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Nanostructuring, which shortens lithium-ion diffusion lengths, can
help facilitate pseudocapacitive behavior in some battery materials.
Here, nanostructured LiNipgoC0g 15Alp 0502 (NCA), with porosity
and decreased crystallite size compared to commercial bulk NCA,
was synthesized using a colloidal polymer template. Small particles
(~150 nm) were obtained using rapid thermal annealing (RTA),
while medium particles (~300 nm) were obtained with conven-
tional heating. X-ray photoelectron spectroscopy (XPS) was used to
quantify surface Li,CO3; and NiO-like contaminants, which hinder
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Nanostructured LiNi0.80C00.15Al0.0502 (NCA) for
fast-charging, high-capacity battery cathodes
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New concepts

As the electrification of our society grows, the need for fast-charging
electrical energy storage solutions also increases. Lithium-ion batteries
currently offer the fastest charging times, but increased charging speed
without significantly compromising capacity would enable new technol-
ogies. Nanostructuring of electrode materials can be used to reduce
lithium-ion diffusion distances and thus to increase charge/discharge
speed, and this has been applied to both anode materials and to
phosphate cathodes. However, the most common lithium-ion cathodes
the layered oxide, have proven difficult to create with good performance
in nanoscale form because of their highly reactive surfaces and tendency
for cation disorder. In this work, we show that the fast-charging layered
cathode LiNij gyC0g.15Al0,050, (NCA) can be created as a nanoporous
material with low cation disorder using polymer templating. By optimiz-
ing grain size, surface chemistry, and electrode architecture, fast-
charging electrodes can be produced. Interestingly, the smallest grain
materials do not show the best performance. Instead, medium-size
nanoporous materials with reduced surface area show the highest capa-
city retention at high charge/discharge rate, the lowest overpotentials,
and the most signatures of pseudocapacitive behavior. When paired with
a pseudocapactive anode, fast-charging full-cells with good cycle stability
can be created, demonstrating the practical potential of these materials.

lithium-ion diffusion, especially at fast rates. Electrochemical
kinetics studies were used to quantify the benefits associated with
nanostructuring. While all nanostructured samples displayed faster
charge/discharge kinetics compared to the bulk materials, NCA
with medium particle sizes showed the highest specific capacity
at the fast rates (150 mAh g~ at 16C). To explore full-cell behavior,
nanostructured NCA was paired with a pseudocapacitive anode,
achieving 95 W h kg~! energy density at a current density of 1260 W
kg ! and stable cycling for 2000 cycles at 10C.

Introduction

As the popularity of electric vehicles (EVs) rises, fast-charging
lithium-ion batteries are key for large-scale implementation."?
Charging times on the order of minutes, instead of hours, are
required to be comparable to internal combustion engine
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fueling times. Short charging times can be accomplished with
supercapacitors,® but the range of supercapacitor EVs is limited to
less than 20 miles.” Lithium-ion batteries are currently the
standard for higher capacity needs, but the long charging time
and high cost of current batteries leave room for improvement.®
One solution to designing fast charging cathode materials,
while still retaining high driving range, is the use of lithium-ion
batteries with shortened lithium-ion diffusion lengths through
nanostructuring.” This has been effectively employed in lithium
iron phosphate (LFP) batteries to increase power density, producing
some of the most promising advances in low-cost, faster-charging
batteries. The low voltage of LFP based batteries, however, limits
the energy density, leaving room for systems that can combine
high-energy and high-power density through nanostructuring.®™°

Materials can be nanostructured using many techniques
such as nanoparticle synthesis/assembly, hydrothermal synthesis,
or electrodeposition."" One relatively simple technique, which
results in high surface area as well as homogeneous nanoscale
porosity, is sol-gel synthesis combined with colloidal polymer
templates such as poly(methyl methacrylate) (PMMA)."* Although
the colloidal template is easily removed by moderate heating to
leave a nanoporous structure, high crystallization temperatures
(>700 °C) are required for many battery materials, which can
diminish the desired nanostructure. Generally, conventional slow
heating promotes grain growth, while rapid thermal annealing
(RTA) can support smaller particle sizes."

Nanostructured battery materials allow for the reduction of
lithium-ion diffusion lengths so that slow solid-state diffusion
is no longer rate limiting and fast charging can be achieved.
This process, where pseudocapacitive characteristics emerge as
a result of nanostructuring, has been termed ‘extrinsic pseu-
docapacitance’. One of the best examples of this phenomenon
is with the well-known cathode material, LiC00O,.'* Even
though the material in bulk form does not exhibit pseudo-
capacitive properties, when reduced to dimensions ~ 6 nm, galva-
nostatic experiments lead to a linear dQ/dV, indicative of a
capacitive response. Similar examples of extrinsic pseudocapaci-
tance have been seen in many nanostructured materials with
medium voltage ranges, such as MoO,,">™” MoS,,'** and
Ti0,.>**” In some of these materials, the key to the development
of pseudocapacitive properties is suppression of bulk intercalation
induced phase transitions at small size.'>'***?*%2 pseudocapaci-
tive behavior has generated considerable interest, especially for
EVs, because it allows for the desirable combination of fast-
charging and reasonable driving range. A variety of electrochemi-
cal measurement methods have been developed to identify signa-
tures of pseudocapacitive charge storage.”®?°*

While there are several examples of pseudocapacitive materi-
als that operate in a ‘medium’ potential range below 2.5 V vs. Li/
Li*, there are fewer examples of pseudocapacitive materials
operating at high-voltage. One known pseudocapacitive material
operating in the 3.4-4.5 voltage range (vs. Li/Li") is nanostruc-
tured LiMn,O,, but it suffers from low capacity that is further
reduced by an inactive surface in nanostructured form.**” For
practical fast-charging energy storage devices, pseudocapacitive
cathodes with higher capacity are needed.
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One cathode material for lithium-ion batteries that has
generated considerable interest because of its high specific
capacity and intrinsically fast charging capabilities is LiNig go-
C00.15Al9,050, (NCA), a layered transition metal oxide.*®3°
Layered transition metal oxide cathodes, including NCA and
LiNi,Mn,Co,0, (NMC) materials with various stoichiometries,
are considered the most viable of the current higher voltage
cathode materials.” These materials utilize a mixture of metals
to frustrate the phase transitions that occur in pure LiCoO, or
LiNiO,, resulting in more stable and faster cycling capabilities.
Systems high in Ni, like NCA and high Ni NMC, further have the
highest capacities, though this is accompanied by reduced
chemical stability.*"**> Of all of these related materials, NCA
shows the fast rate capabilities in bulk form, largely due to the
stabilizing effects of the cobalt and aluminum dopants, which
both suppress phase transitions and facilitate Li diffusion
channels.**™*® For this reason, we chose NCA as the most
interesting candidate to explore in nanostructured form to
produce a high-rate cathode material through extrinsic pseu-
docapacitance. Importantly, since nanostructuring in NCA is
only necessary to decrease diffusion lengths and not to sup-
press phase transitions, pseudocapacitive behavior may begin
to develop at larger sizes.

Despite its promise, NCA also has a number of drawbacks.
NCA of all sizes suffers from cation mixing, which occurs when
partly-reduced Ni** present in the transition-metal-oxide layers
migrates to the Li* layer due to their similar ionic sizes.*® This
leads to local shrinkage of the lithium diffusion pathways during
cycling and decreased electrochemical performance.” In order
to mitigate the effect of cation mixing, high calcination tem-
peratures (which are not ideal for maintaining nanoscale struc-
ture) under oxygen flow are required to promote the oxidation of
Ni** to Ni**.”* The degree of cation mixing is easily determined
using X-ray diffraction (XRD) by examining the integrated inten-
sity ratio of the (003) to (104) diffraction peaks. Previous studies
have determined that a 1(003)/1(104) ratio above 1.2 is necessary
for optimal electrochemical performance.

It is also well known that NCA is sensitive to CO, and water
in the air, which react with excess lithium on the surface and
near-surface lithium to form an insulating Li,CO; layer.>*>*
The removal of lattice-lithium near the surface, combined with
reduction of near-surface nickel, can further result in the for-
mation of an electrochemically inactive rock-salt (NiO-like) layer
beneath the Li,CO;.>>>” Both the Li,CO; and NiO-like layers can
hinder lithium-ion diffusion, especially at high rates.>® Unfortu-
nately, nanostructured NCA, with decreased particle sizes,
should have increased sensitivity to air. As a result, all nanos-
tructured NCA materials in this work were kept air-free.

Another component for our fast-charging cathode is an
optimized binder. Recently, conductive polymers, such as poly-
(3-hexylthiophene-2,5-diyl) (P3HT),”® poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS),”® and polypyr-
role (PPy),*° have been used as conductive binders for battery
electrodes due to their high electronic and ionic conductivity
compared to traditional insulating binders, such as polyvinyli-
dene fluoride (PVDF). P3HT, in particular, has shown promise
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as a conductive binder for NCA cathodes that helped suppress
electrolyte breakdown at the NCA surface.”® P3HT, which has
been widely studied for use in organic photovoltaics,®* is electro-
chemically doped in the operational voltage window of NCA (2.7-
4.2 V), facilitating electronic/ionic conductivity and thus high-
rate charge storage.’® Thus, P3HT was used as the binder in our
system to facilitate high-rate charging and discharging.

Finally, we consider recent work on layered metal oxide
cathodes with nanoscale dimensions. While there exist layered
transition metal oxide cathodes with varied morphologies,
many show rather ordinary rate capabilities that would not be
applicable for fast charging batteries. For example, a nickel-rich
cathode LiNiyC0¢,Mng,0,, with a unique nano-brick
morphology was found to exhibit a high, reversible capacity
of 180.6 mAh g~ ' at 0.1C, but its capacity falls to 98.6 mAh g "
at 10C.°*> Similarly, a comparative analysis from of LiNigg;.
C0p.1,Mng g5_xALO, (x = 0 [NMC], 0.025 [NMCA], or 0.05 [NCA])
in nanoparticle and nanofiber microstructural forms found the
nanofibers to have higher capacities, but the maximum capa-
city at 10C was 27 mAh g~ ', 39 mAh g %, and 54 mAh g, for
each of the samples, respectively.”> Work on LiNigsCog1-
Mn, 10, cathodes with nanosized primary particles using
hollow micro-nano hierarchical microspheres achieved one of
the higher capacities, retaining 144 mAh g~' at 5C.°* Other
reported values for nanostructured NCA include nanoporous
microspheres (151 mAh g~ capacity at 2C),* microspheres
with an isolated porous layer (190 mAh g~* capacity at 2C),°*%”
nanocrystals (82 mAh g ' capacity at 3C),°® nanoplates
(139 mAh g capacity at 10C),**”® and holey 2D nanosheets,
which show the most impressive rate behavior with 153 mAh g~*
capacity at 10C.”" Unfortunately, none of these materials were
cycled faster than 10C and no kinetic analyses were performed to
identify their characteristic behavior.

In this letter, we thus present methods to synthesize porous
nanostructured NCA with two different particle sizes. Electro-
chemical kinetics are used to examine high-rate performance
and understand charge storage processes. We then paired the
nanostructured NCA with a pseudocapacitive anode to test the
high-rate performance and long-term cyclability in a full-cell as
validation of practicability.

Experimental
Materials

The following chemicals were purchased and used as received:
lithium nitrate (98 + %, MilliporeSigma), nickel nitrate hexahy-
drate (99.9985%, Alfa Aesar), cobalt nitrate hexahydrate (99 + %,
Acros Organics), aluminum nitrate nonahydrate (98%, Alfa Aesar),
triblock copolymer Pluronic F127 (EO100PO65EO100 My, =
12600 Da, BASF), ammonium persulfate (98%, Alfa Aesar), ammo-
nium lauryl sulfate (~30% in H,0, Sigma Aldrich), methyl metha-
crylate (contains <30 ppm MEHQ as inhibitor, 99%, Sigma
Aldrich), and hexanes (Fisher Chemical). Commercial bulk NCA
was purchased from Quallion Corporation to use as a control. For
electrode and coin cell assembly, the following chemicals were
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purchased and used as received: multi-walled carbon nanotubes
(>95%, OD: 5-15 nm, US Research Nanomaterials, Inc.), carbon
nanofibers (D x L 100 nm x 20-200 pm, Sigma-Aldrich), poly(3-
hexylthiophene-2,5-diyl) (P3HT) (Msy 15 000-30 000, PDI = 1.6-1.8,
regioregularity = 89-94%, Rieke Metals), o-xylenes (99%, Extra Dry,
ACROS Organics), carbon black, Super P (Alfa Aesar), styrene-
butadiene rubber (SBR, MTI corp.), carboxymethyl cellulose
(CMC, MTI corp.), polyvinylidene fluoride (PVDF, Kynar), and N-
methyl-2-pyrrolidone (NMP, Alfa Aesar).

Characterization

X-ray diffraction (XRD) was collected using a Bruker D8 Discover
powder X-ray diffractometer using a Bragg-Brentano geometry.
Scanning electron microscopy (SEM) images were obtained with a
JOEL JSM-6700F field emission scanning electron microscope with
5 kV accelerating voltage. To examine the structure of the particles
with transmission electron microscopy (TEM), we used an FEI
Technai G2 TF20 high-resolution TEM, CryoEM and CryoET oper-
ating at an accelerating voltage of 200 kV with a TIETZ F415MP 16
megapixel 4k x 4k CCD detector. The powder was dispersed in
NMP and deposited onto a copper TEM grid in the glove box; the
grid was exposed to air for less than 30 seconds before analysis.
Nitrogen porosimetry measurements were performed using either a
Micromeritics TriStar II 3020 porosimeter or a Micromeritics ASAP
2020 Plus porosimeter. The adsorption branch of the isotherm was
used to determine the surface area using the Brunauer-Emmett—
Teller (BET) model. Volume weighted pore size distribution was
determined from the adsorption isotherm using the Barrett-Joy-
ner-Halenda (BJH) model with the Halsey equation and Faas
correction. Surface sensitive elemental analysis was performed
using X-ray photoelectron spectroscopy (XPS) using a Kratos Axis
Ultra DLD spectrometer with a monochromatic Al Ko radiation
source and a charge neutralizer filament to control charging of the
sample. All spectra were calibrated to the advantageous carbon 1s
peak at 284.8 eV. The air-free samples were transferred from a
glovebox to the XPS sample chamber using an air-free sample
transfer holder. The air-exposed samples were taken out of the
glovebox and exposed to ambient air for 1 week before analysis.
Argon ion etching was performed on select samples in the XPS
chamber with a raster size of 2 mmx2 mm and an acceleration
voltage of 4 kV for 30 seconds to 2 minutes.

Rietveld refinement using MAUD software

The XRD data were analyzed by Rietveld refinement using
MAUD software. A R3m space group was used with Li*/Ni*"
set at the 3a sites (0, 0, 0), Li"/Ni**/Co®*/AI** at the 3b sites (0, 0,
0.5), and O at the 6¢ sites (0, 0, zoy), Where zox & 0.250 A. The
calculated pattern is evaluated with a weighted profile R factor
(Rwp), where a R, less than 10% is considered a good fit. The
refined c lattice parameter and value for z,, were then used to
calculate the slab (S) and interslab (I) thicknesses, where the
interslab thickness is the thickness of the lithium-ion diffusion
layer, using the following formulas:”>7”?

s=2(ls) 0
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Synthesis of the colloidal poly(methyl methacrylate) (PMMA)
templates

The synthesis of the colloidal PMMA template is based on
previous literature.”*”> Deionized water (165 mL) was added to
a three-neck round-bottom flask in an oil bath with a magnetic
stirrer and a reflux condenser. The methyl methacrylate monomer
(12.56 mL) was added dropwise to the flask. The solution was then
heated from room temperature to 73 °C over 10 minutes. Once the
reaction temperature exceeded 55 °C, the initiator, ammonium
persulfate (0.08 g in 10 mL H,0) was added dropwise. The
reaction was then held at 73 °C for 3 hours. The resulting colloidal
solution of PMMA was then extracted with hexanes in order to
remove any unreacted monomer. SEM was used to determine the
colloid size, which was 250 nm in diameter.

Synthesis of nanostructured LiNig g0C0g 15Alg.0502

Stoichiometric amounts of nickel nitrate hexahydrate, cobalt
nitrate hexahydrate, and aluminum nitrate nonahydrate were
dissolved in water, so that the total transition metal concen-
tration (Ni + Co + Al) was 0.6 M. Lithium nitrate was also
dissolved with 5% molar excess (Li:(Ni + Co + Al) = 1.05:1).
Once completely dissolved, this solution was mixed with the
colloidal 250 nm PMMA template (synthesis above) in a 1:1.5
vol ratio of the final NCA material to PMMA. This was followed
by the addition of 3.8 wt% Pluronic F127 (with respect to
colloidal PMMA) in order to stabilize the colloidal template in
the salt solution. This solution was then stirred for 3 hours
before it was poured into a Petri dish and dried in an 80 °C oven
overnight. The resulting powder was heated in a tube furnace
under flowing oxygen, first at 180 °C to drive out any remaining
water and then at 450 °C to remove the template, leaving a
nanostructured NCA precursor. The NCA precursor was then
ground with a mortar and pestle before further heat treatment.
Either a rapid thermal annealing (RTA) or a conventional heat
treatment was used to obtain “PMMA/RTA” or “PMMA/no-
RTA” samples, respectively. For PMMA/no-RTA the following
heat treatment program was followed, all under flowing oxygen:
a 1 hour ramp from room temperature to 800 °C, followed by
2 hours at 800 °C, then the oven was let naturally cool to 350 °C
before the sample was taken directly into a glovebox while hot,
to decrease exposure to water in the air. For the PMMA/RTA
sample: the furnace was preheated to 850 °C, the sample was
then added to the hot furnace and the oxygen flow was turned
on. The sample was kept at 850 °C for 5 minutes, the furnace
was then opened to allow for immediate cooling to 700 °C. The
sample was held at 700 °C for 12 hours under oxygen flow, then
cooled naturally to 350 °C to be directly taken into a glovebox.

Electrochemical analysis (half-cells)

The synthesized nanostructured NCA powders were cast into
slurries on a carbon coated aluminum current collector with
the composition of: 90 wt% active material, 3 wt% multi-walled
carbon nanotubes, 4 wt% carbon nanofibers, and 3 wt% P3HT
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as a binder in o-xylenes (15 wt% solution). The slurries for the
nanostructured NCA were assembled in a glovebox to minimize
exposure to CO, and water. After casting the slurries with a
doctor blade, the slurries were heated on a hotplate for 5 hours
before being placed under vacuum in the antechamber of the
glovebox to dry further overnight. For slurries made with a
PVDF binder, the same procedure was followed except 2.5 wt%
of PVDF in NMP was used instead of P3HT in o-xylenes.
Electrodes 0.7 ecm” were punched out of the slurries in the
glovebox. Electrodes surrounding the cycled electrodes, which
were kept completely air-free, were taken out of the glovebox
and weighed on a microbalance to give an average mass loading
and to calculate error bars for the cycled electrodes. The
commercial bulk NCA slurries were cast in ambient air using
the same material compositions, and the slurries were then
dried in a vacuum oven at 120 °C overnight. Active material
mass loadings ranged from 1.2-1.9 mg cm > for all NCA half-
cell electrodes. The half-cell electrodes were tested in CR2032
coin cells against a Li counter electrode, with a Celgard 2400
separator and 1 M LiPF¢ in 1:1:1 ethylene carbonate : dimethyl
carbonate : diethyl carbonate (EC:DMC:DEC). The coin cells
were cycled galvanostatically from 2.7-4.2 V (vs. Li/Li") at
various C-rates on an Arbin Instruments BT2000 battery testing
system. Cyclic voltammetry was performed using a BioLogic
VSP potentiostat/galvanostat from 2.7-4.2 V at different scan
rates. Additionally, galvanostatic intermittent titration techni-
que (GITT) measurements were performed using a Biologic
VMP potentiostat/galvanostat. A minimum of 10 charge-dis-
charge cycles were performed at various C-rates prior to the
pulse-rest GITT protocol. During the GITT experiment, a C/10
constant-current pulse was applied for 30 minutes with a
30 min rest period between pulses. The sequence was repeated
for both charge and discharge cycles and for varying composi-
tion x in Li;_,Nip goC0g.15Alp.050, until the full voltage range
(2.7-4.2 V) was covered. Electrochemical impedance spectro-
scopy (EIS) was performed on the nanostructured NCA electro-
des in half-cells at open circuit voltage (OCV) using a BioLogic
VSP potentiostat/galvanostat. Measurements were taken after
various numbers of cycles at 10C between 2.7-4.2 V, with a
frequency range of 100 mHz-300 kHz and a potential ampli-
tude of 10 mV.

Electrochemical analysis (full-cells)

NCA slurries for full cells were cast air-free using the same
methods as the previous section but with higher mass loadings
(5-7 mg cm™?). The NCA cathode electrode was paired with a
Nb,O5-rGO anode electrode (5-7 mg cm™?) to construct a full
cell. To prepare the Nb,Os electrode, 90 wt% of Nb,O5-rGO
(Battery Streak Inc., Newbury Park, CA) was mixed with 10 wt%
aqueous conductive binder to form a uniform slurry. The
binder was composed of a 1:1:1:1 weight ratio of carbon
nanofibers : Super P:SBR:CMC. The slurry was then cast on
copper foil using a doctor blade, followed by vacuum drying
for 12 hours. The resulting electrode tape was punched into
0.7 cm? electrodes. The NCA/Nb,Os-rGO full cells were
assembled in a CR2032 coin cell using a glass fiber separator

This journal is © The Royal Society of Chemistry 2025
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with 1 M LiPFs in 1:1:1 EC:DMC:DEC electrolyte. The cells
were cycled galvanostatically from 1.0-2.8 V at various C-rates
and at 10C for 2000 cycles on a BioLogic VMP potentiostat/
galvanostat.

Results and discussion

Nanostructured NCA was synthesized using nitrate salts and
PMMA colloidal templates (250 nm diameter)” that were
stabilized in solution using the triblock copolymer, Pluronic
F127. The homogeneous salt and polymer solution was dried
and then heated using a two-step process. First, the powder was
heated to 450 °C under oxygen to remove the polymer template,
leaving a nanoporous NCA precursor with a surface area of 23 +
2m? g ' and 28 & 5% porosity (Fig. S1). Next, the precursor was
calcined at higher temperatures under oxygen to obtain the
desired NCA crystal structure. Additional synthetic details can
be found in the SI.

The particle size of nanostructured NCA was controlled by
modifying the calcination method. A conventional heat treat-
ment (2 hours at 800 °C under oxygen) resulted in medium
sized particles (~300 nm); referred to as PMMA/no-RTA (Fig. 1,
Fig. S2, S4d and Table 1). In contrast, rapid thermal annealing
(RTA), where the sample is placed into a hot furnace (850 °C)
for only 5 minutes, resulted in small sized particles (~150 nm)
(Fig. S3a and S4b). With this short heating, considerable cation
mixing remained, as evidenced by the low 1(003)/1(104) ratio
(Fig. S3c). To produce more crystalline materials, an additional
12 hour hold at 700 °C was applied, and this two-step heating is
referred to as PMMA/RTA (Fig. 1, Fig. S3b and Table 1). The
additional hold allowed for short-range ordering of the cations
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and decreased cation mixing without significant particle size
growth. However, heating at these high temperatures in both
PMMA/no-RTA and PMMA/RTA led to a decrease in surface
area, near the lower detection limit of nitrogen porosimetry
(Fig. S5). The data also indicate that the pore sizes for all
samples were large and dominantly outside the range that
can be effectively measured using nitrogen porosimetry. How-
ever, for the nanostructured samples, we observed a much
looser packing of the primary particles compared to the dense
microsphere secondary particle structure seen in bulk materi-
als; this should allow for greater electrolyte penetration (Fig. 1).

XRD was used to confirm the synthesis of the desired NCA
crystal structure using the 7(003)/1(104) ratio. Both nanostruc-
tured NCAs were above the 1.2 ratio required for good electro-
chemical performance (Table 1 and Fig. S6). The structure was
further investigated by Rietveld refinement of the XRD pattern
(Fig. S6), and additional details from the refinements are
shown in Table S1.”° The refined lattice parameters can be
used to calculate the slab thickness (S, TMOs) and the interslab
thickness (I, LiOg), which is the lithium-diffusion layer
thickness.”> PMMA/no-RTA has a slightly larger interslab value
(Table S1), which enables faster lithium-ion diffusion and can
be a result of a lower degree of cation mixing,”” although cation
mixing is generally low for all samples.”® The crystallite sizes
determined by the refinement are smaller than what is visually
observed by SEM, and this is likely due to some crystallographic
disorder that further broadens the peaks.

X-ray photoelectron spectroscopy (XPS) was used to establish
the oxidation state of the nickel at the surface of the NCA
samples. Because of the increased sensitivity to CO, and water
for small NCA particles, the samples were kept in a glovebox
and transferred air-free for XPS analysis. Integration of the Ni

Fig. 1 High-(top) and low-(bottom) magnification SEM images of commercial bulk, PMMA/no-RTA, and PMMA/RTA NCA samples (from left to right).

This journal is © The Royal Society of Chemistry 2025
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Table 1 /(003)//(104) ratios calculated from XRD, primary and secondary
particle sizes measured from 150 particles in SEM, and air-free surface—
Ni2* fractions measured by XPS for the NCA materials examined here

Primary particle Secondary particle
I(003)/ size measured size measured by Surface-

Sample I(104) by SEM (nm)  SEM (um) Ni** (%)
PMMA/RTA 1.23 ~150 — 67
PMMA/no-RTA 1.25 ~300 — 46
Commercial bulk 1.34  ~425 ~5-10 51

2p XPS spectra for the PMMA/RTA and PMMA/no-RTA materials
can be used to calculate the surface Ni** percentage, where a
higher amount of reduced nickel is attributed to the increased
presence of insulating rock salt phases.”>”””° The PMMA/RTA
samples were found to have the highest fraction of Ni** on their
surface (see Table 1 for numerical results and Fig. S7 for the raw
data).®>®! We attribute this to the fact that a reducing atmo-
sphere is formed upon thermal decomposition of PMMA.?*%
Since PMMA/RTA was only oxidized at high temperatures for
5 minutes, this could lead to incomplete nickel oxidation.®**
In contrast, PMMA/no-RTA samples had the lowest Ni*" frac-
tion, which should be favorable for fast surface charge-transfer
processes. The greater presence of Ni** on the surface is likely
due to the longer oxidation time at a high temperature during
calcination. While the fractions of Ni** measured by XPS may
seem high, no impurities are seen by XRD, and the high values
result because XPS is a surface sensitive measurement, probing
only the first few nanometers of the sample’s surface.

Ni reduction is often accompanied by Li,CO; formation, so
we used XPS combined with argon-ion etching to determine the
relative thickness of the Li,CO; layer formed on the surface of
nanostructured samples kept air-free and those exposed to
ambient air for 1 week (Fig. S8 and S9a). For the unetched
samples, there is a greater percentage of Li,CO; for the PMMA/
RTA sample than the PMMA/no-RTA. Owing to the smaller size
of PMMA/RTA particle sizes, the higher surface area provides
more opportunity for unwanted surface reactions, including
the formation of Li,CO;. This surface carbonate can be directly
observed in TEM images, where the thickness of the surface
layer is greater in the smaller sized PMMA/RTA sample than the
larger PMMA/no-RTA (Fig. S4a and c). It was previously shown
that for Ni-rich oxides exposed to air, at room temperature and
63% relative humidity, for 1 week led to about a 2 times
increase in the amount of surface carbonates.>® O 1s spectra
were used to compare relative amounts of NCA to Li,CO;.5%%¢
All unetched samples were covered with Li,CO; (80-90%). After
just 30 seconds of etching, the fraction of Li,CO; decreased to
~40% for air-free samples, but only to ~70% for air-exposed
samples. The etch rate can be roughly estimated to be 3-
8 nm min ' based on Si0,.>” However, because the Ar plasma
often cannot reach the inner surfaces of porous materials, we
find that some residual Li,CO; always remains. Additionally,
upon air exposure, the fraction of Ni*" increased (Fig. S9b). From
these data, we conclude that air-free samples have thinner
Li,CO; layers and less electrochemically inactive surface Ni**;
air-free samples were thus used for electrochemical testing.
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The air-free nanostructured NCA samples were cycled galva-
nostatically between 2.7 and 4.2 V vs. Li/Li" and compared to
commercial bulk NCA at various rates from C/2 to 64C, after 3
activation cycles at C/5 (Fig. 2(a) and Fig. S10). Both NCA and
P3HT have been shown to undergo degradation when cycled
above 4.2 V vs. Li/Li", so to ensure stable and reversible perfor-
mance, cathodes were kept below 4.2 V.*%*® PMMA/no-RTA
samples had the highest overall specific capacity, retaining
150 mAh g ' at 16C and 121 mAh g ' at 32C (Fig. 2(b)).
PMMA/RTA, which had similar capacities to bulk NCA at slow
rates, had specific capacities between those of PMMA/no-RTA
and bulk NCA at 64C. The fact that both nanostructured NCAs
have greater capacity than bulk at high rates indicates that the
decreased lithium-ion diffusion lengths allow for faster charge/
discharge kinetics. However, the smaller-sized PMMA/RTA,
which should have shorter lithium-ion diffusion distances, had
lower overall capacity than PMMA/no-RTA. We attribute this to
the increased amount of electrochemically inactive Ni** as well
as the increase in surface blocking products, such as Li,COj3, on
the surface of the PMMA/RTA sample. Looking at the discharge
capacity retention (Fig. S11) at 64C, bulk retains just 5% of its
original capacity, PMMA/RTA retains 20%, and PMMA/no-RTA
retains 29%. Both nanostructured NCAs showed high capacity
retention of about 58% at 32C. Fig. 2(b) shows that the voltage
varies linearly with capacity, consistent with both solid-solution
intercalation and pseudocapacitive behavior.

For these nanoscale materials, parasitic reactions with CO,
and water are clearly an issue. Fig. S12 shows the rate perfor-
mance of electrodes prepared air-free and exposed to air. Air-
exposed samples for both PMMA/no-RTA and PMMA/RTA
showed lower overall capacity and poorer rate capability. Addi-
tionally, nanostructured NCA electrodes were made with a
traditional PVDF binder for comparison (Fig. S12) and showed
lower capacity at all rates. These data confirm that additional
insulating surface layers of Li,COj, NiO, or PVDF are detri-
mental to the fast cycling performance of nanostructured NCA.

The charge storage properties of both bulk and our nanos-
tructured NCA materials were next studied using various kinetic
analyses to better understand how nanoscale size can be used to
modify diffusion limitations during charging and discharging.
Most of these analyses aim to quantify the extent of pseudocapa-
citive behavior in a material by examining the current response in
a potentiostatic measurement as a function of the rate of potential
sweep. While none of the values presented below represent perfect
capacitive behavior, and none of these materials are fast enough
to replace electric double-layer capacitors in very high-rate appli-
cations, this exercise is still quite useful. Specifically, these
analyses provide a numerical way to quantify aggregate diffusion
limitations (ion diffusion, charge transfer resistance, and electri-
cal conductivity) across a family of related materials. Because any
diffusion limitation can impact overall charge/discharge kinetics,
a single, aggregate value that incorporates all components is
useful in comparing nanostructured materials.

We begin with an approach developed by Trasatti to quanti-
fying capacitive and diffusion-controlled charge storage.'®?*
The base assumption of this method is that the current should

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Specific charge (open symbols) and discharge (filled symbols) capacity from galvanostatic cycling from 2.7-4.2 V at rates from C/2 to 64C for
PMMA/no-RTA (green pentagon), PMMA/RTA (purple circle), and commercial bulk NCA (black square). (b) Galvanostatic cycling curves for PMMA/no-
RTA, PMMA/RTA, and commercial bulk NCA at 16C (solid line) and 32C (dashed line). (c), (e) and (g) Trasatti analysis for determination of the capacitive
charge storage (gc.p) as the extrapolated y-intercept of the discharge capacity as a function of v ¥2asv — oo for PMMA/no-RTA (c), PMMA/RTA (e), and
commercial bulk (g). The gc,p values, with errors, are displayed on the graphs. (d), (f) and (h) Trasatti analysis for determination of the total charge storage
(Gror). Obtained as the inverse of the extrapolated y-intercept (1/q.ot) from a plot of the inverse capacity as a function of v'/2 as v — 0 for PMMA/no-RTA
(d), PMMA/RTA (f), and commercial bulk (h). The capacitive contribution for each sample is calculated as the ratio of gcap/qior and displayed on the graph.
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vary as the square root of the voltage sweep rate (v), as predicted
by classic theories of semi-infinite diffusion.”>** Capacitive charge
storage (gcqy) can be extrapolated from a plot of g (voltammetric
charges) versus v "? as v — oo, because at infinitely fast rates,
diffusion-limited redox sites are excluded (Fig. 2(c), (d) and (g)).
Then, the total charge storage (g can be extrapolated from a
plot of 1/q versus v'*> as v — 0 (long time-scale, Fig. 2(d), (f) and
(h)). Using these extrapolated values, the capacitive contribution
to charge storage can be calculated; by this analysis, PMMA/no-
RTA and PMMA/RTA materials were 79% and 82% capacitive,
respectively, while the bulk material is only 65% capacitive
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(Fig. 2(c)-(h)). This observation of higher capacitive fraction for
the nanostructured materials in general and for PMMA/no-RTA in
specific agrees well with the high-rate galvanostatic capacity
retention for the three materials (Fig. 2(a) and (b)).

The next analysis builds the relationship between peak current
({) and sweep rate (v) by the following power-law equation,

i=a (3)

where a is a constant and b can vary between 0.5 and 1, depending
on whether there is a semi-infinite diffusion-controlled redox

26 2.8 3.0 32 3.4 36 3.8 40 4.2 4.
Voltage (V vs. Li/Li*)

Fig. 3
are displayed on graph. The second anodic peak for the commercial bulk (f)

28 30 32 34 36 38 40
Voltage (V vs. Li/Li*)

(a)—(c) CV curves for PMMA/no-RTA (a), PMMA/RTA (b), and commercial bulk (c). Anodic and cathodic peaks were used to derive b-values, which

could not be used for this analysis because the peak was not well-enough

defined to accurately determine the peak current. (d)—(f) CV curves at 0.3 mV s~* for PMMA/no-RTA (d, green), PMMA/RTA (b, purple), and commercial
bulk (f, blue) showing the capacitive contribution as a shaded region, with the total percent capacitive contribution displayed on the graph.
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process (typical of battery materials) or a capacitive charge
storage process, respectively.”®> The anodic and cathodic
redox peaks from cyclic voltammograms (CVs) are used to
derive the b-values (Fig. 3(a)-(c)). The average b-values for
PMMA/no-RTA and PMMA/RTA were 0.94 and 0.92, respectively,
indicating the materials are dominated by capacitor-like
responses. In comparison, the average b-value for the bulk
NCA was 0.83. Although this value is still quite high, indicating
an intrinsically fast charging material, it is lower than the values
obtained for the nanoscale materials.

The previous expression can also be separated into
capacitor-like (k;) and diffusion-limited (k,) contributions to
the current, each with appropriate limiting exponents.**

i=k+ kv (4)

Eqn (4) allows for qualitatively resolving the capacitive
contribution to charge storage over the full voltage range,
which will be referred to here as k;/k, analysis.>***> CV curves
at slow sweep rates were used to determine the capacitor-like
charge storage fraction, to ensure sufficient time for any slower,
diffusion-controlled processes to occur. The data shows that
the capacitive fraction for both PMMA/no-RTA and PMMA/RTA
was in the range of 90% (Fig. 3(d) and (e)). For comparison, the
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bulk NCA gave a capacitive fraction of 71% (Fig. 3(f)). All of
these values are in reasonable agreement with those deter-
mined by the Trasatti analysis for total charge, and indicate
that the kinetics are indeed highly capacitive in the nanostruc-
tured materials, and partly capacitive in the bulk. Additionally,
the peak voltage differences for both nanostructured samples
are small and remain so (<0.20 V) at sweep rates up to
10 mV s~ (Fig. 4(a)).”>° Both the kinetic results and the small
difference in peak voltage are pseudocapacitive signatures.
These kinetic analyses were also performed on nanostruc-
tured NCA electrodes that were exposed to air before being
assembled into a coin-cell, the results of which are summarized
in Table S2. The air-exposed samples had lower average
b-values (Fig. S13a, S14a and Table S2), meaning they are less
capacitive than the air-free nanostructured NCAs. While the
capacitive fraction values determined by k,/kr analysis are only
slightly lower than what was seen for the air-free samples
(Fig. S13b, S14b and Table S2), the air-exposed samples have
less capacitive contribution around the redox peaks. This
indicates that the non-surface redox processes are slower in
these samples,®® which is a result of the higher fractions of
insulating Li,CO; and NiO on their surface (Fig. S9a and b).
Lastly, the Trasatti analysis indicated that the air-exposed
materials had low capacitive contributions, 51% and 55% for
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Fig. 4 (a) Cathodic peak shift for PMMA/no-RTA (green pentagon) and PM
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MA/RTA (purple circle). (b) Polarization versus cell potential obtained from

GITT experiment for PMMA/no-RTA, PMMA/RTA, and commercial bulk (black square). (c) Nyquist plots of PMMA/no-RTA (green hexagon) and PMMA/
RTA (purple circle, experimental data is shown by the symbol and the fit is shown by the solid line). (d) Evolution of the charge transfer resistance (R,
filled symbol) and surface film resistance (R, open symbol) with cycling from 50-500 cycles.
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air-exposed PMMA/no-RTA and PMMA/RTA, respectively
(Figs. S13c, d, S14c, d, Table S2). It should be noted that nano-
structured layered oxide cathodes, due to their greater surface
area, have been reported to be more sensitive to air exposure
than bulk materials.®*® This effect is evident in the reduced
pseudocapacitive behavior of both the PMMA/RTA and PMMA/
no-RTA materials upon exposure to air.

Additionally, nanostructured NCA electrodes with PVDF as
the binder were analyzed using these kinetic methods (electro-
des were kept air-free). The PVDF-binder electrodes showed
similar results to air-exposed samples, in that the b-values and
capacitive contributions from k;/k, and Trasatti analyses were
lower than for nanostructured NCA electrodes made air-free with
P3HT as the binder (Fig. S15, S16 and Table S2). These results
are as expected, since PVDF is electrically insulating and thus
does not facilitate electron transport in the network. For the
PVDF-binder electrodes, the separation between the first anodic
and cathodic peaks was also greater than for electrodes made
with P3HT (Table S2), again, because of reduced conductivity.

Next, galvanostatic intermittent titration technique (GITT)
was performed in order to observe how the polarization beha-
vior of the NCA electrodes varied with decreases in NCA particle
sizes. Here, polarization is defined as the voltage change during
relaxation of each GITT pulse (Fig. S17), and has contributions
from ohmic, charge-transfer, and concentration polarization.’”
Polarization is then plotted versus cell voltage for each sample
in Fig. 4(b). The data indicate that PMMA/no-RTA materials had
the lowest polarization, followed by PMMA/RTA, and then bulk
NCA. Diffusion coefficients were also calculated from the GITT
data for the PMMA/no-RTA and PMMA/RTA materials
(Fig. S18). The diffusion coefficient for the delithiation of
PMMA/no-RTA is higher than that of PMMARTA across the
majority of the potential range, in good agreement with the
polarization data. It has been shown that an increase in NiO-
like structure leads to increased polarization in NCA.%®
Although PMMA/RTA is expected to have the shortest lithium-
ion diffusion lengths and thus the lowest concentration polar-
ization, it also had the highest fraction of surface Ni**, which
should increase polarization related to charge-transfer. The
relative ordering of polarization across the three samples is in
excellent agreement with the galvanostatic rate behavior, which
shows the best rate capabilities in PMMA/no-RTA samples and
the worst in the bulk NCA. These data thus demonstrate how
fast cycling behavior in nanostructured materials with reactive
surfaces is a balance between reducing lithium-ion diffusion
distances without decreasing charge-transfer rates.

The nanostructured NCA electrodes were also investigated
using electrochemical impedance spectroscopy (EIS) with
cycling up to 500 cycles. Nyquist plots for PMMA/no-RTA and
PMMA/RTA after 100 cycles are shown in Fig. 4(c). Both
nanostructured samples display two semicircles, which have
been ascribed to the resistance of lithium-ion diffusion through
the cathode electrolyte interphase (CEI) surface film (Ry) and
charge-transfer resistance at the interface of the NCA particle
(Rey), for the first and second semicircle, respectively.®>*%° R,
slowly increases for both samples as the number of cycles
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increase (Fig. 4(d)), which agrees with previous literature.®>®®
The PMMA/no-RTA sample has consistently lower R, however,
which is expected because of the lower fraction of Ni** on the
surface. Conversely, the PMMA/RTA sample has slightly lower R¢
values, which is expected for a sample with smaller particle sizes/
higher surface area.'® R; values for both samples remain relatively
constant across cycles, suggesting a stable surface layer.”

Finally, to determine the viability of a fast-charging full-cell
made from these materials, we paired the nanostructured
PMMA/no-RTA cathode with a pseudocapacitive Nb,O5-rGO
(reduced graphene oxide) anode at higher mass loadings
(5-6 mg cm?)."" Orthorhombic Nb,Os is an excellent pseudoca-
pacitive anode, which is often integrated with conductive carbon,
such as rGO, to increase electronic conductivity.”'>'% The full-
cell was cycled from 1.0-2.8 V at various C-rates; at 16C the full-cell
retains 70% of its 1C capacity (Fig. 5(a)). Compared to a PMMA/RTA
full-cell, the PMMA/no-RTA cell has higher capacity at all rates
(Fig. S19). The PMMA/no-RTA full-cell was then cycled at 10C for
2000 cycles (Fig. 5(b)). The initial specific discharge capacity was
103 mAh g ' normalized by the NCA active mass only. If we
consider the combination of both anode and cathode masses,
the resulting NCA/Nb,Os cell corresponds to an energy density of
95 W h kg™ " at a current density of 1260 W kg™ . After 2000 cycles,
the discharge capacity was 74 mAh g~ ', a capacity retention of 72%.
This capacity retention is slightly better than the capacity retention
measure for bulk NCA full-cell cycled at a slower rate of 8C
(Fig. S20a). The absolute capacity was significantly higher in the
PMMA/no-RTA based cells than in the bulk NCA cells, however,
despite the faster charge/discharge rate. The PMMA/RTA full-cells
showed both lower overall capacity and lower capacity retention of
only 64% after 2000 cycles at 10C (Fig. S20b). The ability of the
PMMA/no-RTA full-cells to charge quickly over many cycles, without
excessive capacity fade, and to show similar capacity retention to
commercial bulk NCA cells indicates the promise of this nanos-
tructured material for commercialization.

Conclusions

In this work, nanostructured NCA materials with decreased
particle sizes and thus shortened lithium-ion diffusion lengths
were synthesized. The nanostructured NCA materials showed
pseudocapacitive signatures in both size ranges. However,
because NCA has a highly reactive surface, the smallest sized
NCA materials form more insulating surface layers that contain
reduced Ni, as well as Li,CO3. These surface effects, together
with increased cation disorder in the smallest grain size
material, result in decreased fast-charging performance. The
PMMA/no-RTA NCA, with medium sized particles and low
amounts of surface Li,CO3/NiO, shows the best compromise
of reduced diffusion lengths and low surface limitations. As a
result, this medium sized material achieved the highest capa-
city at fast rates, showing 150 mAh g~ ' capacity at 16C and
59 mAh g~ ' capacity at 64C. Pseudocapacitive behavior is often
associated only with very small grain-size electrode materials
because those very small sizes are usually required to suppress
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Fig. 5 Full-cell pseudocapacitor made with a PMMA/no-RTA NCA cathode and a Nb,Os-rGO anode cycled galvanostatically at various C-rates (a) and
long-term cycling at 10C from 1.0-2.8 V (b). We observe 72% capacity retention after 2000 cycles. Specific capacity for charge is shown with open
symbols, discharge with closed symbols, and the coulombic efficiency is shown in blue.

insertion-driven phase transitions. However, phase transitions
in bulk NCA are suppressed by solid-solution formation, so
particle sizes do not need to be extremely small in order for the
material to exhibit pseudocapacitance characteristics. Indeed,
the best balance between diffusion limitations and charge-
transfer resistance appears not to be at the absolute smallest
sized grains. We note that if smaller NCA particle sizes with
ideal crystal structures and stable surfaces could be produced,
then more capacitive behavior would be expected, but this goal
is synthetically challenging due to the reactivity and propensity
for disorder in NCA-based materials. As demonstrated in full-
cell tests, nanostructured NCA shows real promise for future
fast-charging applications.
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cycling traces as a function of current density for all samples,
normalized GV capacity retention, GV capacity retention and
kinetic rate parameters, along with full kinetic studies (ky/k,
b-value, and Trasatti analysis) for nanostructured electrodes
made using different binders for air free and air exposed
samples, and representative GITT profiles and GITT derived
diffusion coefficients. Finally, full-cell data includes raw GV
curves and long term GV capacity retention data for bulk non-
optimized nanostructured NCA electrodes. See DOI: https://doi.
0rg/10.1039/d5nh00290gE.
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