b). The layered
structure of the NMA can clearly be seen and a thin, nonconformal,
coating of approximately 3 nm is outlined in red.

Figure 4. EDX image showing the k-alpha scans of nickel (a), manganese (b), and phosphorous(c). High P count density (red dash) and low P
count density (white dot) indicate an uneven coating.
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orbit coupling with the 3/2 peak at 133.4 eV and the 1/2 peak
at 134.3 eV as expected for lithium phosphate.39

Electrochemical Impedance Spectroscopy. To analyze
changes in the resistance of the coated material caused by the
exposure to different concentrations of phosphoric acid during
the solution-coating process (see Table 1), electrochemical
impedance spectroscopy (EIS) was used after formation at a
C/10 rate between 2.8 and 4.4 V in half coin cells (Figure 6a).

A frequency range of 0.1Hz-1MHz was used with an AC
perturbation of 10 mV. Measurements were taken at RT with
approximately 50% SoC (based on the first discharge voltage
profile). All cells show a solution resistance of 4 Ohm ( ±2

Figure 5. Oxygen 1s XPS scan data for P-NMA (a), UTC-BM-NMA
(b), and UTC-NMA (c), showing a peak shift at 532.5 eV for samples
coated with Li3PO4. Phosphorus P 2p scans showing metal
phosphates on UTC-NMA and not P-NMA (d).

Table 2. Peak Ratios of Various O 1s Peaks Found in XPS Spectra (Figure 5)a

peak ratio P-NMA (Figure 5a) UTC-BM-NMA (Figure 5b) UTC-NMA (Figure 5c)

CO3
2−/OH− 2.0 3.0 27

CO3
2−/MO 6 1.4 3.0

OH−/MO 3.0 0.5 0.1

aPeaks ratios suggest that the P-NMA samples contain more Li2CO3 and LiOH. The high value of CO3/OH for the UTC-NMA sample suggests
that LiOH is preferentially consumed during the coating process.

Figure 6. EIS data for P-NMA and ball-milled material with exposure
to varying concentrations of phosphoric acid after formation (a). The
Rsf of P-NMA increase between post-formation (a) and after 125
cycles (b). High-frequency region (inset).
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Ohm). In coated nickel-rich cathodes, the first semicircle in the
high-frequency region is assigned to the surface film resistance
(Rsf) of the solid electrolyte interface (SEI).40 As expected, the
BM-NMA material shows the highest Rsf (280 Ohm) with its
large surface area-to-volume ratio exposed to the electrolyte.
The Li3PO4-coated samples have a lower Rsf resistance, which
decreases along with the concentration of phosphoric acid,
implying the lithium phosphate coatings are thinner with lower
phosphoric acid concentrations. The Rsf for the UTC-BM-
NMA (23 Ohm) is similar to the P-NMA (22 Ohm) after
formation. The Nyquist plot for P-NMA, UTC-NMA, and
UTC-BM-NMA after 125 cycles is shown in (Figure 6b). As
the cells have cycled at high voltages, the Rsf of the P-NMA (42
Ohm) has increased by 20 Ohm, while the UTC-NMA and the
UTC-BM-NMA Rsf remain unchanged. The Rct for the P-
NMA increases by 15% and remains the same for the UTC-
BM-NMA after cycling. This could indicate an increase in the
SEI thickness for the P-NMA or because a 50% SoC was

determined by the voltage of the cell just after formation and
could be caused by the difference in capacity between the P-
NMA and UTC-BM-NMA cells making it difficult to perform
EIS at the same SoC.41

Electrochemical Cycling. Initial cycling results for the P-
NMA, BM-NMA, C-NMA, and C-BM-NMA materials are
shown in Figure 7. See Table 1, for a list of sample names and
their descriptions. The pristine NMA material that did not
undergo any mechanical pulverization or coating is referred to
as the “P-NMA”. The sample that underwent lithium
phosphate coating but no mechanical pulverization is “C-
NMA” and the two balled-milled samples, one uncoated “BM-
NMA” and one that was both coated and ball-milled “C-BM-
NMA”. Half coin cells using this material were first formed at
C/10 and then cycled at C/3, all between 2.8 and 4.4 V (all
voltages are V vs Li/Li+) at RT. Initial results for the thicker of
the phosphate coatings are seen in Figure 7. The pristine
material has a capacity fade of 43% after 115 cycles and

Figure 7. Initial cycling data for half cells containing P-NMA (a), BM-NMA (b), C-NMA (c), and C-BM-NMA (d). Capacity retention is increased
when NMA is coated in lithium phosphate (e). Cells were formed at C/10 and cycled at C/3 thereafter.
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experiences a voltage decay of 0.23 V. The “C-NMA” has a
capacity drop of 17% after 115 cycles and a voltage decay of
0.14 V. The C-BM-NMA sample experiences a capacity fade of
29% and a voltage decay of 0.23 V. The BM-NMA, having a
large surface area-to-volume ratio experiences a large capacity
fade and voltage decay as has been reported previously.35 The
difference in performance between BM-NMA and C-BM-
NMA suggests that it is the surface area-to-volume ratio alone
that causes the poor performance of the BM-NMA material
and not crystalline reconstruction due to the mechanical forces
experienced during milling. Both the C-NMA and C-BM-NMA
have a lower than desired initial capacity, suggesting that
lithium is consumed during the coating process.
To increase the initial capacity of the C-NMA samples, a

lower concentration of phosphoric acid was used during the
solution-coating process (Table 1). These cathode materials
were again made into half cells, formed at C/10, and then
cycled between 2.8 and 4.4 V (Figure S2). The initial capacity
of the TC-NMA and TC-BM-NMA increased compared to the
C-NMA. The C-NMA and the TC-NMA had first cycle
discharge capacities of 185 and 221 mA h/g, respectively. The
initial capacities for the C-BM-NMA and the TC-BM-NMA
were 205 and 223 mA h/g, respectively. However, these are
still below the 234 mA h/g capacity obtained by the P-NMA.
When comparing the coated samples, the TC-NMA has a
capacity fade of 20% compared to a 27% fade in the TC-BM-
NMA material. Both coated samples maintain a larger
discharge capacity of above 4.0 V during the discharge with
the P-NMA, TC-NMA, and TC-BM-NMA having 20, 47, and
36 mA h/g respectively, signaling that they maintain more of
their hexagonal H3 phase.42

High-Voltage Tests. While the thinly coated NMA
samples show a marked increase in capacity retention (Figure
7e), a final attempt was made to get the coated sample’s initial
capacity as near as possible to the pristine material. A final
round of “ultra-thin- coated samples was made and tested at
high voltages with the expectation that the ball-milled material,
being pulverized or “pre-cracked”, will maintain more of its
capacity because most nickel-rich cathode cracking occurs at
charge voltages >4.5 V (V vs Li/Li+).13,43 The P-NMA, UTC-
NMA, and UTC-BM-NMA were first made into half coin cells
and formed at C/10 between 2.8 and 4.4 V and then cycled at
C/3 between 2.8 and 4.6 V (Figure 8). Here, most of the initial
capacity of the P-NMA has been achieved by the UTC-NMA
samples. After 100 cycles of C/3 charge to 4.6 V, the UTC-
BM-NMA shows the highest capacity of 180 mA h/g followed
by the UTC-NMA at 160 and P-NMA at 100 mA h/g. The
lithium phosphate-coated samples provide significant protec-
tion against capacity fade and voltage decay. The ball-milled
sample retains more of its capacity, has less voltage decay, and
retains more of its discharge voltage plateau. Again, both
coated samples maintain a larger discharge capacity of above
4.0 V during discharge with the P-NMA, UTC-NMA, and
UTC-BM-NMA having 13, 39, and 40 mA h/g respectively.
The fact that the UTC-BM-NMA has more >4.0 V voltage
plateau than the UTC-NMA when cycled at high voltages
compared to the moderate voltage window may mean the ball-
milled material experiences less cathode cracking. However,
the UTC-BM-NMA has a higher-than-expected capacity drop
between C/10 and C/3 discharge, possibly due to its higher
charge-transfer resistance (Figure 8). Changes in electrode

Figure 8. Half-cell cycling data for P-NMA (a), UTC-NMA (b), and UTC-BM-NMA (c). Discharge capacity versus cycle number for the same
cells (d). The cells were formed from 2.8−4.4 V at C/10 for four cycles and the charged to 4.5 V between cycles 5−25 and 4.6 V after cycle 25 at
C/3.
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composition and processing should also be investigated but are
beyond the scope of this research.
To understand the mechanism of lithium loss during the

coating process, the three coatings’ thicknesses can be
compared. These cathode materials were made into either
half cells or full cells and cycled between either 2.8−4.4 V in
Gen-2. In general, the phosphate-coated samples have a lower
initial capacity than the P-NMA. It is thought that the lower
initial capacity that might be caused by lithium diffusion from
the cathode particle to form the Li3PO4 film or the lowered
capacity may simply be caused by lithium evaporation during
the heating step of the coating process. To explore this, care
was taken to limit the exposure of excess phosphoric acid by
using varying concentrations of phosphoric acid during the
solution process (Table 1) while maintaining the same heating
temperature and time. The initial specific discharge capacity
for the C-NMA, TC-NMA, and UTC-NMA were 185, 221,
and 224 mA h/g, respectively. This suggests that the available
lithium from the cathode particles, not only residual lithium
species, can react with the phosphoric acid to create lithium
phosphate and that excess phosphoric acid will consume
lithium, lowering the cathode’s initial capacity. Data from XPS
suggests that LiOH is the residual lithium species preferentially
consumed, so care must be taken to limit excess phosphoric
acid from consuming electrochemically active lithium from the
cathode particle once LiOH has been exhausted from the
particle surface. Excess phosphoric acid will also consume
active lithium before all the surface Li2CO3 is exhausted, both
lowering initial discharge capacity and increasing surface film
resistance (Rsf).
Full cells were used to test the coated and ball-milled

material performance without the infinite lithium reservoir.
NMA full coin cells were made using 90 wt % super P graphite.
Cells were initially formed at 4.2 V (V vs graphite) at C/10
and were then charged to 4.3 and 4.4 V (V vs graphite) up to
the 10th cycle. The cells were then charged and discharged at
C/3, and the results can be seen in Figure 9. The full cell
results follow the same pattern as the half cells, in that both the
ball-milled and non-ball-milled samples show increased
capacity retention when compared to the pristine material.
The capacity retention after 100 cycles at C/3 for the P-NMA,
UTC-NMA, and the UTC-BM_NMA samples were 36, 68,
and 82%, respectively. In addition, the UTC-BM-NMA
material shows virtually the same initial C/10 discharge
capacity in full coin cells as the pristine material.

■ CONCLUSIONS
NMA cathode material’s air stability has been increased with a
lithium phosphate coating. Once coated, the electrode
processing and handling may no longer require special
handling in a dry room environment, significantly reducing
the cost of manufacture. The cells have higher capacity
retention and less voltage decay when the appropriate
concentration of phosphoric acid is used to form a protective
lithium phosphate coating. These concentration-dependent
results are further improved by first pulverizing the NMA
secondary particles into their individual primary constituents
and performing the same surface treatment. These materials
avoid secondary particle fracture and retain 40% more of their
discharge capacity compared to the pristine material when
charged at high voltages in full cells. Future work should focus
on even thinner coatings to reduce the impedance at high
charge/discharge rates, obtaining more conformal coatings,

and electrode composition and processing studies using both
ball-milled and pristine NMA as a bimodal system.
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