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ABSTRACT OF THE THESIS

Structure and Kinetic Engineering of Nanostructured Multi-Element Doped Ni-Rich
Cathodes for Fast-Charging Lithium-ion Batteries

by

Yikun Shao

Master of Science in Materials Science and Engineering
University of California, Los Angeles, 2026

Professor Sarah H. Tolbert, Chair

Fast charging of Ni-rich layered oxide cathodes is limited by slow Li* transport and
large structural changes at high states of charge. This thesis investigated nanostructuring
and multi-element doping as a combined strategy for developing cobalt-free Ni-rich
cathodes. NM-MgNbMo, NM-MgAIMo, and NM-MgTiNbMo were synthesized using a
polymer-assisted micelle-templated sol-gel method and compared with bulk and less
porous NMC-811. X-ray diffraction confirmed the layered a-NaFeO:-type structure and
distinct interlayer spacings; NM-MgNbMo had the least apparent cation mixing and
largest spacing, supporting easier Li* transport and faster kinetics, while partial disorder
may provide a stabilizing pillaring effect. NM-MgNbMo exhibited the best high-rate

performance among the doped samples, maintaining approximately 36 mAh/g at 32C

il



when the capacity of bulk NMC-811 approached zero. CV and GITT measurements were
also consistent with comparatively low apparent polarization for NM-MgNbMo. After
1000 cycles at 8C, NM-MgNbMo retained the highest absolute capacity, whereas NM-
MgTiNbMo showed the highest fractional retention from a lower initial capacity.
Operando X-ray diffraction showed substantially smaller c-lattice changes in the doped
samples than in the NMC-811 references. Overall, NM-MgNbMo provided the best
balance between high-rate capacity and structural stability, while NM-MgTiNbMo

favored structural stability at the cost of accessible capacity.
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1. Introduction

Lithium-ion batteries (LIBs), advantageous for their high energy density, long cycle
life, and high energy efficiency, are widely used in portable electronic devices, electric
vehicles (EVs), and grid-scale energy storage.!™ Widespread EV adoption is slowed by
long charging times and limited driving range, emphasizing the importance of designing
fast-charging batteries without sacrificing driving range, cycle life, or safety.” Charging
speed is constrained by the rate at which Li* moves through the electrolyte, across the
electrode/electrolyte interface, and within the solid electrode. At high current, slow
transport at any of these steps increases concentration gradients and polarization, which
can accelerate heat generation and side reactions.® !° Tesla has developed liquid-cooled
charging cables that circulate coolant to remove heat from the charging conductor and
connector during high-current charging.!! However, this charger-side thermal
management does not eliminate Li* transport limitations within battery electrodes.®'° The
central challenge is therefore to develop a high-capacity battery material capable of rapid
Li* transport that remains stable during repeated high-rate cycling.

The family of nickel-rich layered transition-metal oxide cathodes, such as
LiNigsMno.1Co0.102 (NMC-811), is widely used in commercial applications because it
provides high operating voltage and high specific capacity.'>!* NMC has an o-NaFeO.-
type structure, containing alternating layers of Li and a mixture of transition metals. NMC
benefits from having cation substitution of Ni with Co and Mn because it allows their
functions to be balanced. A high nickel content in NMC-811 is attractive because it

provides a majority of the redox capacity but also increases cation mixing, a structural



defect where Ni%* occupies Li sites, caused by Ni>" and Li having similar ionic sizes. This
Li*/Ni?* cation mixing reduces structural and thermal stability while slowing transport by
blocking Li* pathways.> Co and Mn serve to mitigate this issue by maintaining cation
ordering and electronic transport.>'* Co also raises cost and supply-chain concerns
because its resources are geographically concentrated in regions associated with human-
rights concerns and political instability.'>!> Consequently, a major materials-design goal
is to replace Co with inexpensive, abundant elements while retaining the capacity and
structural stability of a Ni-rich layered oxide.

Another limitation of Ni-rich NMC is its anisotropic lattice response during
delithiation. The c-lattice first expands as Li* is removed, but contracts sharply at high
states of charge; repeated lattice breathing generates internal strain and can contribute to
microcracking and capacity loss.!®!” These effects become more severe at high voltage
and high rate, making bulk Ni-rich materials difficult to charge rapidly while maintaining
long-term stability.

Elemental substitution and other structural additives have been investigated to
strengthen the oxide framework, suppress unfavorable phase transformations, and reduce
strain accumulation in Ni-rich and Co-free layered cathodes.!>!320

Recent work showed that multielement doping can improve structural stability and
suppress strain during cycling. Zhang et al. reported the compositionally complex
LiNio.sMno.13Ti0.02Mg0.02Nbo.01M00.0202 cathode, which exhibited nearly zero volumetric
change and retained approximately 85% of its capacity after 1000 cycles.'® This result

demonstrates that a compositionally complex dopant combination can reduce lattice strain



and improve long-term cycling stability.

Although the compositionally complex material showed strong cycling stability, the
nominal composition does not identify the exact amount and atomic location of every
dopant. In this thesis, the sol-gel route combines metal precursors at controlled nominal
ratios, allowing the three dopant combinations to be compared systematically; however,
final stoichiometry and site occupancy still require direct measurement. Lee et al.
separately showed that electrochemically induced partial transition-metal occupancy in
the Li layer can suppress abrupt c-lattice collapse.'® The present samples develop disorder
during synthesis and contain much lower nominal dopant fractions, so the same pillaring
mechanism cannot be assumed. Whether partial disorder contributes to their structural
stability is therefore a hypothesis tested in this thesis, not a conclusion from the
compositionally complex doping paper. Long-term capacity retention alone also does not
show whether useful capacity is accessible during fast charging.

A strategy to improve the charging speed of NMC is by nanostructuring.
Conventional bulk Ni-rich cathodes are made of large, dense particles that produce long
solid-state diffusion paths. Nanostructuring can shorten Li* diffusion distances and
increase contact between the active material and electrolyte, improving the response at
high current.?!?* In a related Ni-rich LiNio50C00.15Al0.0s02 (NCA) cathode, Basile et al.
found that a moderate primary-particle size of approximately 300 nm provided higher fast-
rate capacity than both bulk material and a smaller-particle sample, reaching 150 mAh g™*
at 16C.%2

It can also increase the contribution from intercalation pseudocapacitance, a



Faradaic Li*-storage process that is less limited by long-range solid-state diffusion than
conventional battery-type insertion.>*2° Basile et al. reported that the NCA reaction is
mainly solid-solution-like, so a moderate decrease in particle size primarily shortens
diffusion distances rather than removing a moving two-phase boundary.?? High-voltage
structural transitions can still limit Ni-rich layered oxides; therefore, pseudocapacitive
behavior must be evaluated from scan-rate-dependent electrochemical data rather than
assumed from particle morphology alone.???+26

The full nominal transition-metal compositions, normalized to LiMO;, are
LiNio.800Mno.1900Mg0.005Nb0.0025M00.002502 (NM-MgNbMo),
LiNio.800Mno.185Mg0.005A10.00sM00.00502 (NM-MgAIMo), and
LiNio.800Mno.1825Mg0.005T10.005Nb0.00sM00.002502 (NM-MgTiNbMo). A 7.5 mol% excess of
Li precursor was used to compensate for Li loss during heating; this synthesis input does
not establish a final Li1.075s product stoichiometry.

This study combines nanostructuring and multi-element doping to develop Co-free
Ni-rich layered cathodes for fast charging. Three materials—NM-MgNbMo, NM-
MgAIMo, and NM-MgTiNbMo—were synthesized by a polymer-assisted micelle-
templated sol-gel method. Bulk NMC-811 and less porous NMC-811 are the reference
samples to determine whether improvement of the doped samples is limited to comparison
with dense bulk particles. Bulk NMC-811 is the conventional dense-particle benchmark.
The less porous NMC-811 reference is less open than the micelle-templated cathodes;
because porosity was not quantified, this label is qualitative. X-ray diffraction and

Rietveld refinement were used to examine the layered structure and cation disorder, while



scanning electron microscopy was used to evaluate particle morphology. Rate capability,
long-term cycling, cyclic voltammetry, and galvanostatic intermittent titration
measurements were used to compare electrochemical kinetics, and operando X-ray
diffraction was used to follow c-lattice evolution during cycling. The working hypothesis
is that nanostructuring with shorter Li* transport pathways improves the fast-charging
response of the mixed-metal Co-free materials, while the dopant combinations and partial
disorder may limit lattice collapse. The desired material should therefore balance high-
rate capacity with long-term structural stability rather than maximize either capacity or

cation ordering alone.



2. Experimental Methods
2.1 Materials

The following chemicals were purchased from manufacturers and used directly
without further purification: triblock copolymer Pluronic F127 (EO100POesEO100 Mw =
12600 Da, BASF), Polypropylene glycol 400 (PPO, Alfa Aesar), Tetrahydrofuran (THF,
Fisher Chemical), lithium nitrate (98%+, MilliporeSigma), nickel nitrate hexahydrate (Ni
19.8% min, Thermo Scientific), manganese nitrate tetrahydrate (98%, Alfa Aesar),
magnesium nitrate hexahydrate (99.999%, Thermo Scientific), aluminium nitrate
nonahydrate (99+%, Alfa Aesar), ammonium bis(oxalate)oxotitinate hydrate (99.998%,
Alfa Aesar), ammonium niobate oxalate hydrate (99.99%, Sigma Aldrich), ammonium
molybdate (para) tetrahydrate (99%, Thermo Scientific). For preparation of electrodes
prior to assembling coin-type half-cells, the following chemicals were used: single-walled
carbon nanotube (swCNT), polyvinylidene fluoride (PVDF), Super P (Alfa Aesar), 1-
Methyl-2-pyrrolidinone (NMP, Thermo Scientific).
2.2 Synthesis and thermal treatment of NM-MgNbMo, NM-MgAlMo, and NM-
MgTiNbMo

A polymer-assisted micelle-templated sol-gel method was used to synthesize
nanostructured NM-MgNbMo. Stoichiometric amounts of LiNOs, Ni(NO3)> - 6H20,
Mn(NO3), - 4H20, Mg(NO3)2 - 6H20, C4sH4sNNbOy - xH>0, and (NH4)sM07024 - 4H,0
were dissolved in distilled water, resulting in a total transition metal molar concentration

of 0.6M. For LiNO3, a 7.5% excess amount was added to prevent lithium loss during the



calcining process. In a separate container, 6.4 wt% Pluronic F127 was dissolved in
distilled water. Subsequently, 0.34 wt% PPO 400 (to promote micelle growth) and 18.2
wt% THEF (to disrupt the micelles) were added to the F127 solution, and the mixture was
stirred at 50-55 °C for 3 hours to remove the THF. The completely dissolved metal salts
solution and the THF-free F127 solution were mixed and stirred continuously for another
2 hours. The mixed solution was then evenly distributed into multiple glass petri dishes
and dried in an oven at 80°C. The dried powder was then placed in a ceramic boat and
subjected to preheating in a tube furnace under a flow of oxygen at 180°C and 450°C (for
4 hours each) to remove residual water and the template. In the subsequent calcination
process, the powder was subjected to a ramp rate reaching 850°C over 30 minutes, held
at this temperature for 30 minutes, and then cooled to 700°C at the fastest cooling rate,
where it was held for 12 hours. Once the temperature dropped naturally to 350°C, the
powder was rapidly transferred into a glovebox to prevent contact with water in the air.
NM-MgAIMo and NM-MgTiNbMo were synthesized by the same method but with some

different chemicals such as AI(NO3); - 9H>0O and (NH4)>TiO(C>04) - xH>O.

Sample Ni Mn Mg Al Ti Nb Mo Li
NM-MgNbMo | 80% 19% 0.5% — — 0.25% | 0.25% |107.5%
NM-MgAIMo | 80% | 18.5% | 0.5% | 0.5% — — 0.5% |107.5%
NM-MgTiNbMo | 80% | 18.25% | 0.5% — 0.5% | 0.5% | 0.25% |107.5%

Table 2.1: The stoichiometric ratios of the dopant elements for NM-MgNbMo, NM-

MgAlIMo, and NM-MgTiNbMo.
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2.3 Materials characterization

X-ray diffraction was applied by using PANalytical X’Pert Pro X-ray Powder
Diffractometer with Cu Ka source (A = 1.5418 A) under 45kV voltage and 40mA current.
A zero-background sample holder was used to avoid background interference. Scanning
electron microscopy was applied by using FEI Nova 230 NanoSEM with 10kV
accelerating voltage and 5.5mm working distance.
2.4 Electrochemical characterization

The slurries of NM-MgNbMo, NM-MgAIMo, and NM-MgTiNbMo were made in
Argon atmosphere glovebox with composition of 90 wt% active material, 5 wt% PVDF,
4 wt% Super P, and 1 wt% swCNT. The slurries were cast evenly onto carbon-coated
aluminum foil using the doctor-blade method. Then, they were vacuum-dried overnight at
120°C in heated antechamber of glovebox. The dried slurries were punched into electrodes
with an area of 0.7 cm?. CR 2032 type coin cells were assembled with positive electrodes,
Celgard 2325 separator, Lithium metal (reference electrode), and electrolyte (solution of
IM LiPFs with 1:1:1 ratio of EC:DMC:DEC). Galvanostatic charge-discharge tests were
conducted on Landt Battery Test System with constant current under voltage window of
2.7-4.2 V vs. Li/Li*. The C-rate range of tests was from C/10 to 64C (1C = 160 mAh/g).
Before the rate-capability and long-term cycling tests, the cells underwent formation
cycling at C/10. Cyclic voltammetry (CV) test was conducted on BioLogic VSP
Potentiostat with a range of scan rate from 0.1 to 1.0 mV/s under voltage window of 2.7-
4.2 Vvs. Li/Li". Galvanostatic intermittent titration technique (GITT) was also conducted

on Landt Battery Test System by (dis)charging for 15 minutes at a current density of C/10



and then having a 2-hour rest.
2.5 Operando X-ray Diffraction characterization

Operando X-ray diffraction measurements were performed at beamline 11-3 of the
Stanford Synchrotron Radiation Lightsource (SSRL) to monitor structural evolution
during electrochemical cycling. Electrodes of NM-MgNbMo, NM-MgTiNbMo, bulk
NMC-811, and less porous NMC-811 were assembled into pouch-type half-cells using
lithium metal as the counter/reference electrode and a glass-fiber separator. The
electrolyte described in Section 2.4 was added in an amount sufficient to wet the separator.
An otherwise identical blank pouch cell without an active-material slurry coating was
measured, and its diffraction pattern was used for background subtraction. Before the
operando measurement, one formation cycle was conducted at 0.1C using a BioLogic VSP
potentiostat within a voltage window of 2.7-4.2 V vs. Li/Li*. During operando XRD
acquisition, all four cells were charged at 0.2C within the same voltage window. Data
collection for NM-MgNbMo and NM-MgTiNbMo continued through the subsequent
discharge, whereas bulk NMC-811 and less porous NMC-811 were monitored during the

charging portion only. The diffraction data were processed using GSAS-I1?

and integrated
to obtain operando XRD patterns, which were presented as heat maps. The position of the

(003) reflection was tracked and fitted to determine the c-lattice parameter as a function

of cell voltage.



3. Results and Discussion

3.1 Structural and Morphological Characterization

3.1.1 Scanning Electron Microscopy (SEM) characterization

Figure 3.1: SEM images of bulk NMC-811 at (a) 10,000x and (b) 5,000%
magnification, and NM-MgNbMo at (¢) 10,000x and (d) 50,000 magnification.
Scale bars are 5, 10, 5, and 2 pm, respectively.

Scanning electron microscopy (SEM) was used to compare NM-MgNbMo with
bulk NMC-811, which serves as a conventional dense-particle reference (Figure 3.1).
Figures 3.1(a) and 3.1(b) show that bulk NMC-811 consists mainly of micrometer-scale,

nearly spherical secondary particles. Their clear boundaries and relatively compact
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surfaces are consistent with substantial consolidation of the primary grains.

In contrast, NM-MgNbMo in Figure 3.1(c) exhibits an irregular, more open
agglomerated morphology. The higher-magnification image in Figure 3.1(d) resolves
interconnected primary grains, necking between neighboring grains, and open gaps
throughout the particle network. These features indicate that calcination produced grain
growth and partial coarsening without complete consolidation into dense spherical
secondary particles. The retained open texture is qualitatively consistent with removal of
the F127 template during heating.

Compared with bulk NMC-811, NM-MgNbMo therefore has a less consolidated
network of interconnected primary grains and open gaps. This morphology may shorten
particle-scale Li* transport distances and increase the accessible surface area relative to

compact bulk particles.?! %
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3.1.2 X-ray diffraction (XRD) characterization
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Figure 3.2: XRD patterns (a, ¢, €) and Rietveld refinement profiles (b, d, f) for NM-

MgNbMo (a, b), NM-MgAlMo (¢, d), and NM-MgTiNbMo (e, f). Reflections are

indexed to the layered a-NaFeQO:-type R-3m structure. The corresponding Rwp

values are 6.1%, 8.3%, and 10.3%, respectively.



Powder X-ray diffraction (XRD) and Rietveld refinement were used to evaluate the
phase purity and average layered structure of NM-MgNbMo, NM-MgAlMo, and NM-
MgTiNbMo. As shown in Figure 3.2(a, ¢, and e), all three samples exhibit the
characteristic reflections of the layered a-NaFeO:-type structure with the R-3m space
group. No obvious impurity peaks are detected, indicating that a dominant layered phase
was obtained without a detectable large fraction of crystalline secondary phases. The
calculated profiles in Figure 3.2(b, d, and f) reproduce the main features of the observed
patterns, supporting use of the refined lattice parameters for the following structural
comparison.

The 1(003)/I(104) integrated peak-area ratio is a qualitative indicator of Li*/Ni*
cation mixing; values below 1.2 indicate greater mixing in layered Ni-rich oxides.?® The
measured ratios are 0.96 for NM-MgNbMo, 0.95 for NM-MgAIMo, and 0.86 for NM-
MgTiNbMo. Because octahedral Niz* (0.69 A) is similar in size to Li* (0.76 A), some Niz*
can occupy Li sites during synthesis.?® All three samples therefore show apparent disorder,
ranked NM-MgTiNbMo > NM-MgAIMo > NM-MgNbMo.

The nominal total dopant contents are only 1.0 mol% for NM-MgNbMo, 1.5 mol%
for NM-MgAIMo, and 1.75 mol% for NM-MgTiNbMo, compared with 7 mol% in the

1.'® Their sub-1.2 ratios show

compositionally complex material reported by Zhang et a
that partial disorder can form under the present sol-gel synthesis even at much lower
dopant contents.

Partial disorder is a design feature rather than only a defect. Controlled transition-

metal occupancy in the Li layer can support adjacent oxygen slabs through a pillaring

13



effect and suppress c-lattice collapse, whereas excessive cation mixing can block Li*
pathways and reduce accessible capacity.!® The desired structure therefore balances

enough disorder for structural support with open Li* pathways.
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Figure 3.3: 1(003)/1(104) ratios (filled symbols; left axis) and calculated Li-layer
spacings (open symbols; right axis) for the three doped samples.

Rietveld refinement can quantify cation mixing when the Li/Ni site occupancies are
refined. Here, the Ni occupancy on the Li site was fixed at 0.03, so the [(003)/1(104) ratio
was used to compare the samples. The refined c-lattice parameter and the fixed oxygen z-
coordinate (Zox = 0.259) from the starting CIF were used to calculate the transition-metal-
oxide slab spacing (S) and Li-layer interlayer spacing (/):

S=2 (1 Z )
=2(3 ox|)c
I = i S
-3
where S is the slab spacing, / is the interlayer spacing, c is the c-lattice parameter, and Zox
is the oxygen z-coordinate. A larger interlayer spacing means a wider Li* migration layer

for easier transportation and faster kinetics.?® The calculated values are 2.62745 A for
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NM-MgNbMo, 2.62739 A for NM-MgAlIMo, and 2.62689 A for NM-MgTiNbMo. The
values are different and follow the same order as 1(003)/I(104): NM-MgNbMo > NM-
MgAlIMo > NM-MgTiNbMo. Thus, less apparent cation mixing is associated with larger
Li-layer interlayer spacing in this dataset.

All three samples retain the targeted layered phase but differ in apparent cation
mixing and Li-layer interlayer spacing. NM-MgNbMo has the least apparent mixing and
the largest spacing, providing the most open Li* transport layer for easier transportation
and faster kinetics. NM-MgTiNbMo has the greatest apparent mixing and the smallest
spacing. These results identify partial disorder as the key balance: enough transition-metal
occupancy may provide a stabilizing pillaring effect, while limited mixing preserves
interlayer space for Li* transport. This disorder-spacing relationship is a finding of the
present thesis and was not established in the high-entropy study by Zhang et al.'®
3.2 Electrochemical & kinetic performance

3.2.1 Galvanostatic voltage (GV) behavior
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Figure 3.4: Discharge capacity of NM-MgNbMo, NM-MgAlMo, NM-MgTiNbMo,
bulk NMC-811, and less porous NMC-811 during stepwise rate testing from C/2 to
64C, followed by recovery at C/2.

Galvanostatic charge—discharge measurements were used to compare the rate
capability of the three Co-free doped cathodes with bulk and less porous NMC-811. Bulk
NMC-811 consists of dense secondary particles and is expected to have longer particle-
scale Li* transport pathways than the more open synthesized materials. At high current,
these longer pathways produce larger Li* concentration gradients and stronger
polarization, which is consistent with the bulk sample showing the slowest high-rate
response. Nanostructuring can shorten solid-state diffusion distances and improve rate
capability.?? The less porous NMC-811 sample provides an undoped reference with lower
apparent porosity than the micelle-templated powders. After formation cycling at C/10,
the rate test in Figure 3.4 was increased stepwise from C/2 to 64C and then returned to

C/2. The final C/2 step evaluates how much of the high-rate capacity loss is recovered
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after the current is reduced.

All materials lose discharge capacity as the rate increases. Less porous NMC-811
gives the highest capacity through most of the rate sequence, whereas the doped samples
perform better than bulk NMC-811 at high rates. At 32C, NM-MgNbMo retains
approximately 36 mAh/g, while bulk NMC-811 approaches zero capacity. NM-MgNbMo
also gives the highest capacity among the doped samples from 8C to 64C. However, none
of the doped materials surpasses the less porous reference. This result is reasonable
because replacing some redox-active Ni with dopants can lower the available capacity,
while transition-metal occupancy in the Li layer can reduce the number of unobstructed
Li* pathways.”8

At 32C and 64C, the large capacity loss of all samples shows that extreme current
densities still impose strong kinetic limitations. When the rate returns to C/2, the three
doped samples recover to approximately 133—138 mAh/g, compared with about 143
mAh/g for less porous NMC-811 and 111 mAh/g for bulk NMC-811. This recovery
indicates that much of the high-rate capacity loss is reversible, although it does not rule
out structural degradation. Partial cation disorder also creates an expected trade-off: a
transition-metal ion in the Li layer can obstruct a local Li* channel and lower short-term
capacity, but it may also constrain slab motion and improve structural stability.!¢?
Therefore, the intended benefit of pillaring is not necessarily higher rate capacity than the
undoped reference, but better retention during repeated cycling. The 8C cycling test was

used to evaluate this proposed stability benefit.
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Figure 3.5: Long-term cycling performance at 8C of NM-MgNbMo, NM-MgAlMo,
NM-MgTiNbMo, and less porous NMC-811 over 1000 cycles.

Figure 3.5 compares the 8C cycling behavior over 1000 cycles. Less porous NMC-
811 decreases from approximately 100 to 30 mAh/g. NM-MgNbMo decreases from about
85 to 42 mAh/g, NM-MgAIMo from about 70 to 21 mAh/g, and NM-MgTiNbMo from
about 50 to 32 mAh/g. NM-MgNbMo therefore retains the highest absolute capacity after
1000 cycles. Because the samples begin at different capacities, the retention fraction is
also needed for a fair comparison.

Based on the approximate values in Figure 3.5, NM-MgTiNbMo retains about 64%
of its initial capacity, compared with approximately 49% for NM-MgNbMo and 30% for
both NM-MgAIMo and less porous NMC-811. The high fractional retention of NM-
MgTiNbMo is offset by its lower initial and final capacities. The relationship to the XRD
results is notable: NM-MgTiNbMo shows the greatest apparent cation disorder and the
highest fractional retention, whereas NM-MgNbMo combines lower apparent disorder

with the highest final capacity. NM-MgAlMo does not show a retention advantage over
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less porous NMC-811, indicating that the presence of dopants alone is not sufficient to
improve cycling stability.

The cycling trends are consistent with, but do not directly prove, a pillaring
contribution from partial cation disorder. In a related Co-free Ni-rich layered oxide,
controlled partial cation disorder was reported to suppress lattice collapse and improve
cycle life.! Compositionally complex doping and Ti incorporation have also been
reported to reduce structural degradation in Ni-rich layered cathodes.!®? In the present
study, the better retention of NM-MgNbMo and NM-MgTiNbMo relative to less porous
NMC-811 supports the proposed connection between structural constraint and cycling
stability. However, the I(003)/I(104) ratio is only a qualitative indicator of cation disorder
and cannot identify which cations occupy Li-layer sites. Differences in dopant chemistry
and particle morphology also contribute, so the GV data cannot establish the pillaring
mechanism by themselves.

Overall, less porous NMC-811 remains the strongest capacity benchmark during
the rate test. Among the doped materials, NM-MgNbMo gives the best balance of rate
capability and long-term capacity, with the highest high-rate response and the highest
absolute capacity after 1000 cycles. NM-MgTiNbMo shows the highest fractional
retention but at lower accessible capacity. The GV results therefore show a capacity—
stability trade-off: open Li* pathways favor accessible capacity and rate response, whereas

partial structural constraint may improve durability during repeated high-rate cycling.
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3.2.2 Cyclic voltammetry (CV) behavior
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Figure 3.6: Cyclic voltammetry curves recorded at scan rates from 0.1 to 1.0 mV/s

and the corresponding anodic and cathodic b-values for (a) NM-MgNbMo, (b) NM-

MgAIlMo, (¢) NM-MgTiNbMo, (d) bulk NMC-811, and (e) less porous NMC-811.

Cyclic voltammetry (CV) was used to compare the reaction kinetics of NM-

MgNbMo, NM-MgAIMo, NM-MgTiNbMo, bulk NMC-811, and less porous NMC-811.
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Measurements were collected between 2.7 and 4.2 V vs. Li/Li* at scan rates of 0.1-1.0

mV/s (Figure 3.6). Each sample shows a broad anodic-cathodic peak pair that is mainly

associated with Ni redox and the accompanying evolution of the layered structure.>!* With

increasing scan rate, the anodic peak shifts to higher potential and the cathodic peak shifts

to lower potential. The increasing peak separation indicates that kinetic polarization

becomes larger when less time is available for charge transfer and Li* transport.
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Figure 3.7: Apparent CV polarization, calculated from the anodic-cathodic peak-

potential separation, as a function of scan rate for NM-MgNbMo, NM-MgAlMo,

NM-MgTiNbMo, bulk NMC-811, and less porous NMC-811.

For comparison, apparent CV polarization was defined as the separation between

the anodic and cathodic peak potentials, AE, = Ey. — Epc (Figure 3.7). Because peak

separation includes ohmic, charge-transfer, and Li*-transport contributions, it is used as a

comparative kinetic metric rather than a single measured overpotential. The value
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increases with scan rate for all five materials. Less porous NMC-811 increases from
approximately 15 to 210 mV. Among the doped cathodes, NM-MgNbMo increases from
about 40 to 215 mV, NM-MgAIMo from about 80 to 225 mV, and NM-MgTiNbMo from
approximately 115 to 325 mV. Bulk NMC-811 begins near 40 mV but rises most strongly
to approximately 380 mV at 1.0 mV/s. Thus, NM-MgNbMo has the lowest peak
separation among the doped samples, although less porous NMC-811 remains the lowest-
polarization reference.

The scan-rate dependence of the peak current was further analyzed using the power-

law relationship:

where i is the absolute peak current, v is the scan rate, and a and b are constants. The b-
value is obtained from the slope of log(i) versus log(v). For a semi-infinite diffusion-
controlled response, b approaches 0.5, whereas a current response proportional to scan
rate gives b close to 1. Values between these limits indicate mixed kinetic contributions.
A b-value near 1 is consistent with a response that is less limited by long-range solid-state
diffusion and can include intercalation pseudocapacitance, but it does not by itself prove
that all stored charge is pseudocapacitive.???+3

The extracted b-values show that delithiation and lithiation do not have identical
rate dependence. NM-MgNbMo has anodic and cathodic values of 0.95 and 0.82,
respectively, while NM-MgAIMo gives 0.92 and 0.81. Their anodic values near 1 are

consistent with strong near-surface or short-diffusion-length contributions during

delithiation. NM-MgTiNbMo gives lower values of 0.76 and 0.71, indicating a greater
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dependence on solid-state Li* diffusion. Bulk NMC-811 has values of 0.77 and 0.82,
whereas less porous NMC-811 gives 0.88 and 0.85. The less porous reference combines
relatively high b-values with the smallest peak separation. In contrast, the lower anodic b-
value and rapidly increasing peak separation of bulk NMC-811 indicate stronger transport
limitations during delithiation at high scan rates.

These results connect the CV analysis to the pseudocapacitance discussed in the
introduction. The high anodic b-values of NM-MgNbMo and NM-MgAIMo are consistent
with intercalation pseudocapacitance or near-surface charge storage during delithiation.
Nanostructuring may support this response by shortening Li* diffusion distances, as
reported for nanostructured NCA.?? Although the h-values provide information about the
scan-rate dependence of the electrochemical response, they do not quantify the relative
capacitive and diffusion-controlled contributions. Therefore, the present CV results are
interpreted as a comparative kinetic analysis. Among the doped materials, NM-MgNbMo
shows the most favorable combined CV response because it has a high anodic h-value and
the smallest peak separation.

3.2.3 Galvanostatic intermittent titration technique (GITT) behavior
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Figure 3.8: First-charge GITT voltage profiles plotted against normalized time and
corresponding apparent pulse-relaxation polarization for NM-MgNbMo, NM-
MgTiNbMo, bulk NMC-811, and less porous NMC-811

Galvanostatic intermittent titration technique (GITT) is commonly used to estimate
the chemical Li* diffusion coefficient from the voltage response to a small current pulse.
Conventional analysis assumes diffusion-controlled behavior, a representative particle
geometry and diffusion length, a sufficiently small perturbation, and relaxation close to
equilibrium.’! These assumptions are difficult to verify for the micelle-templated
composite electrodes used here because their active surface area and effective diffusion
length are not known. Therefore, Li" diffusion coefficients are not reported. Instead, the
pulse and relaxation responses are compared using an apparent polarization metric. NM-
MgAlIMo was excluded because abnormal voltage fluctuations made its extracted values
unreliable.

Figure 3.8(a) presents the first-charge voltage profiles on a common normalized-
time scale. Each C/10 current pulse causes an upward voltage step as Li* is extracted,
followed by a downward relaxation toward a quasi-equilibrium value during the 2 h rest.

In Figure 3.8(b), the apparent pulse-relaxation polarization was calculated as AV =
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|Vendpuise — Virelaxed|- A larger AV means that the electrode was driven farther from quasi-
equilibrium during the pulse and underwent a larger relaxation, indicating stronger
combined ohmic, charge-transfer, and concentration polarization. A smaller AV indicates
lower overall kinetic polarization, but it does not identify which contribution is rate
limiting.

The apparent polarization is largest at the beginning of charge. Near full lithiation,
the Li layers contain few vacant sites, so the lower-barrier divacancy-mediated Li*
hopping pathway is less available. As delithiation creates vacancies, Li* transport becomes
less restricted.*> Bulk and less porous NMC-811 initially show apparent polarization
values of approximately 160 and 110 mV, respectively, compared with about 30-35 mV
for NM-MgNbMo and NM-MgTiNbMo. Between approximately 3.75 and 4.00 V, the
values decrease to about 20-25 mV for bulk NMC-811, 10-15 mV for less porous NMC-
811, and mostly below 15 mV for the two doped samples. The lower values of the doped
cathodes are consistent with shorter particle-scale transport paths that reduce Li*
concentration gradients during each pulse.?!">* The proposed partial-disorder/pillaring
structure may also constrain local slab rearrangement during delithiation,'®!® although
GITT cannot separate this structural contribution from morphology and charge-transfer
effects. The lower apparent polarization is consistent with the favorable high-rate and
long-term cycling trends of NM-MgNbMo and NM-MgTiNbMo, but it does not establish
their cause.

Above 4.0 V, NM-MgNbMo, NM-MgTiNbMo, and less porous NMC-811 show

similar apparent polarization values of approximately 10—18 mV, whereas bulk NMC-811
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reaches about 35 mV near 4.13 V. Their lower response relative to the dense bulk sample
is consistent with a beneficial morphology effect from shorter particle-scale transport
pathways.2!2* Because a validated diffusion model was not applied, these results are
interpreted as a comparative kinetic metric rather than as Li* diffusion coefficients or
evidence for a single controlling mechanism.

3.3 Operando XRD measurements
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Figure 3.9: Operando voltage profiles and corresponding (003) XRD heat maps for
(a, b) NM-MgNbMo, (¢, d) bulk NMC-811, (e, f) NM-MgTiNbMo, and (g, h) less
porous NMC-811. Panels (a, c, e, g) show the voltage profiles, while panels (b, d, f,

h) show the corresponding heat maps.

Operando X-ray diffraction was used to compare the structural responses of the four
cathodes. Figure 3.9 pairs each voltage profile with its (003) heat map. NM-MgNbMo and

NM-MgTiNbMo were followed through one charge—discharge cycle after formation,
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whereas the bulk and less porous NMC-811 data cover charge only. Therefore,
reversibility is evaluated only for the doped samples. For the layered structure, d(003) =
¢/3 and Q = 2n/d, so lower Q indicates c-lattice expansion and higher Q indicates
contraction. Here, state of charge (SOC) refers to the extent of delithiation during charge;
higher SOC means greater Li removal.

During the early and middle stages of charging, the (003) reflections shift toward
lower Q because Li* removal reduces electrostatic screening between adjacent oxygen
layers, increasing oxygen—oxygen repulsion and expanding the interlayer spacing. Near
the end of charge, the direction reverses. At high SOC, continued nickel oxidation
contracts the transition-metal-oxygen layer, while charge transfer between O 2p and
partially filled Ni 3d states decreases oxygen—oxygen repulsion across the Li layer. This
electronic and structural evolution is associated with an H2—H3-type response around 4.2
V and contracts the c axis, shifting the (003) reflection back toward higher Q.>!”-*3 This
reversal is strongest for bulk NMC-811, smaller for less porous NMC-811, and weaker
for the doped samples. During discharge, the doped-sample peaks return toward their
starting positions, indicating a largely reversible c-lattice response. NM-MgTiNbMo

shows the smallest overall displacement.
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Figure 3.10: Fitted c-lattice parameters as a function of voltage during operando
charging for NM-MgNbMo, NM-MgTiNbMo, bulk NMC-811, and less porous
NMC-811.

The fitted c-lattice parameters in Figure 3.10 quantify the structural change across
the measured charging range. NM-MgNbMo increases from approximately 14.23 A to
14.36 A near 4.05 V and then decreases to about 14.34 A at 4.20 V. NM-MgTiNbMo
increases from about 14.23 to 14.30 A and ends near 14.29 A. In comparison, bulk NMC-
811 increases from approximately 14.20 to 14.43 A before contracting to about 14.27 A,
while less porous NMC-811 reaches about 14.41 A and ends near 14.31 A. The total c-
lattice ranges are therefore about 0.13 and 0.07 A for NM-MgNbMo and NM-MgTiNbMo,
compared with 0.23 and 0.21 A for bulk and less porous NMC-811, respectively. The
maximum-to-end contraction is only about 0.02 and 0.01 A for the doped samples,
compared with 0.16 A for bulk NMC-811 and 0.10 A for less porous NMC-811. Thus, the

doped materials show both less c-lattice breathing across SOC and less collapse at the end
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of charge.

The smaller c-lattice range indicates less c-axis breathing and a smaller strain
change along the layered stacking direction, while the weak maximum-to-end contraction
indicates suppressed high-SOC collapse. Within the present series, NM-MgTiNbMo has
the greatest apparent cation disorder from the ex-situ XRD analysis and the smallest c-
lattice range. This correlation is a finding of this thesis, not a conclusion established by
the compositionally complex doping literature. Limited transition-metal occupancy in the
Li layer may provide a local pillaring effect that constrains adjacent oxygen slabs, while
multielement doping and Ti incorporation may also stabilize the local framework and
distribute strain.'®18:2°

The pillaring mechanism remains a hypothesis. Lee et al. electrochemically induced
and quantified persistent bulk partial disorder in dopant-free LiNig.9Mno.102, whereas the
present apparent disorder is observed in the as-synthesized diffraction data and its exact
location and concentration are not independently measured.'® Zhang et al. demonstrated
reduced strain in a compositionally complex cathode but did not establish cation disorder
as the sole cause.!® Excessive cation mixing can also obstruct Li* pathways, so more
disorder is not necessarily beneficial.?® Thus, the operando results are consistent with
combined effects from dopant chemistry and controlled partial disorder, but they do not
prove a specific pillaring structure. Reduced lattice breathing should lower the repeated

16,18

strain that promotes particle cracking, consistent with the cycling trends. However,

dopant, disorder, and morphology effects cannot be separated here.
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4. Conclusion

This thesis investigated nanostructuring and multi-element doping as a combined
strategy for developing cobalt-free Ni-rich cathodes with improved fast-charging
capability and structural stability. NM-MgNbMo, NM-MgAIMo, and NM-MgTiNbMo
were synthesized using a polymer-assisted micelle-templated sol-gel method and
compared with bulk and less porous NMC-811 references.

XRD and Rietveld refinement confirmed that all three doped materials retained the
targeted layered o-NaFeO.-type structure. The I(003)/I(104) ratios and calculated
interlayer spacings were different and followed the order NM-MgNbMo > NM-MgAIMo >
NM-MgTiNbMo. NM-MgNbMo therefore showed the least apparent cation mixing and
the largest Li-layer spacing, providing a wider pathway for easier Li* transport and faster
kinetics, whereas NM-MgTiNbMo showed the greatest mixing and the smallest spacing.
These results identify partial disorder as a balance between a stabilizing pillaring effect
and the preservation of open Li* pathways. This disorder—spacing relationship is a finding
of the present thesis. SEM comparison showed that NM-MgNbMo formed an irregular,
more open network of interconnected primary grains than the compact spherical
secondary particles of bulk NMC-811.

NM-MgNbMo exhibited the best high-rate response among the doped samples and
maintained approximately 36 mAh/g at 32C, while the capacity of bulk NMC-811
approached zero. Although less porous NMC-811 provided higher capacity at several low
and moderate rates, all three doped materials performed favorably relative to the bulk

reference. The CV analysis showed that NM-MgNbMo combined a high anodic b-value
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with the smallest peak separation among the doped samples, consistent with favorable
comparative kinetics during delithiation. The GITT comparison also showed a small
apparent pulse-relaxation voltage difference. Because this voltage difference includes
ohmic, charge-transfer, and solid-state transport contributions, it is interpreted as a
comparative polarization metric rather than a direct Li* diffusion coefficient.

During long-term cycling, NM-MgNbMo retained the highest absolute capacity
among the doped materials after 1000 cycles, whereas NM-MgTiNbMo retained the
largest fraction of its lower initial capacity. Operando XRD showed that the doped
materials underwent smaller c-lattice changes than the NMC-811 references, with NM-
MgTiNbMo exhibiting the smallest variation. The combined results suggest a capacity-
stability trade-off, although the individual effects of dopant chemistry, cation disorder, and
particle morphology cannot be separated from the present data.

Overall, NM-MgNbMo provides the most balanced fast-charging response because
it combines low apparent polarization with the highest high-rate capacity among the doped
samples. NM-MgTiNbMo shows higher fractional retention and smaller c-lattice variation,
but at the cost of lower accessible capacity. These results demonstrate that nanostructuring
and dopant selection can provide complementary kinetic and structural advantages in Co-

free Ni-rich cathodes.
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