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Manganese spinel cathodes LiMn2O4 offer the advantage of a strong, edge-shared 

octahedral framework with fast, 3-dimensional Li+-ion conduction. To better understand 

the safety of these materials, the thermal stability characteristics of spinel oxide and 

oxyfluoride cathodes Li1.1Mn1.9-yMyO4-zFz (M = Ni and Al, 0 ≤ y ≤ 0.3, and 0 ≤ z ≤ 0.2) 

have been investigated systematically. The thermal characteristics are assessed in terms 

of the onset temperature and reaction enthalpy for the exothermic reaction. The thermal 

stability increases with decreasing lithium content in the cathode in the charged state. 

High-voltage spinel cathodes LiMn1.5Ni0.5O4 are promising candidates for electric 

vehicles and stationary storage of electricity produced by renewable energies due to their 

high power capability. However, widespread adoption of this high-voltage spinel cathode 

is hampered by severe capacity fade resulting from aggressive reaction with the 

electrolyte to form a thick solid-electrolyte interphase (SEI) layer. The synthesis 

conditions of the co-precipitation method are found to influence the microstructure and 

morphology through nucleation and growth of crystals in solution. Two samples prepared 

by similar wet-chemical routes have been characterized by microscopy and 

electrochemical methods to determine the role of microstructure and morphology on the 
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electrochemical performance. It is found that the surface crystal planes play a key role in 

the capacity retention and rate performance. 

In order to achieve consistent electrochemical properties essential for the 

commercialization of the high-voltage spinel cathode LiMn1.5Ni0.5O4, the relationship 

between cation ordering, presence of impurity phase, and particle morphology must be 

elucidated. Accordingly, comparison of the stoichiometric LiMn1.5Ni0.5O4 cathodes with a 

Mn/Ni ratio of 3.0 prepared by different methods having varying morphologies and 

degrees of cation ordering is presented. It is found that although an increase in the degree 

of cation ordering decreases the rate capability, the crystallographic planes in contact 

with the electrolyte have a dominant effect on the electrochemical properties. 

To examine the effect of cation substitution on morphology, an investigation of 

the nucleation and growth of doped co-precipitated mixed-metal hydroxide precursor 

particles and the resulting stabilization of preferred crystallographic surface planes in the 

final spinel samples are presented. It is found that doping with certain cations stabilizes 

the growth of low-energy (111) surface planes, facilitating a long cycle life and fast high-

rate performance. 

With an aim to develop a better understanding of the factors influencing the 

electrochemical properties, a systematic investigation of LiMn1.5Ni0.5-xMxO4 (M = Cu and 

Zn and x = 0.08 and 0.16), in which Ni2+ ions are substituted by divalent Cu2+ and Zn2+ 

ions, is presented. It is found that although both Zn and Cu are divalent with ionic radii 

similar to that of Ni2+, they behave quite differently with respect to cation ordering and 

site occupancy, and higher levels of doping leads to distinct differences in cycling and 

rate performances. 
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Chapter 1: Introduction 

1.1 INTRODUCTION AND MOTIVATION 

Lithium-ion battery technology is becoming an essential tool for transitioning 

from widespread consumption of fossil fuels to storage and utilization of cleaner energy 

sources.1 In fact, lithium-ion batteries have been successfully implemented as the power 

source for modern electric vehicles.2 In order for an electrode material to be successful in 

this application, it must, however, satisfy several basic criteria.  

Above all else, the material must remain stable and safe under a range of 

operating conditions, and the constituent materials should have minimal environmental 

impact. The material must also be lightweight and have a high charge-storage capacity. 

Finally, large-scale manufacturing must be inexpensive and non-toxic. Given this set of 

criteria, the manganese-rich spinel cathode materials are attractive for large-scale 

applications. 

While a good deal of effort has been focused in recent years on the development 

of a high-capacity anode material, even the basic graphitic carbon anode has much higher 

specific capacity than any known transition-metal oxide cathode material.3-7 It is, 

therefore, critical to develop further and optimize the cathodes for lithium-ion batteries to 

increase the overall cell capacity and energy. 

1.2 MANGANESE SPINEL OXIDE CATHODE MATERIAL 

Spinel lithium manganese oxide (LiMn2O4) was discovered as a material capable 

of reversibly accommodating the insertion and extraction of Li+ ions.8,9 This cathode 

candidate was readily embraced for several key reasons: (i) in contrast to the cathode 

technology featuring layered cobalt oxide, the element manganese is abundant in the 

Earth’s crust and is not harmful to the environment, (ii) the crystal structure allows for 
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fast 3-dimensional lithium-ion movement between the interconnected interstitial sites, 

along with enhanced electrical conductivity resulting from 90o π-σ interactions across the 

edge-shared octahedral framework, and (iii) the lithium extraction/insertion processes are 

reversible and facile. 

1.2.1 Properties and Electrochemical Operation 

The crystal structure has the cubic space group Fd-3m. The backbone is a cubic 

close-packed oxygen array, containing a distribution of Mn3+/4+ occupying alternate 

octahedral sites along the three directional axes and Li+ ions occupying ordered 

tetrahedral interstices along the body diagonal of the unit cell. In LixMn2O4, where x = 1, 

the lithium ions occupy the tetrahedral Wykoff 8a positions. It then follows that the 

Wykoff positions of manganese and oxygen atoms are, respectively, 16d and 32e. This 

arrangement can be summarized in standard notation as (Li)8a[Mn2]16dO4, and is shown in 

Figure 1.1. This normal spinel structure features a strong, edge-shared [Mn2]O4 

framework which allows for the reversible extraction of Li+ ions without the collapse of 

the surrounding structure.  

Since manganese ions only occupy half of the available octahedral sites in the 

transition metal FCC array, it is possible to insert Li+ ions into the empty 16c octahedral 

sites. Thus, it is theoretically possible to insert two lithium ions per formula unit to form 

the ordered rock salt phase {Li2}16c[Mn2]16dO4. Upon the introduction of excess Li+ ions 

into the lattice, the Mn4+ ions are reduced to Mn3+ in order to maintain charge neutrality. 

The Mn3+ ion is known to undergo Jahn-Teller distortion, whereby the single electron 

present in the eg orbital of Mn3+ causes a tetragonal distortion to lower the energy of the 

system, as seen in Figure 1.2. This distortion leads to a cooperative macroscopic increase 

in the c/a ratio by 14%, resulting in an overall 5.6% increase in the lattice volume.10,11 
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This dramatic expansion gives rise to sufficient mechanical strain in the electrode to 

cause cracking and breaking of inter-particle contact, thus damaging the integrity of the 

electrode and making way for rapid capacity fade. 

 

 

Figure 1.1 Crystal structure of Fd-3m LiMn2O4 spinel oxide. 
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Figure 1.2 Jahn-Teller distortion, resulting from the presence of a single electron in the eg 
orbital of high-spin Mn3+. 

The insertion of lithium ions into the 8a and 16c sites can be readily distinguished 

by virtue of the different voltage profiles of these processes. Lithium insertion into and 

extraction from the 8a tetrahedral sites also involves the reduction/oxidation of the 

Mn3+/4+ couple, but the process occurs at a higher voltage of 4 V in order to overcome the 

activation energy required to remove/insert the Li+ ions from/into a deeper energy well of 

the 8a tetrahedral sites. By contrast, although the lithium insertion/extraction into/from 

the 16c octahedral sites also involves the Mn3+/4+ couple, it undergoes a two-phase 

transformation from the cubic spinel to the tetragonal phase, which occurs at ~ 3 V. This 

low-voltage transformation is unique to the manganese spinel, and an altogether different 
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behavior is observed with the low-voltage operation of the 4.8 V LiMn1.5Ni0.5O4 spinel, as 

discussed in detail later in this chapter in Section 1.3.2. 

The Jahn-Teller distortion occurring below 3.5 V limits the practical operation of 

the spinel cathode, allowing for a typical observed capacity of only ~ 120 mAh/g for 

LiMn2O4, far short of its theoretical capacity of 285 mAh/g. A total of three phases are 

observed in a complete discharge/charge process for the spinel cathode. There is a 

transition between two cubic phases in the 4 V region, and a third tetragonal phase is 

formed below 3 V. However, practical cells are only operated in a voltage window of 3.5 

– 4.3 V when paired with a graphite anode; without a metallic lithium source, it is not 

possible to produce more lithium ions for insertion. Additionally, it is not possible to 

synthesize Li2Mn2O4 by conventional high-temperature synthesis processes without 

transitioning it into a monoclinic LiMnO2 structure.12 The discharge profile of a 

manganese spinel cathode can be seen in Figure 1.3, labeled with the phases and 

compositions present. 

Nevertheless, even when operated under a limited voltage window, capacity fade 

occurs in the 4 V region, especially at elevated temperatures. The source of this 

irreversible capacity loss has been attributed to many factors, including localized surface 

Jahn-Teller distortion, ,13 dissolution of manganese into the electrolyte, 14-18 oxygen non-

stoichiometry, 19,20 structural instability of the [Mn2]O4 framework in the charged state, 
21,22 and decomposition of the electrolyte.17,23-25 These factors prompted researchers to 

stabilize the capacity of the spinel cathode through various strategies. 
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Figure 1.3 Discharge profile, illustrating the Li+ insertion/extraction into/from the 
Li[Mn2]O4 spinel framework. 

1.2.2 Stabilization by Cationic and Anionic Substitution 

The primary strategy to combat capacity fade involves the partial substitution of 

other cations for manganese and other anions for oxygen. By simply increasing the 

amount of lithium in the material, as in Li1+xMn2-xO4 where 0 ≤ x ≤ 0.2, the average 

valence of manganese increases above 3.5+ and Jahn-Teller distortion is suppressed. 26-31 

This substitution partially stabilizes the capacity over many cycles, but the initial 

available capacity is decreased due to fewer Mn3+ ions available for oxidation/reduction, 

as seen in Figure 1.4. Other cations, including Ni,32-35 Cr,33,36,37 Co,32,33,38,39 Fe,32,40 Al,34,41-43 

and Mg34,41,44 were also substituted to give a similar effect. 
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Figure 1.4 Capacity retention in (a) lithium-substituted spinel cathodes and (b) with 
cationic and anionic co-substitution. 

However, while the above listed cationic substitutions stabilize capacity fade, an 

undesired result is an observed decrease in overall capacity. It was found that partial 

substitution of oxygen by other anions increases the initial capacity. Early work focused 

on sulfur substitution, but this stoichiometry did not provide additional capacity in the 

voltage window for cell operation.45 On the other hand, fluorine substitution decreases the 

average Mn valence slightly, providing a slight enhancement in discharge capacity.46-52 

Fluorine substitution has also been shown to decrease manganese dissolution53 and 

improve the safety characteristics52 of spinel cathodes by virtue of the strong metal-

fluorine bond in the structure. 

1.2.3 Applying Coatings to Reduce Electrolyte Side Reactions 

Another common strategy to combat the capacity fading in spinel cathodes is to 

coat the material with an inert layer to protect the active material from the electrolyte. 

However, there exists a delicate balance for the optimum thickness of such a coating. 
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Thin layers do not uniformly cover all electrode surfaces, and too thick a coating 

becomes an insulating barrier to ionic conduction. A popular choice is the oxide Al2O3, 

which adheres readily to the material with minimal processing and cost.54-57 Then again, 

Al2O3 coating has been shown to increase the cell impedance more than other oxides such 

as ZrO2.54,58 Other coating candidates include: ZnO, which is thought to protect against 

HF attack,59,60 MgO, 61,62 SiO2, which is abundant in the Earth’s crust,57,63 AlF3, which was 

proposed based on reports that oxide coatings transform to fluorides upon exposure to 

electrolyte,64,65 and BiOF, which achieves a thin dispersion and acts as an HF scavenger.66 

1.3 HIGH-VOLTAGE SPINEL OXIDE CATHODE MATERIALS 

As discussed in Section 1.2.2, partial substitution of transition metal ions (Cr3+, 

Co3+, Ni2+, and Cu2+) for manganese in lithium manganese oxide (LiMn2O4) has been the 

primary strategy to improve the electrochemical performance of LiMn2O4 by increasing 

the average oxidation state of the manganese ion. Coincidentally, a plateau around 5 V 

was discovered in addition to the 4 V plateau during operation of cation substituted 

LiMn2-xMxO4 (M = Cr3+, Co3+, Ni2+, and Cu2+).35,67 The capacity of the 5 V plateau was 

found to increase with increasing M content, while that of the 4 V plateau decreased. 

More significantly, both the plateaus at 5 and 4 V correspond to lithium ion 

insertion/extraction into/from the 8a tetrahedral sites of the cubic spinel structure. The 5 

V plateau is attributed to the redox reaction of M3+/4+ or M2+/3+/4+, which features more 

strongly bound (~ 0.5 eV) M 3d electrons compared to Mn 3d eg electrons.68,69 This 

higher operating voltage provides the benefit of increasing the energy density and power 

density of the lithium-ion batteries.70 
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1.3.1 Properties of Cation-substituted Spinels 

The redox potentials of LiMn2-xMxO4 (M = Cr3+, Mn3+, Co3+, Ni2+, and Cu2+) are 

compared in Figure 1.5. Among the cation-substituted LiMn2-xMxO4 compositions, the 

stoichiometric LiMn1.5M0.5O4 stands out as a candidate to eliminate the negative effects of 

Jahn-Teller distortion by allowing only Mn4+ when M is divalent.  

 

 

Figure 1.5 Redox potentials of LiMn1.5M0.5O4
71 

The LiMn1.5M0.5O4 composition also boasts the unique structural aspect of 

facilitating ordering of the cations in the 16d octahedral sites for certain M ions. It is 

reported that LiMn1.5M0.5O4 (M = Mg2+, Ni2+, Cu2+ and Zn2+) allow this ordered phase to 

form.72 In the ordered phase, there is a 3:1 ordering of Mn4+ and M2+ ions in the 12d and 

4b octahedral sites, respectively, thus reducing the symmetry from the Fd-3m space 

group to the P4332 space group, as shown in Figure 1.6. In order for cation ordering to 

occur in the 16d octahedral sites, two conditions must be satisfied. First, there must be a 
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large difference between the ionic radii of Mn4+ and M2+. Second, M must be bivalent 

with an oxidation state of 2+.72 The driving force behind the cation ordering is reduction 

of the lattice strain.72 The decrease of microstrain with the increase of cation ordering is 

compared in the Williamson-Hall plot in Figure 1.7.73 The ordered phase shows a smaller 

lattice constant due to an optimization of space occupation of the M-O bonds.72,74 

Among the LiMn1.5M0.5O4 compositions, much attention has been focused on 

LiMn1.5Ni0.5O4 because the operating potential (~ 4.7 vs. Li+/Li) is the highest among 

feasible cathode materials. In addition, the tetravalent state of the manganese ions during 

the high-voltage operation (> 3 V) suppresses both Jahn-Teller distortion and Mn 

dissolution, which originate from trivalent manganese ions.35,67,75,76 

  

Figure 1.6 Crystal structure of the ordered spinel LiMn1.5Ni0.5O4. 
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Figure 1.7 Williamson-Hall plot of the LiMn1.5Ni0.5O4 samples with different degrees of 
cation ordering, revealing the variation of the lattice strain. 

1.3.2 Cation Ordering Behavior in LiMn1.5Ni0.5O4 

As mentioned in the previous section, the LiMn1.5Ni0.5O4 spinel can undergo 

cation ordering in the 16d octahedral sites due to the large ionic size and charge 

difference between Mn4+ and Ni2+. It has been found that synthesis conditions affect the 

crystallographic structures observed for the LiMn1.5Ni0.5O4 spinel.72,76-80 Annealing 

temperature and cooling rate largely govern the extent of the cation ordering. An order-

disorder transition occurs at 700 oC due to a characteristic oxygen loss from the lattice 

above 700 oC.81 Samples synthesized above 700 oC tend to exhibit the disordered phase 

due to the formation of a rocksalt impurity phase originating from oxygen loss and the 

consequent deviation of the Mn/Ni ratio from the ideal value of 3. On the other hand, 

samples synthesized or post annealed at 700 oC form a highly ordered phase by allowing 

an incorporation of the rocksalt phase into the spinel lattice and an Mn/Ni ratio of 3.0 in 
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the spinel lattice. Slower cooling rates can also increase the cation ordering by decreasing 

the amount of rock-salt impurity phase. 

Determining the relative degree of cation ordering in a sample is critical due to 

the direct relationship to electrochemical performance. Disordered spinels exhibit higher 

electronic and lithium-ion conductivity, which generally results in improved 

electrochemical properties compared to that of the ordered spinels.82,83 However, 

comparing the degree of cation ordering between samples is nontrivial. Usually, the 

relative cation ordering tendency is assessed qualitatively by examining the XRD patterns 

for the existence of superstructure reflections; another qualitative technique is to identify 

the characteristic Ni-O bands in the FTIR spectrum.82,84 Recently, we reported that 

discharging the cathode below 3 V can reveal information about the lithium 

insertion/extraction behavior into/from the empty 16c octahedral sites. By this method, it 

is possible to precisely compare the degree of cation ordering between samples.74 In 

contrast to the discharge profile of the LiMn2O4 spinel seen in Figure 1.3, the 

LiMn1.5Ni0.5O4 spinel exhibits two distinctive plateaus at ~ 2.7 and ~ 2.1 V during 

lithium-ion insertion into the empty 16c octahedral sites of the spinel structure, 

corresponding to the evolution of two tetragonal phases with different lattice 

parameters.74 The relative length of the plateau at ~ 2.7 V can be used as a standard to 

determine the relative degree of cation ordering among samples. A more ordered sample 

exhibits a longer ~ 2.7 V plateau due to the facile lithium ion insertion into the larger 

empty octahedral sites (4a sites), contrasting with the smaller empty octahedral sites (16c 

sites) in the disordered sample. The first discharge profile variations between 5 and 2 V 

of samples with varying degrees of cation ordering are compared in Figure 1.8. 
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Figure 1.8 First discharge profiles of the four LiMn1.5Ni0.5O4 samples with different 
degrees of cation ordering when discharged to 2 V at 10 mA/g. 

1.3.3 Stabilization of LiMn1.5Ni0.5O4 by Cationic Substitution 

The major drawbacks of the high-voltage LiMn1.5Ni0.5O4 spinel are the formation 

of a rocksalt impurity phase during synthesis35,85,86 and capacity fade during cycling.85,87 

Formation of the rocksalt phase not only decreases the specific capacity of the sample, 

but also decreases the average oxidation state of the Mn ions, which could exacerbate Mn 

dissolution and induce capacity fade, as discussed in section 1.2.1. Other factors which 

have been posited to accelerate capacity fade include large lattice strain during lithium-

ion insertion and corrosion reactions between the electrolyte and cathode surface.88 An 

effective strategy to suppress the formation of the impurity phase and improve the 

electrochemical performance has been the partial substitution of Mn and/or Ni by other 

cations (M = Cr3+, Fe3+, Co3+ and Ga3+).18,31,89 As seen in Figure 1.9, even small amounts 

of substitutions stabilize the cycling behavior and result in improved capacity retention. 
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Figure 1.9 Cycle performance data of the LiMn1.5Ni0.5-xMxO4 (M = Cr, Fe, Co, and Ga; x 
= 0.08) samples when cycled between 5.0 and 3.5 V at 10 mA/g. 

However, when different dopant ions are introduced into the structure, changes in 

the lattice strain are uniquely induced. These strains originate from the size difference 

between Mn4+ and the M3+ dopant ions, which affects the degree of cation ordering 

differently in the LiMn1.5Ni0.5-xMxO4 spinels, as shown by the variations in the discharge 

profiles below 3 V in Figure 1.10. Surface segregation of dopant ion could be another 

reason for the improved electrochemical performance.89 As we can see in Figure 1.9, the 

superior electrochemical performance of the Co-doped and Fe-doped samples can be 

explained by their high degree of cation disorder.89,90 

Additionally, surface modification can improve the electrochemical performance 

by suppressing the corrosion reaction.91,92 This passivation of the electrode surface is 

particularly important for LiMn1.5Ni0.5O4 because the solid-electrolyte side reactions are 

exacerbated by the high-voltage operating conditions.93-98 Many of the same coatings and 
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strategies employed in 4 V spinel systems have also successfully been applied to the 5 V 

spinel electrodes.91,92,99 

 

 

Figure 1.10 Electrochemical data of the LiMn1.5Ni0.5-xMxO4 (M = Cr, Fe, Co, and Ga; x = 
0, 0.08) samples before and after post-annealing at 700 oC when cycled 
between 5.0 and ~ 2.0 V at 10 mA/g. 

1.4 CONCLUSIONS 

Manganese spinel cathode materials have proven to be a robust, cost-effective, 

and safe solution to electrochemical energy storage. However, due to fundamental issues 

such as dynamic Jahn-Teller distortion and manganese dissolution, this material 

continues to be plagued by rapid capacity fade and a limited practical operating voltage 

window. To this end, many strategies have been employed to mitigate these effects, 

including cationic and anionic substitution and surface modification. In spite of this, in 

order to meet the demands of the burgeoning electric vehicle market, it is critical to 

develop a cathode material with higher capacity. 

By partially substituting nickel for manganese in a 1:3 ratio, it is possible to 

harness a higher power capability and operating voltage. Then again, this variation 

introduces a new set of complications, including cation ordering behavior, impurity phase 
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formation, and morphological considerations. Additionally, the high voltage operation 

aggravates the unwanted side reactions with the electrolyte, leading to capacity fade and 

surface corrosion, particularly at elevated temperatures. To overcome these difficulties, 

strategies such as morphological control, annealing processes, and surface modifications 

have been successfully demonstrated to stabilize the electrochemical performance and 

extend cycle life. 

1.5 OBJECTIVES OF THIS DISSERTATION 

The primary objectives of my dissertation are to elucidate the factors affecting the 

electrochemical properties and safety characteristics of spinel cathode materials. 

Accordingly, after giving the general experimental details in Chapter 2, Chapter 3 

examines the influence of cationic and anionic doping on the thermal stability of 4 V 

manganese oxide spinel cathodes. The relationship between the content of lithium in the 

charged cathodes and the safety is investigated. 

Chapter 4 aims to identify the factors contributing to capacity fade and poor rate 

capability in high-voltage LiMn1.5Ni0.5O4 spinel cathodes. In particular, the effects of 

synthesis conditions and particle growth are examined. The crystallographic planes on the 

surface facets of the particles are characterized by TEM, and the phases evolved during 

the charge process are compared. Chapter 5 develops an even deeper understanding of the 

influence of particle morphology by presenting a more targeted study to compare the 

relative impact of surface crystal planes and cation ordering. Samples with different 

morphologies are prepared by various synthesis techniques, and the electrochemical 

properties are compared. 

Chapter 6 explores the control of particle morphology by doping with different 

cations. The role of coordination chemistry on particle nucleation is investigated with 
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respect to the modified continuously stirred tank reactor (CSTR) co-precipitation 

synthesis method. Additionally, the surface segregation behavior of the dopant ions is 

investigated. To better understand the behavior of divalent Zn- and Cu-doped samples, a 

comparison of the site disorder and oxygen non-stoichiometry is presented in Chapter 7. 

The relationship of site disorder, oxygen content, and morphology to the electrochemical 

properties is investigated by materials characterization and electrochemical testing. 

Finally, Chapter 8 provides an overall summary of the findings in this dissertation. 
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Chapter 2: Experimental Procedures 

2.1 MATERIALS SYNTHESIS 

2.1.1 Solid State Method 

The cation-substituted manganese oxide spinels Li1.1Mn1.9-yMyO4 (M = Ni, Al, and 

Li, 0 ≤ y ≤ 0.3) were synthesized by the solid-state method wherein stoichiometric 

amounts of the precursors Li2CO3, Mn2O3, and either NiO or Al2O3 were ground into a 

uniform mixture and fired at 800 oC for 48 h in air. Fluorine substitution was achieved by 

grinding the thus obtained spinel oxide material with a stoichiometric amount of 

(NH4)HF2 and heating at 450 oC for 5 h in air. 

2.1.2 Co-Precipitation Synthesis 

One method employed to obtain the high-voltage spinel cathode LiMn1.5Ni0.5O4 

was the co-precipitation technique. A mixed metal solution containing a 0.5 M 

concentration of 1:3 mol ratio of, respectively, Ni(CH3COO)2.4H2O and 

Mn(CH3COO)2.4H2O was prepared. In a separate beaker, a 3 M solution of KOH was 

stirred with a stir bar. The mixed metal solution was added to the basic solution drop-

wise from a burette until the reaction was complete. The resulting solid was vacuum 

filtered and washed with deionized water until the filtrate reached a neutral pH. The 

hydroxide was then dried in an air oven at 110 oC overnight. The metal content of the 

resulting hydroxide was determined by thermogravimetric analysis (TGA), and the raw 

hydroxide was ground with a proper amount of LiOH and fired at 900 oC for 15 h with a 

cooling rate of 1 oC/min to produce the final spinel material. A portion of the final 

material was collected and post-annealed at 700 oC to produce a highly cation-ordered 

sample. 
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2.1.3 Continuously Stirred Tank Reactor Co-Precipitation 

2.1.3.1 Undoped Octahedral Sample 

The high-voltage undoped LiMn1.5Ni0.5O4 sample with octahedral morphology 

was synthesized by a modified co-precipitation reaction in a continuously stirred tank 

reactor (CSTR). Two feedstock solutions were prepared; one with a 2 M concentration of 

a 1:3 molar ratio of, respectively, NiSO4
.6H2O and MnSO4

.H2O, and the other with a 4 M 

concentration of NaOH and a 0.05 M concentration of NH4OH. The two solutions were 

added simultaneously by dual peristaltic pumps to maintain a pH of 10 with a total 

reaction time of approximately 12 h. The stirring rate was 1000 rpm, the reaction was 

carried out in a sealed environment with inert nitrogen atmosphere, and the temperature 

was maintained at 60 oC. The resulting solid was filtered and washed until a neutral pH 

was achieved in the filtrate, and the product hydroxide powder was dried overnight in air 

at 110 oC. The metal content of this mixed hydroxide was determined by 

thermogravimetric analysis (TGA), and the hydroxide was ground with a stoichiometric 

amount of LiOH.H2O and fired at 900 oC for 15 h with a cooling rate of 1 oC/min to 

produce the final spinel material.  

2.1.3.2 Undoped Spherical Sample 

The sample designated in Chapter 5 as “Spherical” was synthesized under 

different conditions in the continuously stirred tank reactor (CSTR). As before, a 2 M 

mixed-metal solution containing required amounts of MnSO4
.H2O and NiSO4

.6H2O was 

prepared. Separately, a 2 M solution of Na2CO3 was prepared containing 0.05 M NH4OH 

additive. The mixed-metal and carbonate solutions were added simultaneously by 

peristaltic pumps into the tank reactor apparatus over a 12 h reaction period. The vessel 

temperature was maintained at a temperature of 60 oC, and the pH was maintained at 8. 
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No nitrogen was sparged during this reaction, and the vessel was open to the air 

atmosphere. The resulting mixed-metal carbonate precipitate was washed with deionized 

water and filtered until the filtrate reached a neutral pH. The powder was then dried in an 

air oven overnight at 100 oC. The final spinel material was obtained by grinding the 

mixed-metal carbonate precursor with a required amount of LiOH.H2O and fired at 900 
oC with a heating rate of 3 oC/min and a cooling rate of 5 oC/min. 

2.1.3.3 Doped High-Voltage Spinel Cathodes 

As described for the Octahedral undoped sample, a 2 M mixed-metal solution was 

prepared by dissolving stoichiometric amounts of MnSO4
.H2O (ACROS) and 

NiSO4
.6H2O (Alfa Aesar) in deionized water. However, for doped samples, the 

appropriate amount of the following precursors were substituted for nickel sulfate in the 

mixed-metal solution: FeSO4
.7H2O (Alfa Aesar), Ga(NO3)3

.H2O (ACROS), 

Zn(NO3)2
.6H2O (ACROS), Al(NO3)3

.9H2O (Alfa Aesar), Cr(NO3)3
.9H2O (ACROS), 

CoSO4
.7H2O (Alfa Aesar), and Cu(NO3)2

.H2O (ACROS). A separate 2 M basic solution 

of NaOH (Fisher) containing 0.05 M NH4OH (Fisher) was also prepared. These two 

solutions were then added at a constant feed rate over 12 h to a continuously stirred 

reaction vessel maintained at a constant temperature of 60 oC and pH of 10. Nitrogen was 

purged through the reaction mixture for the duration of the synthesis. The resulting mixed 

metal hydroxide precipitate was collected, filtered in air, and washed with deionized 

water until the filtrate pH became neutral. The hydroxide was then dried in an air oven at 

100 oC overnight. The metal content of the hydroxide was determined by 

thermogravimetric analysis (TGA). An appropriate amount of LiOH.H2O (Alfa Aesar) 

was then ground with the hydroxide precursor, and the mixture was heated at 900 oC for 

15 h with a cooling rate of 1 oC/min to produce the final spinel material. 
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2.1.4 Hydrothermal Synthesis 

Stoichiometric amounts of MnSO4
.H2O and NiSO4

.6H2O were dissolved in 

deionized water with cetyl trimethylammonium bromide and urea additives, and sealed in 

a hydrothermal autoclave vessel. The mixture was then heated at 160 oC for 12 h with a 

heating rate of 3 oC/min and a cooling rate of 3 oC/min. The solid product formed was 

collected and washed by repeated centrifugation and decanting until the filtrate reached a 

neutral pH. The powder was then dried in an air oven overnight at 110 oC. The resulting 

mixed metal carbonate was ground with a required amount of LiOH.H2O and fired at 900 
oC with a heating rate of 3 oC/min and a cooling rate of 5 oC/min to produce the final 

spinel material. 

2.2 STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION 

The crystal chemistry of the samples was characterized by x-ray diffraction with 

Cu Kα radiation. The lattice parameter values and the rocksalt phase content were 

determined by the Rietveld refinement with FullProf Suites software. The compositions 

of the synthesized samples were verified by inductively coupled plasma (ICP) analysis. 

The morphology was characterized by a scanning transmission electron microscope 

(STEM) equipped with energy dispersive x-ray spectroscopy (EDX) capability (Hitachi) 

and transmission electron microscopy (TEM) (JEOL). 

2.2.1 Quantification of the Oxygen and Fluorine Content 

Fluorine content of the oxyfluoride manganese spinels and oxygen non-

stoichiometry of the Zn-doped samples were determined by a redox titration. The sample 

was dissolved in a 0.05 N solution of sodium oxalate, whereby all transition metals 

present were reduced to the 2+ oxidation state. The resulting solution was titrated with a 
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0.05 N solution of potassium permanganate, and the oxygen content was calculated based 

on the amount of oxalate consumed by the sample using the charge neutrality principle. 

2.3 ELECTROCHEMICAL CHARGE AND DISCHARGE TESTING 

2.3.1 Electrode Preparation with PTFE Binder 

The positive electrodes were prepared by combining the active spinel material 

with conductive carbon and polytetrafluoroethylene (PTFE) binder in weight ratio of 

75:20:5. The cathode material, carbon, and binder were thoroughly mixed in an isopropyl 

alcohol solvent and rolled into a uniform film, which was then cut into 0.64 cm2 disks 

with ~ 7 mg active material in each electrode. The electrodes were subsequently dried at 

110 oC overnight under vacuum before assembly in coin cells. 

2.3.2 Electrode Preparation with PVDF Binder 

Cathode slurries were prepared by stirring the active material with conductive 

carbon and polyvinyledene fluoride (PVDF) in an 80:10:10 wt. ratio in 1-methyl, 3-

pyrrolidone (NMP) solvent. These slurries were then cast onto an aluminum foil current 

collector and dried overnight in an air oven at 110 oC. Cathode disks were punched out of 

this film with a uniform area of 1.2 cm2 with ~ 5 mg active material in each electrode. 

2.3.3 Cell Assembly 

Electrochemical testing was carried out with CR 2023 coin cells with lithium 

metal counter electrodes. The cells were fabricated with the cathode disks, two Celgard 

separators, Li anodes, and nickel foam negative current collectors. The electrolyte was a 

1 M solution of LiPF6 dissolved in a 1:1 volume ratio of ethylene carbonate and diethyl 

carbonate (EC:DEC). 
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Chapter 3: Thermal stability of spinel Li1.1Mn1.9-yMyO4-zFz (M = Ni, Al, 
and Li, 0 ≤ y ≤ 0.3, and 0 ≤ z ≤ 0.2) cathodes for lithium ion batteries 

3.1 INTRODUCTION 

Since revolutionizing the portable electronics industry in the 1990s, lithium-ion 

batteries have received increasing attention in recent years for larger-scale applications 

such as hybrid-electric and plug-in hybrid electric vehicles. They are also attractive for 

stationary storage of electricity produced from renewable sources like solar and wind. 

However, one major concern with implementing these high-power, high-energy density 

batteries for large-scale applications is the potential hazard of a thermal runaway 

reaction.1 Thermal runaway has been observed in small commercial batteries used in cell 

phones and laptops, and the result is typically a fire or explosion. It is possible to simulate 

the conditions under which the thermal runaway reaction will occur using the thermal 

analysis technique differential scanning calorimetry (DSC).100 In this manner, the 

characteristic temperature and enthalpy of the reaction can be determined quantitatively. 

While this technique is a well-established means of determining the safety characteristics 

of a cathode material,34,101 there has been no systematic investigation of the materials 

factors or characteristics that control the thermal stability. 

Spinel cathodes are attractive candidates for electric vehicle and stationary storage 

applications due to their low cost, ease of manufacture, environmentally benign elements, 

and excellent rate capability. The high rate capability originates from the high lithium-ion 

and electronic conductivities due to 3-dimensional lithium-ion diffusion and a hopping 

electronic conduction arising from direct Mn-Mn interaction along the edge-shared MnO6 

octahedra. These characteristics have, in fact, made spinel cathodes the leading 
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candidates for plug-in hybrid vehicles developed by leading automakers (e.g., Chevy 

Volt).  

In early studies, the spinel cathode LiMn2O4 suffered from severe capacity fade, 

particularly at elevated temperatures. This behavior has been ascribed to Mn dissolution 

from the cathode into the electrolyte and dynamic Jahn-Teller distortion of the high-spin 

Mn3+ ions with a single electron in the eg orbitals.102,103 However, subsequent studies have 

shown that doping the manganese sites with lithium or other transition metal ions can 

improve the cycle life and other electrochemical properties significantly.104,105 

Accordingly, the spinel cathodes employed in batteries for vehicle applications comprise 

of doped compositions. With this perspective, this paper focuses on understanding the 

effects of cationic and anionic substitutions on the thermal stability of spinel cathodes of 

the form Li1.1Mn1.9-yMyO4-zFz (M = Ni, Al, and Li, 0 ≤ y ≤ 0.3, and 0 ≤ z ≤ 0.2). A 

systematic investigation of the electrochemical properties and thermal stabilities of the 

cation-substituted oxides and the corresponding anion-substituted oxyfluorides is 

presented. 

3.2 EXPERIMENTAL 

The samples were prepared by the solid state method and characterized by XRD, 

ICP, and SEM as described in Chapter 2. The electrodes were prepared with PTFE 

binder. 

Thermal stability was analyzed with differential scanning calorimetry (DSC).  

The unique challenge of accurately measuring the thermal stability depends heavily on 

the amount of electrolyte present in the porous cathode material.101 Accordingly, when 

preparing the cells for thermal analysis, 250 µL of electrolyte was precisely administered 

with a micropipette to each cell in an identical order with identical cell interior 
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components (excepting the cathode) in order to minimize any variation.  Using this cell 

fabrication method, the resultant DSC profiles were highly reproducible and self-

consistent for each sample.  The thus prepared cathodes were charged electrochemically 

to a potential of 4.3 V, the cell was subsequently opened under argon atmosphere, and the 

wet cathode was removed and sealed into a stainless steel crucible with a perforated lid 

and a gold foil seal.  The DSC data were then collected with a Netzch STA 449 thermal 

analysis system at a heating rate of 10 oC/min with a maximum temperature of 400 oC 

and nitrogen purge gas. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Materials Characterization 

Figure 3.1 shows the XRD patterns of the oxide spinel compositions. As has been 

reported before,49,104-107 the diffraction peaks systematically shift to higher angles and the 

lattice parameter decreases with the substitution of Li+, Al3+, or Ni2+ for Mn3+. The 

decrease in lattice parameter is due to the oxidation of larger Mn3+ to smaller Mn4+ by the 

substitution of lower-valent Li+ or Ni2+ for Mn3+ or the substitution of smaller Al3+ for 

Mn3+. It was observed that certain lithium-rich samples (i.e. samples with a higher 

amount of Li+ substitution) exhibited higher capacities than expected during 

electrochemical cycling, so a detailed XRD scan was recorded for these samples as can 

be seen in the magnified region of the XRD pattern in Figure 3.1. There is evidence of a 

slight amount of layered Li2MnO3 impurity in the lithium-rich samples, with the Li2MnO3 

peaks becoming more prominent with higher Li+-ion substitution. The segregation of the 

Li2MnO3 impurity phase is known to occur at T > 500 oC with lithium-rich spinel 

compositions due to the instability of high concentrations of Mn4+ in the spinel lattice at 

high temperatures.27,108 The formation of Li2MnO3 phase decreases the lithium content in 
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the electrochemically active spinel phase, resulting in a higher observed capacity 

compared to the theoretical capacity calculated from the nominal spinel composition. 

 

 

Figure 3.1 XRD patterns of the oxide spinel compositions, with a magnified region 
shown on the right for the lithium-rich spinel compositions to illustrate the 
presence of Li2MnO3 impurity peaks 

Table 3.1 lists the lattice parameter values and selected electrochemical properties 

of the samples. The increase in lattice parameter values on substituting F- for O2- in a 

given oxide composition is due to the reduction of smaller Mn4+ ions into larger Mn3+ 

ions to maintain charge neutrality in the lattice. The decrease in the oxidation state of Mn 

on substituting F- for O2- was also confirmed by a redox titration analysis as seen in Table 

3.1. The decrease in the Mn oxidation state on substituting F- for O2- is also reflected in 
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an increase in the capacity values given in Table 3.1. These results are in agreement with 

the previous reports.48,109 In addition, the compositions of the fully charged cathode 

materials used for the thermal analysis tests are given in Table 3.1. However, for ease of 

understanding, the cathodes are hereafter referred to as the initial composition. 

Table 3.1. Lattice parameters and electrochemical data of the oxide and oxyfluoride 
spinel cathode materials 

Initial 
Composition 

Mn 
valencea 

Lattice 
parameter 

(Å) 

Initial 
capacity 
(mAh/g) 

IR loss 
 in first cycle 

(%) 
Composition of the 
charged cathodeb 

Li1.1Mn1.9O4 3.63 8.212(2) 105 4.1 Li0.41Mn1.9O4 

Li1.1Mn1.9O3.8F0.2 3.52 8.224(2) 118 5.3 Li0.32Mn1.9O3.8F0.2 

Li1.1Mn1.8Ni0.1O4 3.72 8.194(1) 80 5.9 Li0.57Mn1.8Ni0.1O4 
Li1.1Mn1.8Ni0.1O3.8F0.2 3.61 8.219(2) 111 14.7 Li0.37Mn1.8Ni0.1O3.8F0.2 

Li1.1Mn1.7Ni0.2O4 3.82 8.185(1) 67 11.8 Li0.66Mn1.7Ni0.2O4 
Li1.1Mn1.7Ni0.2O3.8F0.2 3.71 8.194(1) 76 15.0 Li0.60Mn1.7Ni0.2O3.8F0.2 
Li1.1Mn1.6Ni0.3O4 3.94 8.175(3) 52 7.9 Li0.70Mn1.6Ni0.3O4 
Li1.1Mn1.6Ni0.3O3.8F0.2 3.81 8.177(2) 54 13.5 Li0.74Mn1.6Ni0.3O3.8F0.2 
Li1.1Mn1.8Al0.1O4 3.67 8.200(1) 87 5.6 Li0.53Mn1.8Al0.1O4 
Li1.1Mn1.8Al0.1O3.8F0.2 3.56 8.208(2) 114 13.3 Li0.36Mn1.8Al0.1O3.8F0.2 
Li1.1Mn1.7Al0.2O4 3.71 8.191(2) 83 8.8 Li0.57Mn1.7Al0.2O4 
Li1.1Mn1.7Al0.2O3.8F0.2 3.59 8.201(2) 105 8.6 Li0.43Mn1.7Al0.2O3.8F0.2 
Li1.1Mn1.6Al0.3O4 3.75 8.189(4) 80 8.8 Li0.58Mn1.6Al0.3O4 
Li1.1Mn1.6Al0.3O3.8F0.2 3.63 8.208(3) 98 6.3 Li0.49Mn1.6Al0.3O3.8F0.2 
Li1.13Mn1.87O4 3.67 8.201(1) 92 10.1 Li0.53Mn1.87O4 
Li1.13Mn1.87O3.8F0.2 3.57 8.205(1) 126 10.0 Li0.33Mn1.87O3.8F0.2 
Li1.15Mn1.85O4 3.70 8.193(2) 84 7.4 Li0.61Mn1.85O4 
Li1.15Mn1.85O3.8F0.2 3.59 8.201(2) 110 9.4 Li0.44Mn1.85O3.8F0.2 
Li1.16Mn1.84O4 3.72 8.188(2) 102 28.3 Li0.50Mn1.84O4 
Li1.16Mn1.84O3.8F0.2 3.61 8.199(2) 103 5.8 Li0.38Mn1.84O3.8F0.2 
Li1.18Mn1.82O4 3.75 8.187(3) 86 11.3 Li0.63Mn1.82O4 
Li1.18Mn1.82O3.8F0.2 3.64 8.190(3) 95 4.4 Li0.47Mn1.82O3.8F0.2 
Li1.23Mn1.77O4 3.82 8.185(4) 82 12.3 Li0.71Mn1.77O4 
Li1.23Mn1.77O3.8F0.2 3.71 8.190(3) 95 26.3 Li0.63Mn1.77O3.8F0.2 

aSee the text for the calculation of the oxidation state values. 

bThe lithium contents in the charged cathodes were obtained based on the charge capacity 
values and the lithium content in the initial uncharged composition. 
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Figure 3.2 shows the SEM images of selected compositions, illustrating the 

morphologies. There are no distinguishable differences in particle size or morphology 

among the cation-doped compositions. However, upon fluorine substitution, both the 

particle size and agglomerations increase, which are consistent with the previous 

findings.109,110 Also, the tap density of the sample has been reported to increase with 

fluorine substitution.50 These changes could be related to the melting of NH4HF2 during 

the low-temperature fluorination synthesis of the oxide samples. 

 

 

Figure 3.2 Scanning electron microscope (SEM) images of (a) Li1.1Mn1.8Ni0.1O4, (b) 
Li1.1Mn1.8Ni0.1O3.8F0.2, (c) Li1.1Mn1.8Al0.1O4, (d) Li1.1Mn1.8Al0.1O3.8F0.2, (e) 
Li1.13Mn1.87O4, and (f) Li1.13Mn1.87O3.8F0.2 

3.3.2 Thermal Analysis 

Thermal stability of the compositions was analyzed by differential scanning 

calorimetry (DSC). The temperature of peak onset was determined by taking the first 

derivate of the data profile and calculating the maximum rate of change of the slope. 

Reaction enthalpy was calculated by integrating the total area under all peaks in the 

profile. Good thermal stability is defined as high peak onset temperature and low 

exothermic enthalpy.111 It is generally established that cathode materials become less 
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stable with increasing state of charge, so all thermal stability studies in this paper were 

carried out on fully charged cathodes in which all manganese has been oxidized to or 

close to Mn4+.112-114 The error bars in the onset temperature and enthalpy values 

determined from the DSC plots are, respectively, ± 3 oC and ± 30 J/g. 

Figure 3.3 compares the DSC plots of Li1.1Mn1.9-yNiyO4 and the corresponding 

oxyfluoride Li1.1Mn1.9-yNiyO4-zFz. Among the samples presented in Figure 3.3, Li1.1Mn1.9O4 

and Li1.1Mn1.9O3.8F0.2 exhibit the best thermal stability (Fig. 3.3a). Although these two 

compositions exhibit tall peaks, the onset temperatures are higher than those of the 

nickel-substituted compositions, and the narrowness of the peaks leads to smaller areas 

under the peaks, which translates to low enthalpies of reaction. As the nickel content 

increases, the peak onset temperature shifts to lower values and the peaks become 

broader and actually devolve into double peaks with a larger peak area, implying a 

decrease in thermal stability. All compositions, however, display improved thermal 

stability with fluorine substitution compared to their oxide analogs, which is in agreement 

with the earlier findings.115 

 

 

Figure 3.3 DSC profiles of (a) Li1.1Mn1.9O4-zFz, (b) Li1.1Mn1.8Ni0.1O4-zFz, (c) 
Li1.1Mn1.7Ni0.2O4-zFz, and (d) Li1.1Mn1.7Ni0.3O4-zFz spinel active materials, 
which have been mixed with carbon and binder in a 75:20:5 weight ratio and 
wetted with 250 µL electrolyte. 
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Figure 3.4 compares the DSC plots of Li1.1Mn1.9-yAlyO4 and the corresponding 

oxyfluoride Li1.1Mn1.9-yAlyO4-zFz. At a given level of doping, the thermal stabilities of the 

aluminum-doped cathodes are much better overall compared to those of the nickel-doped 

cathodes. The profiles of the peaks are symmetrical and highly reproducible. This may be 

related to stronger Al-O bonds compared to the Ni-O bonds. A previous study by Kang 

et. al.116 indicates that Al3+ substitution in LiMn2O4 improves the thermal stability. 

However, the DSC profiles in Figure 3.4 indicate exactly the opposite, i.e. the thermal 

stability decreases with increasing Al content. 

 

 

Figure 3.4 DSC profiles of (a) Li1.1Mn1.9O4-zFz, (b) Li1.1Mn1.8Al0.1O4-zFz, (c) 
Li1.1Mn1.7Al0.2O4-zFz, and (d) Li1.1Mn1.7Al0.3O4-zFz spinel active materials, 
which have been mixed with carbon and binder in a 75:20:5 weight ratio and 
wetted with 250 µL electrolyte 

In the previous study, only one aluminum-doped oxide composition was analyzed, 

and the undoped composition used for comparison was the plain spinel LiMn2O4. The 

problem with using LiMn2O4 as a benchmark is that it has a Mn valence of 3.5+, which 

suffers from dynamic Jahn-Teller distortion (and severe capacity fade) due to the high 

concentration of Mn3+ ions, resulting in low thermal stability. A stabilized spinel 

composition such as Li1.1Mn1.9O4 contains a lower concentration of Mn4+ ions, thereby 

suppressing the Jahn-Teller distortion and serving as a better comparison for thermal 
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stability studies. Once again, as seen in Figure 3.4, the partial substitution of fluorine for 

oxygen results in an improvement in thermal stability in the aluminum-doped series as 

well similar to that observed in Figure 3.3 with the nickel-doped series. 

In order to determine whether substitutional cations like Ni2+ and Al3+ have any 

unique effect on improving the thermal stability, another series of compositions 

Li1.1Mn1.9-yLiyO4 containing only lithium and manganese was designed. These 

compositions were designed in such a way that the same amount of lithium would be 

extracted from these compounds as from the nickel- and aluminum-doped spinels, 

resulting in equal numbers of lithium vacancies in the lattice upon reaching the maximum 

oxidation state of 4+ for Mn during charge. The DSC plots of this series of samples are 

given in Figure 3.5. A unique phenomenon is observed with this series that is not present 

in the compositions obtained with Ni or Al doping for Mn. Based on the results in 

Figures 3.3 and 3.4 for the Al- and Ni-doped samples, one may expect the thermal 

stability to decrease monotonically with increasing Li content in Li1.1Mn1.9-yLiyO4. 

However, while the thermal stability decreases first on going from Li1.1Mn1.9O4 to 

Li1.13Mn1.87O4 similar to that found with the Ni- and Al-doped samples, the composition 

Li1.15Mn1.85O4 that has trace amount of Li2MnO3 impurity shows slightly better thermal 

stability than Li1.13Mn1.87O4; all the subsequent compositions with lithium content > 1.15 

follow the trend of decreasing thermal stability with increasing lithium content in 

Li1.1Mn1.9-yLiyO4 similar to that found with the Ni- and Al-doped samples. It has been 

previously suggested that the presence of Li2MnO3 in high capacity lithium-rich layered 

oxide cathodes improve the thermal stability.117 The improved thermal stability provided 

by the presence of Li2MnO3 could be due to the fact that Li2MnO3 is electrochemically 

inactive over the potential range employed with the spinel cathodes, and Li2MnO3 is 

likely to be less reactive with the liquid electrolyte due to the lack of energetically 
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available vacancies through which lithium ions could migrate. However, despite the 

improvement in thermal stability provided by the presence of Li2MnO3 phase, the 

lithium-doped Li1.1Mn1.9-yLiyO4 cathodes exhibit worse thermal stability than the nickel- 

and aluminum-doped analogs Li1.1Mn1.9-yNiyO4 and Li1.1Mn1.9-yAlyO4, with the same 

number of lithium vacancies at the fully charged state. 

 

 

Figure 3.5 DSC profiles of (a) Li1.1Mn1.9O4-z, (b) Li1.13Mn1.87O4-zFz, (c) Li1.15Mn1.85O4-zFz, 
(d) Li1.16Mn1.84O4-zFz, (e) Li1.18Mn1.82O4-zFz, and (f) Li1.23Mn1.77O4-zFz spinel 
active materials, which have been mixed with carbon and binder in a 
75:20:5 weight ratio and wetted with 250 µL electrolyte 

3.3.3 Discussion  

In this study, the valence of the manganese in the fully charged cathodes was 4+ 

for all compositions except Li1.1Mn1.9O4 and Li1.1Mn1.9O3.8F0.2, which had manganese 

valences of, respectively, 3.96+ and 3.94+. Therefore, the state of charge of manganese is 

not a variable to be considered when developing an understanding of the observed 
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variations in the thermal stability. Figure 3.6 correlates the peak onset temperature and 

the reaction enthalpy to the lithium content in the charged samples and the specific 

capacity values for the nickel-doped oxide spinels Li1.1Mn1.9-yNiyO4 and the corresponding 

oxyfluoride spinels Li1.1Mn1.9-yNiyO4-zFz. 

 Generally, the thermal stability was believed to be largely dependent on the 

number of lithium vacancies in the charged samples because thermal stability has been 

shown to decrease with increasing state of charge, i.e. higher degrees of 

deintercalation.108 However, such an expectation is not supported by the data in Figure 

3.6. The results in Figure 3.6 show that among fully charged cathodes, those containing 

fewer lithium-ion vacancies (also interpreted as cathodes with inherently low specific 

capacity) are the least stable. The cathodes that have retained more than 0.6 lithium in 

Li1-xMn1.9-yNiyO4-zFz in the charged state have low onset temperatures and high reaction 

enthalpies, both of which define poor thermal stability. This unusual result can be 

ascribed to the fact that nickel exists as Ni2+ in the nickel-doped manganese spinel 

structure, as has been shown in earlier studies.118 Since the Ni2+-O bond is weaker than 

the Mn4+-O bond, the incorporation of nickel into the lattice weakens the overall bond 

strength, leading to a lower activation energy barrier to undergo the thermal 

decomposition reaction. Thus, the nature of the substituent cations and the metal-oxygen 

bond strength seem to be the critical parameters compared to the concentration of lithium 

vacancies in determining the thermal stability of the charged spinel cathodes. In addition, 

the higher bond energy of the Mn-F bond compared to the Mn-O bond results in an 

improvement in thermal stability on going from an oxide spinel to an oxyfluoride 

spinel.119 Thus, the substitution of F- for O2- offers the dual advantage of both improved 

thermal stability and also an increase in capacity due to the lowering of the Mn valence. 
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Figure 3.6 Relationship of peak onset temperature and reaction enthalpy to lithium 
content in the charged state and specific capacity for the Ni-doped oxide 
spinels Li1.1-xMn1.9-yNiyO4 and the oxyfluoride spinels Li1.1-xMn1.9-yNiyO4-zFz 

Figure 3.7 correlates the peak onset temperature and reaction enthalpy to the 

lithium content in the charged state and the specific capacity for the aluminum-doped 

oxide spinels Li1.1Mn1.9-yAlyO4 and the corresponding oxyfluoride spinels Li1.1Mn1.9-yAlyO4-

zFz. As seen, the thermal stability decreases with increasing aluminum substitution 

similar to that found with nickel substitution in Figure 3.6. Previous studies have 

contended that the presence of the covalent aluminum-oxygen bond increases the ionicity 

of the manganese-oxygen bond in the spinel lattice due to the inductive effect.46 This 

increased iconicity may weaken the Mn-O bonds and subsequently the overall bond 

strength, resulting in a decrease in thermal stability with increasing Al substitution. 

Additionally, the improved thermal stability of the oxyfluoride spinels compared to the 
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corresponding oxide spinels in the Al-doped series also reflects the effect of stronger Mn-

F bond. 

 

 

Figure 3.7 Relationship of peak onset temperature and reaction enthalpy to lithium 
content in the charged state and specific capacity for the Al-doped oxide 
spinels Li1.1-xMn1.9-yAlyO4 and the oxyfluoride spinels Li1.1-xMn1.9-yAlyO4-zFz 

Figure 3.8 correlates the peak onset temperature and reaction enthalpy to the 

lithium content in the charged state and the specific capacity for the lithium-doped oxide 

spinels Li1.1Mn1.9-yLiyO4 and the corresponding oxyfluoride spinels Li1.1Mn1.9-yLiyO4-zFz. 

Although the overall trend is similar to those found with the other two series of samples 

in Figures 3.6 and 3.7, the data are more irregular in Figure 3.8. In each instance, the Ni- 

or Al-doped samples showed better thermal stability than the Li-doped samples with the 

same number of lithium vacancies at the fully charged state. As pointed out earlier, this 

series of samples in Figure 3.8 contain layered Li2MnO3 impurity at lithium contents > 



 36 

1.13, and the samples may differ in the segregation and distribution of the Li2MnO3 

impurity phase at the nanoscale. The differences in the nanoscale distribution and 

integration of the stabilizing Li2MnO3 phase may be responsible for the scatter. 

Nevertheless, this series of samples also shows an improvement in thermal stability on 

partially substituting fluorine for oxygen. 

 

 

Figure 3.8 Relationship of peak onset temperature and reaction enthalpy to lithium 
content in the charged state and specific capacity for the Li-doped oxide 
spinels Li1.1-xMn1.9-yLiyO4 and the corresponding oxyfluoride spinels Li1.1-

xMn1.9-yLiyO4-zFz 

3.4 CONCLUSIONS 

A systematic investigation of several oxide and oxyfluoride spinel cathodes reveal 

that the thermal stability improves with increasing lithium vacancy concentrations in the 

charged state and increasing specific capacity; all the charged samples had a valence of 

close to 4+ for Mn. In essence, the spinel cathodes that have higher capacities also exhibit 
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better thermal stability. This stands in contrast to the general belief that the thermal 

stability will decrease with an increasing amount of lithium vacancies in the charged 

sample as the vacancies may tend to get eliminated on heating. Also, the Ni- or Al-doped 

samples exhibit better thermal stability than the Li-doped samples with the same number 

of lithium vacancies at the fully charged state, implying that the nature of the constituent 

ions and the metal-oxygen bond strength have a profound effect on thermal stability. In 

addition, the oxyfluorides exhibit better thermal stability compared to the corresponding 

oxide analogs. 
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Chapter 4: Octahedral and truncated high-voltage spinel cathodes: the 
role of morphology and surface planes on electrochemical properties 

4.1 INTRODUCTION 

To power the new generation of electric vehicles, batteries require cathode 

materials that exhibit both high energy and high power with long cycle life. Spinel 

cathodes are attractive in this regard due to their robust crystal structure, easy three-

dimensional lithium-ion diffusion pathways, and good hopping electronic conduction 

across the shared octahedral edges.120 In fact, the 4 V spinel LiMn2O4 cathodes have been 

implemented in the first generation of electric vehicles powered by lithium-ion batteries. 

With an aim to increase the energy and power, there has been much interest in the 

LiMn1.5Ni0.5O4 spinel cathode, as it operates at a higher voltage of ~ 4.8 V with a higher 

capacity compared to the LiMn2O4 spinel cathode.121  

However, the adoption of the LiMn1.5Ni0.5O4 spinel cathode has been hampered by 

capacity fade, particularly at elevated temperatures.76 Due to the high operating voltage, 

aggressive formation of a solid-electrolyte interphase (SEI) layer occurs through 

undesired side reactions with the electrolyte.78,122 In addition, cationic ordering between 

the Mn4+ and Ni2+ ions in the crystal lattice is thought to decrease the electronic 

conductivity and has been shown to cause a large lattice parameter difference among the 

three cubic phases formed during charge-discharge reactions.98,123-125 Capacity fade has 

also been attributed to the formation of a rock salt LixNi1-xO impurity phase during high-

temperature synthesis, which introduces Mn3+ ions into the structure.126-129 The impact of 

Mn3+ defects has been thoroughly examined, but the results are mixed; while Mn3+ 

content increases the rate capability, it also contributes to well-known problems such as 

capacity fade arising from Mn dissolution.122 However, the role of synthesis methods and 
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conditions on the above parameters and electrochemical performance has not been fully 

established. 

It has been shown that the reaction conditions have a strong effect on the 

nucleation and growth of metal hydroxide precursors in solution, which in turn has a 

significant effect on the electrochemical properties of the final oxide spinel cathode.83,90 

There has been some contention, however, over whether the particle size and morphology 

influence the electrochemical performance of LiMn1.5Ni0.5O4. Recently, Cabana et. al.130 

have suggested that microstructure has a profound effect on capacity retention and rate 

capability. In another study, Kunduraci et. al.82 have contended that the degree of cation 

ordering is a critical factor compared to the morphological effects because the cation-

ordered P4332 phase limits the lithium-diffusion rate. In an attempt to clarify the role of 

morphology, we present here a comparison of how the synthesis conditions driving the 

crystal growth affect the microstructure and morphology, which in turn dominantly 

influence the electrochemical properties independent of other factors such as Mn3+ 

content, degree of cation ordering, and Ni/Mn ratio. 

Additionally, it has been found that substituting a small amount of other cations 

like Fe3+ for Ni2+ eliminates the LixNi1-xO impurity phase, suppresses the cation ordering 

between Mn4+ and Ni2+, and offers excellent capacity retention with high rate capability 

even at elevated temperatures.89,90,92,107,131,132 However, it is not clear whether these effects 

can be attributed to the intrinsic presence of the dopant cations in the sample, or to 

morphological effects and crystal plane orientations. 

4.2 EXPERIMENTAL 

The Polyhedral 1 sample was prepared by the modified CSTR co-precipitation 

reaction, and the Polyhedral 2 sample was prepared by the traditional co-precipitation 
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reaction as described in Chapter 2. The structural, compositional, and morphological 

characterization is also described in Chapter 2, section 2.2. The electrochemical 

characterizations were carried out with electrodes prepared with PVDF binder. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Materials and Electrochemical Properties 

The XRD patterns of the as-synthesized samples in Figure 4.1 confirm the 

formation of spinel phase with a trace amount of the LixNi1-xO impurity phase as 

indicated by the enlarged region in Figure 4.1b. The implication of this impurity phase is 

an increase in the Mn/Ni ratio in the spinel phase, with a consequent reduction of some 

Mn4+ to Mn3+ to maintain charge neutrality. After post-annealing at 700 oC, the Ni 

solubility in the spinel increases and the LixNi1-xO impurity phase vanishes.  

 

 

Figure 4.1 (a) XRD patterns of the LiMn1.5Ni0.5O4 samples as-synthesized at 900 oC and 
post-annealed at 700 oC and (b) magnified regions showing the presence of 
rock salt LixNi1-xO impurity in the samples fired at 900 oC and evidence of 
cation ordering in the samples annealed at 700 oC-xO impurity in the samples 
fired at 900 oC and evidence of cation ordering in the samples annealed at 
700 oC 



 41 

Additionally, the 4 V plateau in the electrochemical voltage profile that indicates 

the presence of Mn3+ also disappears upon annealing at 700 oC, as seen in Figure 4.2a. 

The extended dwell time at 700 oC also allows ordering between the Mn4+ and Ni2+ ions, 

resulting in the appearance of superstructure reflections, as seen in Figure 1b.128 The 

change in the degree of cation ordering was also confirmed by FTIR analysis, whereby 

the peak intensities at 588, 460, and 425 cm-1 increased after extended annealing at 700 
oC, as seen in Figure 4.2b. 

 

 

Figure 4.2 (a) First cycle charge and discharge profiles for samples prepared at 900 oC 
and post-annealed at 700 oC and (b) FTIR spectra for Polyhedral 1 and 
Polyhedral 2. 

Additionally, it has been shown recently that the discharge/charge profile below 3 

V involving the Li insertion/extraction into the 16c octahedral sites of the spinel lattice 

provides information on the relative degree of cation ordering among high-voltage spinel 

cathodes.74 Accordingly, we investigated the discharge/charge profiles of the Poly 1 900 
oC, Poly 1 700 oC, Poly 2 900 oC, and Poly 2 700 oC samples below 3 V, as seen in Figure 
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4.3. After annealing, the plateau observed at ~ 2.7 V is longer for both the Poly 1 and 

Poly 2 sample, indicating the degree of cation order has increased. It is clearly seen that 

Poly 2 sample shows a shorter upper plateau at ~ 2.7 V than the corresponding Poly 1 

sample, indicating a lower degree of cation ordering (higher degree of disorder). The 

capacity contributed by each plateau is detailed in Table 4.1. In spite of the higher degree 

of cation disorder, the Poly 2 sample shows worse cyclability and rate capability than the 

Poly 1 sample, as seen in Figure 4.4. This again demonstrates that the morphology plays 

a key role in the electrochemical properties. 

 

 

Figure 4.3 Operation between 5.0 – 2.0 V to observe Li+ insertion reaction into empty 16c 
octahedral sites. 
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Table 4.1 First discharge capacity values at different voltage regions 

Discharge Capacity (mAh/g) 
Capacity Below 3 V 

Sample 
Total Capacity 

Above 3 V Total ~ 2.7 V ~2.1 V 
Poly 1 900 oC 239 136 103 46 57 
Poly 1 700 oC 252 136 116 81 35 
Poly 2 900 oC 216 130 86 31 55 
Poly 2 700 oC 226 130 95 59 36 

 

Long-term cycle performance and rate capability are critical parameters for 

vehicle applications. Some previous investigations have shown that LiMn1.5Ni0.5O4 

cathodes suffer from capacity fade during cycling.105 The Poly 1 sample exhibits 

excellent cycling stability over 100 cycles as seen in Figure 4.4a and high rate capability 

as seen in Figure 4.4b. It is noteworthy that the Poly 1 sample exhibits excellent 

cyclability with high-rate capability even after annealing at 700 oC, in fact better than the 

900 oC Poly 2 sample, despite the high degree of cation ordering in the former, in contrast 

to the literature reports.82  

On the other hand, the Poly 2 sample annealed at 700 oC exhibits severe capacity 

fade with low rate capability, which is consistent with the literature reports. Although 

both the as-synthesized 900 oC Poly 1 and Poly 2 samples show higher rate capability 

than their highly ordered 700 oC counterparts (Figure 4.4b), the 700 oC Poly 1 sample 

differs markedly from both the 700 and 900 oC Poly 2 samples. This implies that while 

cation ordering could influence the electrochemical properties to some extent, other 

factors such as morphology and Ni/Mn ratio may have a more profound effect on the 

electrochemical performance. 
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Figure 4.4 (a) Discharge capacity over 100 cycles at a rate of C/6 and (b) rate capability 
of the samples discharged at various C-rates. 

This conclusion is further supported by the molar ratios of the transition metal 

ions, as seen in Table 4.2. The molar ratio of Li : Mn : Ni confirmed by the ICP analysis 

indicates that there is no lithium or nickel deficiency in both the Poly 1 and Poly 2 

samples, and the metal content values are close to the nominal composition . This is an 

important distinction because even a slight nickel deficiency would result in a higher 

fraction of Mn3+, which has been suggested to result in improved rate capability.89 In 

other words, the results of this study suggest that Mn3+ content may not play a significant 

role on the electrochemical performance. The electrochemical properties are also 

summarized in Table 4.2. 

The microstructures of the Poly 1 and Poly 2 samples were examined by STEM, 

and the images are shown in Figure 4.5a-b and 4.5g-h. As seen in Figure 4.5a, the Poly 1 

sample displays regular, small octahedral meso-particles of ~ 2 µm in size. The 

morphology is largely preserved in Poly 1 after post-annealing at 700 oC, aside from 

slight growth of some crystallites and the formation of irregular spherical agglomerations, 

as can be seen in Figure 4.5b. In contrast, the Poly 2 sample displays larger, truncated 
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octahedral particles of 2 – 10 µm (Figure 4.5g). As seen in Figure 4.5h, there is evidence 

of significant grain growth after annealing at 700 oC as well as increased surface 

irregularity. 

Table 4.2 Electrochemical properties of LiMn1.5Ni0.5O4 cathodes prepared by two methods 
with hydroxide precursors 

 

To further explore the properties of these crystallites, the crystal planes on the 

smooth facets of the octahedral particles were examined by TEM. Since the morphology 

remains unchanged after annealing, only samples prepared at 900 oC were examined. It 

has been shown with the 4 V LiMn2O4 spinel cathodes that the crystal plane in contact 

with the electrolyte has a significant effect on the solid-electrolyte interphase (SEI) layer 

formation, and the {111} family of planes is beneficial to protect the bulk material.133 

Accordingly, analysis of the crystal planes present on the different facets of the Poly 1 

sample are presented in Figure 4.5c-f, and it is clear that the octahedral particles consist 

entirely of the {111} family of planes. Figure 4.5c presents an overview of a typical 

octahedral particle, and Figures 4.5d-f show high-resolution lattice fringes of the different 

faces of the octahedral particle. HR-TEM images of the Poly 1 sample indicate an 

interplanar spacing of ~ 0.47 nm, indicative of the {111} family of planes. The Poly 2 

sample was also examined with HR-TEM and electron diffraction, as seen in Figure 3i-j. 

Sample  Mole Ratio from 
ICP Analysis  
Li : Mn : Ni 

Initial 
Capacity 
(mAh/g) 

% Capacity 
after 100 
Cycles 

% Capacity 
at 10C rate 

Lattice 
Parameter  
(Å) 

Poly 1 – 900 oC  1.00 : 1.51 : 0.49 133 94.7 87.2 8.174(5) 
Poly 1 – 700 oC 1.00 : 1.51 : 0.49 126 95.6 74.4 8.173(5) 
Poly 2 – 900 oC 0.99 : 1.51 : 0.50 124 90.9 37.2 8.172(8) 
Poly 2 – 700 oC 0.99 : 1.51 : 0.50 119 68.9 10.9 8.167(0) 
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There is clear evidence of {111} regions, as seen in Figure 4.5i, with the characteristic 

interplanar spacing of 0.47 nm. However, while the truncated sections were too thick for 

the HR lattice fringe visualization, electron diffraction reveals that the truncated facets 

are comprised of {100} planes, as seen in Figure 4.5j. The beam direction is assumed to 

be perpendicular to the page in all electron diffraction patterns. Additionally, the dim 

spots observed in Figure 4.5j are attributed to dynamic scattering in thick samples. This 

crystal plane determination is consistent with the previous HR-TEM characterization of 

octahedral and truncated crystallites.83,134 

 

 

Figure 4.5 STEM images of (a) Poly 1 sample fired at 900 oC and (b) Poly 1 sample post-
annealed at 700 oC, TEM images of (c) Poly 1 octahedron, (d) HR-TEM of 
top facet lattice fringe, (e) HR-TEM of side facet lattice fringe, (f) HR-TEM 
of bottom facet lattice fringe, STEM images of (g) Poly 2 sample fired at 
900 oC and (h) Poly 2 sample post-annealed at 700 oC, (i) Poly 2 HR-TEM 
of lattice fringe showing (111) plane, and (j) electron diffraction of a 
truncated facet of Poly 2 sample 
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A schematic representation of these meso-particles can be seen in Figure 4.6. 

Figure 4.6a shows an octahedral Poly 1 crystallite, with a magnified inset detailing the 

arrangement of lithium ions on the (111) surface. There are numerous under-coordinated 

lithium ions on the surface, and the (111) crystal plane is known to have the most dense 

arrangement of ions, lowest surface energy, and least Mn dissolution in the cubic spinel 

structure.133 Figure 4.6b shows a truncated octahedral crystallite, with a magnified inset 

illustrating the arrangement of lithium ions on the (100) plane. In contrast to the (111) 

plane, the (100) plane has less dense arrangement of ions, higher surface energy, and 

more vulnerability for Mn dissolution.135 In fact, it has been reported that the 4 V spinel 

cathode forms a very stable SEI layer on the (111) plane;136 therefore, the (111) surface 

planes in Poly 1 LiMn1.5Ni0.5O4 could help protect the bulk material from further reaction 

with the electrolyte at high operating voltages, resulting in excellent cycle life and 

enhanced capacity retention. 

 

 

Figure 4.6 Schematic representation of (a) Poly 1 octahedron showing the crystal planes 
on the facets with the arrangement of lithium ions on the (111) plane and (b) 
Poly 2 truncated octahedron with the arrangement of lithium ions on the 
(100) plane 
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In order to improve our understanding of the chemistry that facilitates the growth 

of such regular octahedral particles, it is useful to examine the synthesis reaction that 

produces the hydroxide precipitate intermediate. The mechanism of the co-precipitation 

reaction is well understood, and has been described in detail by van Bommel and Dahn.137 

They stipulate that over a long reaction time, the ammonia ions in solution will consume 

small particles and the features protruding from large spherical crystals by forming a 

soluble metal-ammonia complex, thus minimizing the surface energy of the spherical 

primary precipitate particles. This results in the formation of uniform, dense spheres of 

metal hydroxide. In contrast, without the ammonium hydroxide complexing agent, 

irregular agglomerations form and crystallize without the dissolution-recrystallization 

mechanism made possible by the tank reactor method. The precipitation reaction has also 

been shown to be sensitive to pH, stir speed, and reaction time,127 all of which can be 

specified in the tank reactor, and none of which can be precisely controlled by the 

traditional drop-wise method. Evidence of these phenomena can be seen in Figure 4.7, in 

the STEM images showing the morphology of the hydroxide precursor particles for the 

Poly 1 and Poly 2 samples. The low-magnification comparison in Figure 4.7a-b illustrates 

the contrast in primary particle size, where the Poly 1 hydroxide is composed of small 

spheres and the Poly 2 hydroxide is large plates. The higher magnification seen in Figure 

4.7c-d indicates that the Poly 1 spheres are uniform and nonporous, while the Poly 2 

hydroxide has evidence of small agglomerations and irregular surfaces. 

The morphology of the hydroxide intermediates affects the final morphology and 

particle size. Upon heating at 900 oC, the spinel material transforms to a pseudo-

octahedral morphology, and the transition from the small, regular hydroxide facilitates 

formation of small, regular octahedra. In contrast, the large flakes seen in the Poly 2 
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intermediate do not have sufficient kinetics to form small particles with low-energy 

facets, and therefore the truncation is observed, along with a larger overall particle size. 

 

 

Figure 4.7 STEM images of Poly 1 mixed metal hydroxide precursor with (a) the primary 
particles and (b) a high magnification of individual spheres, and Poly 2 
mixed metal hydroxide precursor with (c) the primary particles with small 
secondary agglomerations and (d) a high magnification of the surface 
agglomerations. 

4.3.2 Structural Aspects 

Studying the lithium extraction reaction is important for developing a better 

understanding of the electrochemical charge transfer mechanism. Previous studies have 

established that three distinct cubic crystal phases are formed during the charge-discharge 

process, as revealed by the XRD patterns recorded at different levels of lithium extraction 

in Li1-xMn1.5Ni0.5O4.78,122,138,139 A similar analysis can be seen in Figure 4.8, which 

compares the XRD patterns of the samples charged electrochemically to various states of 

charge. The state of charge was determined based on the charge capacity values. As the 

cathode goes from an uncharged state ((1-x) = 1.00, or 2.7 V) to a fully charged state ((1-
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x) = 0.05, or 4.8 V), the reflections shift to higher angles, indicating a decrease in cell 

volume due to the oxidation of larger Ni2+ to smaller Ni3+/4+ ions. The lattice constants at 

2.7 and 4.8 V vs. Li/Li+ are given in Table 4.2. At certain lithium contents, multiple 

phases are observed. As seen in Figure 4.8, the patterns are remarkably similar for all 

four samples. 

 

 

Figure 4.8 Ex situ XRD patterns collected at various states of charge of Li(1-x)Mn1.5Ni0.5O4: 
(a) samples prepared in the tank reactor and (b) samples prepared by 
traditional co-precipitation method 

Figure 4.9 shows variations of the lattice parameter values obtained from Rietveld 

refinement with the state of charge. The refinement was carried out under the assumption 

that the cathode material has three distinct Fd-3m cubic phases during the charge process. 

The data shown in Figure 4.9 indicate that the phase changes observed in the 900 and 700 
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oC Poly 1 sample are not significantly different from those seen in the 900 oC Poly 2 

sample. It is striking that although the 900 oC Poly 2 sample and the 700 oC Poly 1 

sample differ markedly in the degree of cation ordering, they display similar lattice 

parameter changes during charge-discharge, but different rate capability.  

 

 

Figure 4.9 Variations of lattice parameter with state of charge for (a) Poly 1 sample 
prepared with the tank reactor and fired at 900 oC, (b) Poly 1 sample 
annealed at 700 oC for 48 h, (c) Poly 2 sample prepared by the traditional 
co-precipitation method and fired at 900 oC, and (d) Poly 2 sample annealed 
at 700 oC for 48h. 

The contrasting example is that of the Poly 2 sample annealed at 700 oC, which 

shows evidence of large, discrete lattice parameter changes among the three cubic phases 

and significantly inferior electrochemical properties. As seen in the earlier work,140,141 the 

sudden local changes in cell volume could also contribute to lattice strain and the poor 

electrochemical performance of the Poly 2 sample annealed at 700 oC. However, the data 

presented here indicate that microstructure, morphology, and particle size have a greater 

impact on the electrochemical performance than the lattice strain caused by sudden phase 

changes occurring during the charge-discharge process. 
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4.3.3 Extension to Fe-Doped Composition 

While there has been some contention over the long-term stability of undoped 

high-voltage spinel cathode samples, cathodes containing small amounts of Fe-doping 

have long been shown to exhibit excellent capacity retention for many cycles, even at 

elevated temperatures.89,90,142 Figure 4.10 shows a comparison of the cycling stability and 

rate performance of LiMn1.5Ni0.42Fe0.08O4 synthesized by the tank reactor and traditional 

co-precipitation methods. In contrast to the electrochemical data shown in Figure 4.4 for 

the undoped samples, there is virtually no difference in the cyclability of the two Fe-

doped cathodes prepared by the different methods in Figure 4.10a. 

 

 

Figure 4.10 Electrochemical properties of LiMn1.5Ni0.42Fe0.08O4 prepared by the tank 
reactor method and traditional co-precipitation: (a) capacity retention over 
50 cycles and (b) rate capability at various C-rates. 

In order to determine whether these electrochemical properties can be attributed 

to morphology or intrinsic chemical composition, the samples were examined by detailed 

TEM and STEM. The STEM images in Figure 4.11a and 4.11d show that although 

different synthesis methods were employed, both the Fe-doped spinel cathodes have the 

same morphology with distinct octahedral mesoparticles. To confirm the crystal plane 
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facing the electrolyte in each case, TEM with FFT diffraction was performed on the 

various octahedral facets, as seen in Figure 4.11b-f. Figure 4.11b and 4.11e show TEM 

overviews of the crystallites analyzed, and Figure 4.11c and 4.11f show indexed electron 

diffraction patterns to confirm the crystal planes.  

 

 

Figure 4.11 (a) STEM, (b) TEM, and (c) electron diffraction of LiMn1.5Ni0.42Fe0.08O4 
sample prepared by the tank reactor method, and (d) STEM, (e) TEM, and 
(f) electron diffraction of LiMn1.5Ni0.42Fe0.08O4 sample prepared by 
traditional co-precipitation. 

The fact that both methods produce octahedral particles with {111} planes on the 

surface implies that the presence of Fe ions in the synthesis reaction solution may 

stabilize the precipitation and formation of octahedral crystals. These results also 

demonstrate that the exceptional performance of the Fe-doped samples can be attributed 

to the preferential and facile stabilization of the octahedral morphology accompanied by 

an enrichment of the surface with Fe3+ ions, as revealed by the time-of-flight secondary 

ion mass spectroscopy.19 The Fe3+-rich surface conditions could also impede Mn 

dissolution, thereby improving long-term electrochemical performance. 
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4.4 CONCLUSIONS 

In conclusion, the microstructure and morphology of the high-voltage spinel 

cathodes play a dominant and critical role on the electrochemical performance due to the 

crystal planes on the facets in contact with the electrolyte. Other factors such as the Mn3+ 

content and the degree of cation ordering in the sample do not have as significant an 

influence on the electrochemical performance. The excellent high-rate discharge 

performance of the Poly 1 sample annealed at 700 oC contradicts the general notion that 

cation ordering directly contributes to low rate capability. Electrochemical data confirm 

that the cations are ordered, yet the rate capability is higher than that of the more 

disordered Poly 2 sample fired at 900 oC. Additionally, while the presence of Mn3+ may 

contribute to high-rate performance, it is not a sufficient condition for superior 

electrochemical cycling; this is supported by the comparison of Poly 1 sample annealed 

at 700 oC with excellent capacity retention and rate performance and Poly 2 sample 

annealed at 700 oC with dramatic capacity fade and poor rate capability, while neither 

sample contains Mn3+. TEM analysis indicates that a major difference between the Poly 1 

and Poly 2 samples is which crystal planes are in contact with the liquid electrolyte. 

Moreover, even though the Fe-doped LiMn1.5Ni0.42Fe0.08O4 samples were prepared by 

different routes, both exhibit similar electrochemical properties due to the similarities in 

morphological structure and crystal plane orientation. These data provide compelling 

evidence that lithium-ion diffusion through different crystal planes and the surface planes 

that are in contact with the electrolyte play a significant role on the electrochemical 

performance of the high-voltage spinel cathode materials. 
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Chapter 5: Factors influencing the electrochemical properties of high-
voltage spinel cathodes: relative impact of morphology and cation 

ordering 

5.1 INTRODUCTION 

Energy storage has become one of the greatest challenges to address the growing 

global demand for energy. Lithium-ion batteries are appealing in this regard, and the 

high-voltage spinel LiMn1.5Ni0.5O4 is an attractive candidate as a next-generation cathode 

for electric vehicles and grid storage of electricity generated by intermittent sources such 

as solar and wind energy.1 The spinel structure offers the advantage of a robust cubic 

close-packed oxygen array with 3-dimensional lithium-ion diffusion, allowing fast 

insertion/removal of lithium ions during discharge/charge processes.8 Additionally, this 

stoichiometry permits access to both the Ni2+/3+ and Ni3+/4+ redox couples, which are active 

in the high voltage range of ~ 4.7 V; this provides a twofold improvement over the 

currently LiMn2O4 spinel cathode, which only utilizes the Mn3+/4+ couple and operates at a 

lower voltage of ~ 4.0 V.35 However, this high-voltage operation comes at the expense of 

electrolyte stability, and aggressive side reactions resulting from the solid-electrolyte 

interaction degrade the active material and lead to irreversible capacity loss.93,143,144 

Moreover, the electrochemical properties of the samples with identical chemical 

formulae vary widely,128,145-147 and the root cause of this variability has been contentiously 

debated. LiMn1.5Ni0.5O4 is known to have two different forms depending on the 

arrangement of Mn4+ and Ni2+ ions in the lattice.76,121,122 The disordered phase with the Fd-

3m space group is characterized by a random distribution of the Mn4+ and Ni2+ ions in the 

16d octahedral sites of the spinel lattice. After prolonged annealing at 700 oC, followed 

by a slow cooling rate, the Mn4+ and Ni2+ ions tend to order, resulting in the adoption of 

the P4332 space group, in which the Mn4+ ions occupy the 12d sites and the Ni2+ ions 
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occupy the 4a sites. The synthesis technique, and especially the annealing conditions, 

strongly influence where a particular sample will fall on the spectrum of degree of cation 

ordering.74,146,148,149 

While intensive characterization techniques such as neutron diffraction, nuclear 

magnetic resonance, magic angle spinning, and magnetic susceptibility have been 

successfully employed to compare the degree of cation ordering,129,150 there exists another 

simple yet effective method to compare the relative cation order. Our group proposed the 

strategy of harnessing the cubic-tetragonal transition occurring during operation below 3 

V to the degree of cation ordering, allowing for direct observation of the lithium insertion 

reactions at ~ 2.7 and 2.0 V.74 The length of the plateau observed at ~ 2.7 V increases 

relative to the length of the plateau at ~ 2.0 V with increasing cation ordering. This 

phenomenon can be attributed to an overall decrease in lattice strain during lithium-ion 

insertion when the Mn4+ and Ni2+ ions order, leading to an enlargement of the empty 16c 

octahedral sites and thereby allowing for facile lithium insertion below 3 V.72 

Another consideration for analyzing electrochemical properties is the formation of 

a rocksalt impurity phase.35,129,151 This phase is rich in nickel, prompting a partial 

reduction of Mn4+ to Mn3+ in the main spinel phase, which has been theorized to enhance 

the electronic conductivity.82,152 Following the annealing treatment at 700 oC to increase 

the degree of cation ordering, the rocksalt phase has been shown to assimilate into the 

main spinel phase, thereby decreasing the amount of Mn3+ in the spinel phase.81,89 This 

correlation indicates that rocksalt impurity phase is closely linked to the level of cation 

ordering, further complicating the determination of which factor dominates the control of 

the electrochemical performances. 

An emerging finding is that the particle morphology, especially the surface 

crystallographic planes, influences the electrochemical properties.130,153-156 Computational 
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studies have indicated that the low-index planes such as (100), (110), and (111) have 

different surface energies and are prone to formation of different solid-electrolyte 

interfacial (SEI) layers depending on the arrangement of surface atoms and dangling 

bonds.133,135 Indeed, recent experimental results have shown that the crystallographic 

planes present on the surface may have a profound effect on the cycling stability and 

high-rate performance.153,155,156 

However, to present a valid comparison of these complex factors, it is critical to 

conduct careful characterization of the planes present, degree of cation ordering, and 

segregation of the rocksalt phase. We present here a systematic study to elucidate the 

relationship among cation ordering, impurity phases, and morphology, and the relative 

impact of these factors on the electrochemical properties. 

5.2 EXPERIMENTAL 

The samples in this chapter were prepared as described in Chapter 2. The “Cubic” 

sample was prepared by the hydrothermal synthesis, the “Octahedral” sample was 

prepared by the hydroxide CSTR method, the “Truncated” sample was prepared by the 

traditional co-precipitation route, and the “Spherical” sample was prepared by the 

carbonate CSTR technique. However, the firing conditions are as follows: the disordered 

spinel materials were obtained by heating at 900 oC for 15 h with a cooling rate of 5 
oC/min, and a portion of each material was post-annealed for 96 h at 700 oC with a slow 

cooling rate of 1 oC/min to increase the degree of cation ordering. Compositional data and 

structural analysis were carried out as described in Chapter 2, and the electrodes were 

made by the PVDF slurry method. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Morphology and Surface Characterization 

The LiMn1.5Ni0.5O4 samples were given different designations (cubic, spherical, 

octahedral, truncated) based on the visual appearance of the primary particles. STEM 

images of the cathodes prepared at 900 oC can be seen in Figure 5.1a-d, with their 

designations indicated. Magnified insets are included in Figure 5.1e-f for surface detail of 

the Truncated and Spherical samples.  

 

 

Figure 5.1 STEM images of the morphology of the (a) Cubic, (b) Octahedral, (c) 
Truncated, and (d) Spherical samples prepared at 900 oC, with the magnified 
images for surface detail of the (e) Truncated and (f) Spherical samples. 

The Cubic sample is comprised of a collection of pseudo-square planes growing 

parallel to one another along the [11-2] direction, as will be discussed below. It also 

features many small, irregular surface agglomerations. The Octahedral sample is 
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comprised of regular, non-porous octahedra. The Truncated sample has the same basic 

shape as the Octahedral sample, but with large sections of the edges and vertices 

chamfered. The primary particles of the Spherical sample are large, cauliflower-like 

spheres, but the magnified image shows that the surface is decorated with nano-scale 

octahedra on the order of 30 nm across one edge. 

After the annealing treatment at 700 oC, the morphologies of some samples are 

visibly altered, as seen in Figure 5.2. The Cubic sample has roughly the same shape, but 

the amount of small agglomerated particles on the surface is substantially decreased. 

Similarly, the Octahedral sample retains the same approximate particle size and shape, 

but the vertices became somewhat rounded.  

 

 

Figure 5.2 STEM images of the morphology of the (a) Cubic, (b) Octahedral, (c) 
Truncated, and (d) Spherical samples after the annealing treatment at 700 
oC, with magnified images for surface detail of the (e) Truncated and (f) 
Spherical samples. 
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In contrast, the Truncated sample no longer exhibits a high degree of truncation 

after the annealing treatment, and the overall particle size has decreased by about half. 

This major rearrangement indicates that the truncated surfaces do not possess a 

thermodynamically favorable close-packed arrangement of atoms, and the material has 

adopted a new morphology to minimize the free energy.133 Like the Cubic and Octahedral 

samples, the Spherical sample has a similar morphology before and after annealing, and a 

slight increase in particle size is observed after annealing. 

As described in previous reports,153-155 the Octahedral sample is known to have 

single-plane facets consisting of the {111} family of planes. By extension, the nano-scale 

octahedra decorating the surface of the Spherical sample also consist of the {111} family 

of planes. It is also known from previous reports and basic geometry that the Truncated 

planes consist of (111) planes on the faces of the octahedra, (110) planes on the edges, 

and (100) planes on the corners.156 To aid discussion, schematic drawings depicting the 

various crystallographic planes present on each facet can be seen in Figure 5.3.  

 

Figure 5.3 Schematic representation of the crystallographic planes present on the surface 
facets. 
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However, to conduct a thorough comparison of the crystallographic planes in 

contact with the electrolyte, careful TEM visualization was carried out for the Cubic 

sample, as seen in Figure 5.4a-d. Figure 5.4a and 5.4b show, respectively, the particle 

overview and HRTEM image of the lattice fringe on the top (smooth) facet of a particle. 

The dhkl measured perpendicular to this surface corresponds to the (111) interplanar 

spacing, indicating that the striated side faces grow along the [111] direction, 

perpendicular to the top facet. In Figure 5.4c and 5.4d, the (striated) side of the particle 

was examined, and the HRTEM data reveal that the perpendicular direction has a dhkl of ~ 

0.33 nm, corresponding to the interplanar spacing for the (11-2) plane. This plane also 

happens to be perpendicular to the (111) plane. These results indicate that the smooth 

facets of the cube structures consist of {11-2} planes, whereas the striated side facets 

consist of the {111} family of planes. For further reference, the various dhkl interplanar 

spacings for this structure are listed in Table 5.1. 

Table 5.1 Interplanar spacing for the Cubic sample 

 

Another interesting aspect observed on the Cubic sample is the small surface 

agglomerations, which have been theorized to be rocksalt-phase impurity particles.129 To 

h k l dhkl  (nm) + 4% - 4% 
1 0 0 0.818 0.851 0.785 
1 1 0 0.578 0.601 0.555 
1 1 1 0.472 0.491 0.453 
2 0 0 0.409 0.425 0.393 
2 1 0 0.366 0.380 0.351 
2 1 1 0.334 0.347 0.321 
2 2 0 0.289 0.301 0.278 
2 2 1 0.273 0.284 0.262 
2 2 2 0.236 0.246 0.227 
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confirm this theory, elemental line scans were performed with EDX, as seen in Figure 

5.4e-f. The Cubic sample prepared at 900 oC (Figure 5.4e) shows distinct nickel-rich and 

manganese-poor compositions in the agglomerations, supporting the theory that these 

particles may be rocksalt impurity phase. Likewise, after the annealing process (Figure 

5.4f), the agglomerated surface particles show slight manganese depletion.  

 

 

Figure 5.4 (a) TEM overview of a the top facet of a Cubic particle prepared at 900 oC, (b) 
HRTEM of the top facet of the Cubic particle with evidence of the (111) 
interplanar spacing, (c) STEM overview of the striated side face of a Cubic 
particle prepared at 900 oC, (d) HRTEM of the striated side face of the 
particle with evidence of the (11-2) interplanar spacing (e) EDX line scan of 
an agglomerated particle on a Cubic surface prepared at 900 oC, and (d) 
EDX line scan of an agglomerated particle on a Cubic surface after 
annealing at 700 oC. 

5.3.2 Structural and Chemical Characterization 

In order to accept the premise that cation ordering changes after the annealing 

treatment, it is imperative to compare the degree of ordering by experimental techniques 

such as x-ray diffraction and an examination of the voltage profiles below 3 V 

corresponding to the lithium insertion reaction into the 16c octahedral sites. Accordingly, 

the x-ray diffraction patterns collected before and after the 700 oC annealing treatment 



 63 

can be seen in Figure 5.5. The magnified inset pictured in Figure 5b shows evidence of 

the rocksalt impurity phase before annealing. As seen in Figure 5.5d, the rocksalt phase 

diminishes after annealing at 700 oC for 96 h, supporting the assumption that the degree 

of cation ordering has increased and nickel has been assimilated into the main spinel 

phase. 

 

 

Figure 5.5 (a) X-ray diffraction patterns of the samples prepared at 900 oC, (b) a 
magnified 2θ region to illustrate the presence of the LixNi1-xO rocksalt 
phase, (c) x-ray diffraction of patterns of the samples after annealing at 700 
oC, and (d) a magnified 2θ region to illustrate the assimilation of the rocksalt 
phase into the spinel lattice after annealing. 

The chemical composition, especially the Mn:Ni ratio, has a profound effect on 

the electrochemical properties. Even small fluctuations can result in a shortened 5 V 

plateau and introduction of Mn3+ into the structure.81,129 Therefore, the Li:Mn:Ni ratio for 

each sample was determined experimentally by the ICP analysis. Those results, along 

with the Rietveld refined lattice parameters of each phase, are tabulated in Table 5.2. The 

chemical formulas of the samples are roughly stoichiometric LiMn1.5Ni0.5O4, within the 

error bars of the ICP measurement. Additionally, the Rietveld fitting reveals the presence 
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of rocksalt impurity prior to the annealing treatment, which diminishes in most samples 

after annealing at 700 oC. 

Table 5.2 Compositional analysis data and lattice parameters of the various 
LiMn1.5Ni0.5O4 samples 

Sample Molar Ratio Lattice Parameter (Å) Phase Composition (wt%) 

      900 oC 700 oC 

 Li Mn Ni 900 oC 700 oC Spinel LixNi1-xO Spinel LixNi1-xO 

Cubic 0.97 1.51 0.52 8.1787(2) 8.1679(1) 93.9 6.1 97.0 3.0 

Octahedral 0.98 1.51 0.50 8.1819(1) 8.1786(1) 96.6 3.4 100.0 0.0 

Truncated 1.04 1.47 0.50 8.1754(2) 8.1675(1) 95.7 4.3 98.5 1.5 

Spherical 1.02 1.48 0.50 8.1654(2) 8.1643(2) 96.5 3.5 100.0 0.0 

 

 

Figure 5.6 Discharge from 5.0 to 1.9 V to compare the lithium insertion reaction into the 
16c octahedral sites. 

The relative degree of cation ordering was compared by examining the voltage 

profiles below 3 V, as seen in Figure 5.6. As described in the introduction, the relative 
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lengths of the plateaus observed at ~ 2.7 and ~ 2.0 V indicate the level of cation ordering 

in the sample. It is clear from Figure 5.6 that the Cubic sample is the most disordered 

when fired at 900 oC and the Spherical sample is the most ordered, while the Octahedral 

and Truncated samples prepared at 900 oC have approximately equal levels of cation 

ordering. For numerical ease of comparison, the capacities of the various plateaus are 

listed in Table 5.3. 

Table 5.3 First discharge capacity values at different voltage regions of the various 
LiMn1.5Ni0.5O4 samples 

Sample Discharge Capacity (mAh/g) 

   Capacity Below 3 V 

 
Total 

Capacity 
Above 3 V Total ~ 2.7 V ~ 2.0 V 

Cubic 900 oC 241 126 115 15 100 

Octahedral 900 oC 249 125 124 45 79 

Truncated 900 oC 229 124 105 47 58 

Spherical 900 oC 248 122 126 70 56 

Cubic 700 oC 216 122 94 22 72 

Octahedral 700 oC 223 124 99 50 49 

Truncated 700 oC 246 126 120 58 62 

Spherical 700 oC 260 127 133 105 28 

5.3.3 Electrochemical Testing 

Now that the nuances in morphology and cation ordering have been established, a 

comparison of the cycling performance and rate capability of the samples prepared at 900 
oC are presented in Figure 5.7. Although these data were collected at room temperature, it 

is readily apparent that the samples consisting of a majority of {111} family of planes on 
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the surface exhibit superior capacity retention and rate capability. In fact, as seen in 

Figure 5.6, the Octahedral and Trucated samples have similar cation ordering 

characteristics when prepared at 900 oC, but Figure 5.7 clearly demonstrates the 

considerable discrepancy in electrochemical cycling between the two samples. 

 

 

Figure 5.7 Electrochemical properties of the samples prepared at 900 oC: (a) capacity 
retention at a constant C/2 rate and (b) rate capability. 

After the annealing treatment, the differences in electrochemical performance are 

even more pronounced, as seen in Figure 5.8. The Cubic and Octahedral samples show 

similar long-term capacity retention before and after annealing at 700 oC. However, the 

rate capability is slightly lower for these samples after the annealing treatment. 

Considering the fact that the Cubic and Octahedral samples show only relatively minor 

changes in morphology, this lower rate capability can likely be attributed to the increase 

in charge transfer resistance associated with cation ordering and corresponding decrease 

in the Mn3+ content.82,152 The Spherical sample also has slightly lower rate capability 

after annealing (along with a higher degree of cation ordering), but actually exhibits 

better long-term capacity retention than when initially prepared at 900 oC. This could be 

ascribed to the increase in particle size of the nano-scale octahedra decorating the surface 



 67 

of the large spherical primary particles. Previous studies have indicated that nano-scale 

spinel particles are more susceptible to reaction with the electrolyte during high-voltage 

operation, thus degrading the cycle life.157-159 As seen in Figures 5.1f and 5.2f, the surface 

octahedra have dimensions of ~ 30 nm before annealing, whereas the particles grow to ~ 

100 nm after annealing at 700 oC. 

 

 

Figure 5.8 Electrochemical properties of the samples after annealing at 700 oC: (a) 
capacity retention at a constant C/2 rate and (b) rate capability. 

It is noteworthy, though, that the Truncated sample exhibits such poor 

electrochemical performance after annealing, even with morphology more closely 

resembling regular octahedra. In order to consider whether the IR drop resulting from 

poor contact between the electrode and current collector could be a factor for the poor 

rate performance, the discharge profiles at various rates of all samples post-annealed at 

700 oC are compared in Figure 5.9. Upon examination of the Truncated discharge profile, 

a sloping region is observed at capacity values of 110 – 120 mAh/g, which is indicative 

of a spinel-to-layered transition.160 
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Figure 5.9 Discharge profiles of the samples annealed at 700 oC at various C rates. 

In order to confirm the presence of a separate layered phase, elemental mapping 

along with a line scan was performed with EDX to identify the Mn- and Ni-rich regions, 

as seen in Figure 5.10. The STEM images reveal certain areas that appear as if there is a 

residue covering the surface of the particles, seen in Figure 5.10a. The elemental mapping 

of these regions (Figure 5.10b) shows a distinct segregation of Mn in the bulk and Ni in 

the surface residue. The line scan (Figure 5.10c) also confirms this observation. The 

combination of the electrochemical discharge analysis and elemental mapping 

characterization support the theory that major rearrangement occurs in the Truncated 
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sample during the annealing treatment at 700 oC, resulting in both an increase in cation 

ordering and a partial transition to a layered structure. 

 

 

Figure 5.10 (a) STEM of a representative Truncated particle annealed at 700 oC with 
surface irregularity, (b) elemental mapping by EDX, and (c) line scan 
showing Mn and Ni segregation. 

To ensure that all considerations were taken into account, dQ/dV plots of all the 

samples were compared to explain the differences in cation ordering in terms of intrinsic 

polarization. Figure 5.11 shows scans for samples prepared at 900 oC, which illustrate the 

variations in the degree of cation ordering through a variation in polarization and 

decrease in the voltage difference between the two peaks at ~ 4.7 V with increasing 

cation order. Specifically, the Cubic sample shows a wide space between the peaks at ~ 

4.6 and 4.75 V with minimal displacement in the voltage of the cathodic and anodic 

reactions, indicating a disordered cation arrangement. On the other end of the spectrum, 

the Spherical sample exhibits slightly closer peak spacing at ~ 4.7 and 4.75 V and the 
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anodic reaction takes place at a higher voltage than the corresponding cathodic reaction, 

which is indicative of increased polarization and a high degree of cation order.89 

 

 

Figure 11. dQ/dV plots of the of samples prepared at 900 oC. 

In line with the results from the samples prepared at 900 oC, the samples annealed 

at 700 oC exhibit much higher polarization and closer spacing between the reaction peaks, 

as seen in Figure 5.12. Another noteworthy point is the decrease in Mn3+ content 

observed after annealing, which can be seen in the magnified insets. Of particular interest 

is the asymmetry in the Truncated and Spherical reactions in the 4 V region, where 

mainly cathodic peaks appear. This behavior could be evidence of metal dissolution into 

the electrolyte, which further supports the capacity fade observed in Figures 5.7 and 5.8. 
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Figure 12. dQ/dV plots of the samples after annealing at 700 oC. 

5.4 CONCLUSIONS 

A detailed characterization of the cation ordering and crystallographic planes in 

contact with the electrolyte shed light on the relationship between these structural aspects 

and the electrochemical cycling stability. The Octahedral and Truncated samples 

prepared at 900 oC have nearly identical degrees of cation ordering, but are on the 

extremes in terms of electrochemical cycling performance. Additionally, the Spherical 

sample is shown to have a high degree of cation ordering when prepared at 900 oC, with 

an even higher degree of ordering after annealing at 700 oC, yet it exhibits acceptable 

capacity retention and good rate capability as a result of the nano-scale octahedra 

decorating the surfaces of the particles. As with the cation ordering tendency, the 

presence or absence of the rocksalt phase does not have a profound effect on the 
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electrochemical properties. On the other hand, the spinel-to-layered transition observed in 

the Truncated sample after annealing at 700 oC is highly detrimental to capacity retention 

and rate capability, despite the formation of octahedral particles. These results indicate 

that the crystallographic planes overall play a dominant role in either facilitating or 

obstructing the electrochemical insertion and removal of lithium from the structure. 

However, formation of an electrochemically active layered phase also has a profound 

influence on the cycling performance, regardless of the cation ordering behavior or 

crystallographic planes. 
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Chapter 6: High-voltage spinel cathodes for lithium-ion batteries: 
controlling the growth of preferred crystallographic planes through 

cation doping 

6.1 INTRODUCTION 

Prompted by the successful implementation of the 4 V manganese oxide spinel 

cathodes in electric vehicles, researchers have turned to the high-voltage LiMn1.5Ni0.5O4 

spinel cathodes as a candidate for the next generation of batteries for transportation 

applications. However, these cathodes are hampered by long-term stability issues due to 

an aggressive reaction with commercial electrolytes, resulting in the formation of a thick 

solid electrolyte interface (SEI) layer passivating the surface along with dissolution of 

active material into the electrolyte.161 While much attention has been devoted to 

understanding the influence of long- and short-range cation order on the electrochemical 

properties,76,78,121,126,139,162 limited information is available in the literature in conditioning 

the surface through controlling the particle nucleation and morphology during the 

precursor synthesis process. Although spinel oxides offer isotropic 3-dimensional 

lithium-ion diffusion, recent reports have indicated that the stability of the cathode in the 

electrolyte depends on the surface planes of the cystals.153-155 

The electrochemical properties of high-voltage spinel cathodes have been shown 

to be extremely sensitive to the synthesis and processing conditions.121,126,145-147,163,164 

Previous reports have also explored meticulously how the mixed-metal hydroxide 

precursors affect the synthesis of layered oxide cathodes.137,165-167 However, a detailed 

analysis of the transformation of the mixed-metal hydroxide precursors to the final spinel 

cathode material is lacking. 

Additionally, the effects of cation doping on the electrochemical properties of the 

high-voltage spinel have been thoroughly examined in the literature.88-90,122,168,169 Partial 
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substitution of other cations for Ni and/or Mn has been shown to eliminate the rocksalt 

impurity phase and improve the cyclability at elevated temperatures.89 Yet amid the 

abundant collection of reports describing the properties of doped spinel cathodes, the 

control and design of specific particle morphologies has been largely overlooked. Here 

we present the influence of dopant ions on particle morphology and electrochemical 

performance. These effects are isolated through precise control of synthesis conditions, 

and careful characterization demonstrates the relationship among electronic 

configuration, crystal nucleation and growth, final morphology, and electrochemical 

cycling. 

6.2 EXPERIMENTAL 

Samples were prepared by the modified CSTR co-precipitation method described 

in Chapter 2. Other structural and chemical characterizations such as XRD, STEM, TEM, 

and ICP are also described in that chapter. The electrochemical testing was carried out 

with electrodes prepared by the PVDF slurry method. 

The depth profiles of elemental concentrations were examined by time-of-flight – 

secondary ion mass spectroscopy (TOF-SIMS) (TOF.SIMS 5 instrument, ION-TOF 

GmbH, Germany 2010). Shallow depth profiles of the elements were recorded in 

dynamic SIMS mode using the primary ion gun (Bi1
+ at 30 keV energy and 3.1 pA 

measured sample current) for both sputtering and analysis. All profiles were 

reconstructed from the initial TOF-SIMS data files using a circular region of interest of 

15 μm diameter centered on the squared 20 x 20 μm2 acquisition area to avoid the 

inherent edge effects of dynamic SIMS profiling. TOF-SIMS was performed under UHV 

(base pressure of about 1 x 10-9 mbar) on samples consisting of cathode powders that 
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were compactly attached onto a carbon tape. All detected secondary ions had positive 

polarity. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Structural Characterization and Crystallography 

The x-ray diffraction patterns of the synthesized LiMn1.5Ni0.5-xMxO4 (M = Fe, Ga, 

Zn, Al, Cr, Co, and Cu) samples are shown in Figure 6.1. These data indicate that a 

single-phase spinel with the Fd-3m space group is formed for all doped samples, while 

the undoped sample consists of a small amount of LixNi1-xO rocksalt impurity in addition 

to the Fd-3m spinel phase, which is consistent with the previous reports.76,153 

Additionally, the 2θ values of the reflections shift according to the size differences and 

charge compensation caused by the introduction of dopant ions. The lattice parameters 

refined by the Rietveld analysis and the ICP compositional data are tabulated in Table 

6.1, which confirm the formation of stoichiometric doped high-voltage spinel 

compositions. 

Table 6.1 ICP compositional data and lattice parameters of LiMn1.5Ni0.42M0.08O4 

Compositional Data 
M Li Mn Ni M 

Lattice 
Parameter (Ả) 

Ni 0.99 1.50 0.50 0 8.1744(1) 
Fe 1.03 1.48 0.40 0.09 8.1812(2) 
Ga 1.02 1.49 1.40 0.09 8.1907(1) 
Zn 1.03 1.48 0.40 0.09 8.1849(1) 
Al 1.04 1.47 0.40 0.09 8.1792(2) 
Cr 1.03 1.47 0.40 0.10 8.1900(2) 
Co 1.01 1.49 0.41 0.09 8.1760(2) 
Cu 1.01 1.48 0.40 0.09 8.1734(1) 
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Figure 6.1 (a) X-ray diffraction patterns of LiMn1.5Ni0.5-xMxO4 and (b) an expanded view 
of a small 2θ region to illustrate the peak shifts and the absence of impurity 
phase in the doped samples. 

The morphologies of the synthesized spinel samples analyzed by STEM are 

shown in Figure 6.2. It is clear that the samples in the top row have formed into regular 

octahedra, whereas the samples shown in the bottom row have other, non-octahedral 

morhpologies. The Al-doped sample is formed in micro-prisms and elongated particles. 

The Cr-doped sample is formed as large, flat particles, and the Co-doped sample is 

composed of mixed spheres and octahedra. Notably, however, the Cu-doped sample 

shows evidence of long, thin plates. Owing to the precise control afforded by the CSTR 

method used to synthesize the samples, it can be reasonably assumed that this difference 

in particle shape results directly from factors contributed by the dopant ions themselves. 
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Figure 6.2 STEM images comparing the particle morphology of (a) undoped, (b) Fe-
doped, (c) Ga-doped, (d) Zn-doped, (e) Al-doped, (f) Cr-doped, (g) Co-
doped, and (h) Cu-doped spinel samples LiMn1.5Ni0.5-xMxO4. 

Based on a visual inspection of the particles presented in Figure 6.2, it is 

reasonable to expect that the facets may each be composed of a single crystallographic 

plane. It is well known in the literature that octahedral crystallites are comprised of {111} 

family of planes on the surface facets,153-156 but a detailed electron diffraction 

investigation is required to understand the more complex morphologies. The 

crystallographic planes on the surface of the Al-, Cr-, Co-, and Cu-doped samples were 

characterized by TEM electron diffraction, as seen in Figure 6.3. The beam is assumed to 

be perpendicular to each diffraction pattern presented, and the overview images are 

marked with the edge examined. While this diffraction study may not represent each 

individual particle or defect, it does provide concrete evidence of the predominant surface 

planes present. 

As can be seen in Figure 6.3a, the Al-doped sample shows evidence of the (100) 

plane on the surface, as well as the perpendicular (011) plane. Similarly, the Cr-doped 

sample has large sections with the (110) plane facing the electrolyte (Figure 6.3b), which 

is known to be more susceptible to Mn dissolution.133,136 Examination of the Co-doped 
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sample demonstrates that cutting the curvature of the sphere gives the (111) plane, but it 

is not possible to assign a single plane to the surface due to the incremental curvature on 

the surface of a spherical object. Nonetheless, this analysis confirms that although the 

particle began growth along the (111) direction like the octahedral samples, the Co 

dopant ion created favorable conditions for the minimization of total surface area. As for 

the Cu-doped sample, the large, flat dimension is composed of the (11-2) plane. 

Predominantly, the thin dimension was determined to be the (111) plane, which is 

perpendicular to the (11-2) plane. Some particles with angled edges were found to have 

the (100) plane on the edge, as seen in Figure 6.3d. 

 

 

Figure 6.3 TEM overviews and electron diffraction patterns of (a) Al-doped, (b) Cr-
doped, (c) Co-doped, and (d) Cu-doped spinel samples. 

6.3.2 Electrochemical Properties 

To demonstrate the influence of particle morphology and crystallographic 

orientation on the electrochemical properties, cycle life and rate capability data were 

collected as summarized in Figure 6.4. As has been reported in the literature,89,131 when 

prepared by other methods, substituting other ions for Ni has a strong stabilizing effect on 

long-term cycling by eliminating the rocksalt impurity phase and disrupting the tendency 

for the Mn4+ and Ni2+ ions to order in the 16c octahedral sites. However, as seen in Figure 
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6.4a, only relatively minor differences are observed among samples, especially compared 

to the 5 V spinel cathodes prepared by other methods.145-147,163,164 Even so, the samples 

with the octahedral morphology show better capacity retention than those that do not 

have majority of (111) planes on the surface facets. In contrast, the differences among 

samples are far more obvious when comparing the high-rate discharge performance, as 

seen in Figure 6.4b.  

 

 

Figure 6.4 Electrochemical properties of undoped and doped spinel samples: (a) 
cyclability at C/5 rate and (b) rate capability. 

Clearly, samples such as the Co-doped and Cr-doped fare poorly in comparison to 

samples such as the undoped, Fe-doped, and other octahedral-type samples. This 

information is summarized in a graphical form in Figure 6.5. It is clear that the samples 

with a majority of {111} planes in contact with the electrolyte show superior 

electrochemical characteristics. 
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Figure 6.5 Summary of normalized rate capabilities compared to C/5 rate and capacity 
retention of the doped and undoped spinel samples. 

6.3.3 Particle Nucleation and Transformation 

In an effort to understand the mechanism through which these planes are 

stabilized, the precursor materials obtained from the CSTR reaction were analyzed by 

SEM prior to forming the spinel by firing with lithium hydroxide. The morphologies of 

the mixed-metal hydroxide precursors are presented in Figure 6.6. It is clear that the 

undoped, Fe-, Ga-, and Zn-doped hydroxides (shown in the top row) share a uniform 

spherical morphology with needle-like surface features and an average particle size of ~ 3 

µm. In contrast, the hydroxides on the bottom do not resemble those on the top, nor do 

the necessarily resemble each other. The Al-doped hydroxide and the Co-doped 

hydroxide show evidence of the same needle-like features on the surface, but the scale of 

the primary particles are, respectively, much larger and much smaller than ~ 3 µm. The 

Cr-doped precursor has plate-like and cauliflower-shaped agglomerations, and the Cu-

doped hydroxide has many irregularities, including rods, spheres, and plates. These 
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variations were somewhat unexpected, considering the relatively small concentration of 

the dopant ions and the precise control of the other key reaction parameters such as 

temperature, pH, and stir time. Additionally, the morphology of the hydroxides prepared 

by this method varies from the hydroxides with the same chemical formula prepared 

without any NH3 complexing agent,153 indicating that the interaction between the 

transition metal cations (Lewis acid) and NH3 ligand (Lewis base) plays a role in the 

hydroxide precipitation. 

 

 

Figure 6.6 Morphology of the mixed-metal hydroxide precursors Mn3Ni1-yMy(OH)x: (a) 
undoped, (b) Fe-doped, (c) Ga-doped, (d) Zn-doped, (e) Al-doped, (f) Cr-
doped, (g) Co-doped, and (h) Cu-doped. 

Transition metal coordination behavior in NH3 medium has been established in 

the literature, and it can strongly influence the nucleation and growth of the precipitate. 

There are two particularly relevant factors to consider for this system: the strength of the 

ligand attachment and the possible coordination geometries for each cation. But before 

comparing these properties, it is imperative to establish the valence of the ions in 

solution. 
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For certain ions, this concern is immaterial because the valence will not change, 

i.e. Al3+, Ga3+, Cr3+, Zn2+, and Cu2+. However, other ions such as Mn, Ni, Fe, and Co may 

oxidize depending on the conditions.137,166,167 Thus, solutions containing only the raw 

chemical salts described in the experimental section with NH3 were prepared to evaluate 

the valence of the resulting complexes based on the well-known color shifts of these ions 

in NH3 complexes, resulting from the differences in the d-d transitions. The solutions 

initially exhibited the following characteristic colors indicating 2+ Lewis acid metal 

complexes: yellow (manganese), blue (nickel), green (iron), and turquoise (cobalt). 

However, after 30 minutes, the iron solution transformed to black colloidal particles, 

indicating oxidation to the 3+ valence state with a possible formation of Fe3O4. All other 

solutions retained the same color after 12 hours. This result indicates that Mn2+, Ni2+, 

Fe3+, and Co2+ would be present in the reaction solution. 

Table 6.2 Comparison of metal-ligand coordination and strength in NH3 solution 

Ion Coordination geometry[a] Ligand Strength[b] 

Mn2+ octahedral or tetrahedral moderate 
Ni2+ octahedral or tetrahedral moderate 
Fe3+ octahedral or tetrahedral moderate 
Ga3+ octahedral or tetrahedral moderate 
Zn2+ octahedral or tetrahedral moderate 
Al3+ octahedral or tetrahedral weak 
Cr3+ octahedral strong 
Co2+ octahedral or tetrahedral strong 
Cu2+ square planar weak 
[a]Based on NH3 ligand complex 
[b]Compared to H2O coordination 
 

With this information as well as the well-known coordination chemistry170,171 and 

absorption spectra,172 it is possible to surmise the geometry and ligand field strength for 

the various ions. This information is summarized in Table 6.2. It appears that the ions 
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which form the regular hydroxide particles of medium size share the ability to coordinate 

in octahedral or tetrahedral geometry and have moderate ligand attachment strength. The 

Al3+ and Co2+ ions satisfy the geometric condition, but the ligand attachments are, 

respectively, too weak and too strong to produce the proper particle size. This is observed 

visually by examining the SEM of the hydroxides; the Al-doped sample has large, 

disperse particles, and the Co-doped sample has small, compact particles from repeated 

dissolution and recrystallization.137 The Cr3+ ion cannot coordinate in a tetrahedral 

arrangement, resulting in a particle shape which is not uniform and spherical. The Cu2+ 

ion has a peculiar chemistry because its electronic state is orbitally degenerate, thus it 

will have static Jahn-Teller distortion and form weak bonds with the ligand groups.172 

6.3.4 Depth Profile Analysis 

While formation of favorable hydroxide precursor materials allows for better 

understanding of the particle precipitation, the transition to the final lithiated spinel 

structure also warrants some examination. With this in mind, TOF-SIMS was conducted 

on the final product, as preferential segregation of certain cations to the surface has been 

shown to occur in the spinel structure.89 Figure 6.7 shows the surface-to-bulk ratios for 

each of the cations in the doped samples to a depth of about 10 angstroms. Consistently, 

lithium is deficient at the surface of each of the samples. In addition, manganese always 

appears slightly enriched on the surface in comparison to lithium. Perhaps most 

interestingly, though, either nickel or the dopant ion was the most enriched cation on the 

surface of each sample. 
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Figure 6.7 Surface to bulk cation ratios in the spinel samples: (a) Al-doped, (b) Ga-
doped, (c) Co-doped, (d) Fe-doped, (e) Cr-doped, (f) Zn-doped, and (g) Cu-
doped. 

In order to understand how the spinel structure forms during the high-temperature 

firing, it is instructive to look at how the cation ratios at the surface compare to what is 

expected in the bulk. Figure 6.8a summarizes the measured dopant-to-manganese ratios 

at the surface of each of the samples, and the expected bulk ratio is indicated by the 

dashed line. As seen in Figure 6.8a, the ratios Al/Mn and Ga/Mn are slightly higher than 

what is expected in the bulk. The Co/Mn and Fe/Mn ratios are ~ 2.5 times the expected 

value, the Cr/Mn and Zn/Mn ratios are 3 times, and the Cu/Mn ratio is ~ 5.5 times the 

expected value in the bulk. It is necessary to point out that because the dopant 

concentration is low in each sample, small changes in the distribution throughout the 
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particle will lead to unmistakable deviations from the expected dopant-to-Mn ratios in the 

bulk. With this in mind, we can conclude that in each of the samples, the dopant is 

enriched in varying degrees on the surface when compared to Mn. However, it is 

important to clarify that the term enriched refers to an increase from the expected 

concentration, and does not imply that the dopant is the most abundant cation in that 

region. 

Figure 6.8b summarizes the dopant-to-nickel ratios at the surface. In contrast to 

the comparison with manganese, the Al/Ni and Ga/Ni ratios are lower (~ 0.5) than what is 

expected in the bulk (dashed line). This means that for the Al and Ga doped samples, Ni 

is the most enriched cation on the surface. The Co/Ni, Cr/Ni, and Fe/Ni ratios are still 

slightly higher (~ 1.1 – 1.3) than what is expected in the bulk. The Zn/Ni and Cu/Ni ratios 

deviate the most (~ 1.9 and 2.9, respectively) from what is expected in the bulk. From the 

results summarized in Figure 6.8a-b, it is possible to conclude that in the Co-, Cr-, Fe-, 

Zn-, and Cu-doped samples, the dopant is the most enriched cation on the surface. On the 

other hand, nickel was the most enriched cation on the surface for the Al- and Ga-doped 

samples. This evidence provides insight into the growth of the sample facets. 

During the final step of the synthesis in which the hydroxide precipitate is fired at 

900 oC with lithium hydroxide, the distribution of the cations on the surface may be 

governed by the diffusion coefficient of each into the bulk. Diffusion is a complex topic, 

but it is generally accepted that the diffusion coefficient of an ion is inversely 

proportional to its ionic radius.173,174 A cation with a smaller radius, like Al, has a larger 

diffusion coefficient, which enables it to diffuse more quickly into the bulk. A cation with 

a larger radius diffuses more slowly into the bulk, and consequently higher 

concentrations of the dopant are measured on the surfaces of the final product, as seen in 

Zn- and Cu-doped samples. 
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Figure 6.8 The ratio of (a) dopant to manganese and (b) dopant to nickel at the surface of 
the particle and (c) ionic radius of the dopant cations. 

Figure 6.8c lists the ionic radius of the dopants in octahedral coordination. The 

ionic radius of Ni2+ is indicated for reference by the dashed line. Closer examination of 

the surface-to-bulk ratios reveals that two subsets of cations can be defined in Figures 

6.8a and 6.8b. The first subset, designated as the Al-subset, consists of Al, Co, Cr, and 

Cu. The second subset, designated as the Ga-subset, consists of Ga, Fe, and Zn. Both 

subsets follow the same trend, namely that the dopant/Mn (Figure 6.8a) and dopant/Ni 
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(Figure 6.8b) ratios increase with increasing ionic radii (Figure 6.8c). The main 

difference between the two subsets is that the Ga-subset appears shifted to lower values 

than the Al-subset. This shift may be elucidated by an examination of the crystal field 

splitting energies of the various cations.  

The Ga-subset ions have either 3d5 (Fe) or 3d10 (Ga and Zn) electronic 

configurations, so the energy difference between the octahedral and tetrahedral site 

occupancies is zero for these cations. Therefore, these ions will not have any preference 

for octahedral coordination. The Al-subset ions each, on the other hand, will have a 

preference for octahedral coordination as they have electronic configurations different 

from 3d5 or 3d10. Crispin et al.175 demonstrated that the crystal field effect (i.e. any site 

preference) strongly affects the diffusivity of a given cation. This clarifies why two 

subsets can be identified in Figures 6.8a and 6.8b. The Al-subset cations exhibit 

octahedral site preference, whereas the Ga-subset cations have a lower energy barrier to 

migrate through tetrahedral pathways during heat treatment. Additionally, this 

segregation behavior may cause the differences in the surface plane stabilization during 

the high-temperature firing process. 

6.4 CONCLUSIONS 

Given the consistent reaction conditions, the morphology of the doped high-

voltage spinel cathode materials is governed by the nature of the ion substituted into the 

spinel lattice. By analyzing the precipitation reaction mechanisms, the main factors 

affecting crystal nucleation and growth were identified. Specifically, the electronic 

configurations of the metal ions in the reaction mixture determined the relative stability 

of the NH3-metal complex, thus shaping the precursor material and allowing for seamless 

transition to spinel crystallites with preferred planes upon final heat treatment. 
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Segregation of the dopant ions to the surface further stabilizes the preferred planes during 

heat treatment. Based on electrochemical cycling, the crystallographic planes facing the 

electrolyte strongly influence the cycle life and high-rate discharge performance. Despite 

the differences in the metal dopant ions, it is clear that materials with predominantly the 

{111} family of planes on the surface facets show superior electrochemical 

performances. 
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Chapter 7: Influence of site disorder and oxygen non-stoichiometry in 
LiMn1.5Ni0.5-xMxO4 (M = Cu and Zn) cathodes with divalent dopant ions 

7.1 INTRODUCTION 

As global energy demand increases, researchers continue to explore solutions to 

large-scale energy storage. An appealing candidate for next generation lithium-ion 

batteries is the high-voltage spinel cathode LiMn1.5Ni0.5O4 as it provides facile, 3-

dimensional lithium-ion diffusion with excellent structural stability and high power 

capability.76,78,139 However, its electrochemical properties are sensitive to synthesis 

conditions,127,137,145,146,153 and it is prone to severe capacity fade, particularly at elevated 

temperatures.18,45 Additionally, there is ample evidence that ordering between the Mn4+ 

and Ni2+ ions decreases the electronic conductivity and increases internal resistance 

because active Ni2+/3+/4+ redox centers are isolated amidst inactive Mn4+ ions.74,89,120 

One strategy which has been successfully employed to combat this issue has been 

to partially substitute other metal ions for nickel, which has been shown to disrupt cation 

ordering and stabilize the cycling performance.89 While much effort has been devoted to 

understanding the influence of doping trivalent ions such as Fe, Co, and Ga,88-

90,120,122,131,168,176,177 relatively little investigation has been carried out on the doping of 

divalent ions such as Zn2+ and Cu2+. In this work, we present a detailed study of the 

structure and electrochemical properties of the undoped LiMn1.5Ni0.5O4 and the divalent-

ion doped LiMn1.5Ni0.42M0.08O4 and LiMn1.5Ni0.38M0.12O4 (M = Cu and Zn) with two levels 

of doping (0.08 and 0.16). In particular, the role of site disorder and oxygen content on 

elevated-temperature cycling performance is elucidated. 
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7.2 EXPERIMENTAL 

The samples were prepared by the modified CSTR co-precipitation method 

described in Chapter 2. Structural characterizations were also carried out as previously 

described. The electrochemical tests were conducted with PVDF electrodes. 

Additionally, redox titration was employed to characterize the oxygen non-

stoichiometry in the Zn-doped samples, and the procedure can be found in section 2.2.1. 

7.3 RESULTS AND DISCUSSION 

7.3.1 Crystal Chemistry and Cation Ordering 

Careful characterization of the crystal chemistry is critical to determine the cation 

site occupacy behavior in the undoped and divalent-cation doped samples. Slow-scan 

XRD patterns were collected and carefully analyzed for rocksalt impurity, ordered 

superstructure reflections, and cation disorder, as seen in Figure 7.1. As has been 

discussed in previous reports,76,78,139,153 the undoped sample shows evidence of a nickel-

rich rocksalt impurity phase when prepared at 900 oC, and the main spinel phase has the 

Fd-3m space group. Annealing the undoped sample at 700 oC causes the Mn4+ and Ni2+ 

ions in the lattice to order, leading to a decrease in symmetry and transition to the P4332 

space group.76,78,139 This corresponds to an increase in the solubility of nickel in the spinel 

phase and eliminates the rocksalt impurity. 

Interestingly, the Cu-doped sample LiMn1.5Ni0.42Cu0.08O4 shows evidence of a high 

degree of cation ordering with prominent P4332 superstructure reflections even when 

prepared at 900 oC. This behavior can be explained by considering the ionic radii of the 

cations in the structure. Since six-coordinated Cu2+ has an ionic radius (0.86 nm) similar 

to that of Ni2+ (0.83 nm),178 the Cu2+ ions substitute readily for Ni2+ in the larger 4a sites 

of the P4332 structure. With an extended annealing time at 700 oC, the cations tend to 
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order and occupy the lowest-energy positions to minimize strain resulting from the size 

difference between the smaller Mn4+ and larger Ni2+ ions. Since the Cu2+ ion is even 

larger than Ni2+, the substitution of Cu2+ provides increased incentive for the formation of 

the P4332 structure. 

 

 

Figure 7.1 (a) X-ray diffraction patterns of LiMn1.5Ni0.5-xMxO4 (M = Ni, Zn, Cu, and x = 
0, 0.08, and 0.12) and (b) expanded 2θ region of the pattern. 

In contrast, the Zn-doped sample LiMn1.5Ni0.42Zn0.08O4 does not show any sign of 

cation ordering or rocksalt impurity. Instead, an unusually high intensity is observed for 

the reflection at 2θ ≈ 31o, as seen in Figure 7.1b. From the Rietveld refinement, the 

higher intensity is attributed to the occupancy of the tetrahedral sites by the Zn2+ ions, 

which is consistent with the strong preference of Zn2+ ions with a 3d10configuration for 

tetrahedral coordination. Rietveld refinement reveals that the best fit is achieved when the 
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Zn2+ ions occupy the tetrahedral sites. The details of this fitting analysis can be seen in 

Table 7.1. This analysis is supported by previous findings that the Zn2+ ions tend to 

occupy the tetrahedral sites in the 4 V manganese oxide spinels.179-181 

Table 7.1 Rietveld fitting parameters of samples prepared at 900 oC and annealed at 700 
oC 

 

Surprisingly, the samples with higher levels of doping LiMn1.5Ni0.38M0.12O4 do not 

show any sign of cation ordering behavior, even in the case of the Cu-rich sample. In 

fact, the samples appear further disordered. Additionally, no trace of rocksalt phase can 

be detected in these samples. These results suggest that higher levels of doping with 

larger divalent cations may increase the internal lattice strain such that it can no longer 

support an ordered structure. 

Sample 
Bragg 

R-factor 
Rf-

factor χ2 
Lattice 

Parameter (Å) 
LiMn1.5Ni0.5O4 900 oC 10.7 8.5 15.3 8.1820(1) 
LiMn1.5Ni0.5O4 700 oC 11.7 8.9 13.1 8.1786(2) 
LiMn1.5Ni0.42Zn0.08O4  900 oC 7.5 5.5 12.0 8.1831(1) 
LiMn1.5Ni0.42Zn0.08O4  700 oC 6.4 5.3 14.6 8.1853(1) 
LiMn1.5Ni0.42Cu0.08O4  900 oC 9.3 7.8 13.0 8.1798(1) 
LiMn1.5Ni0.42Cu0.08O4  700 oC 9.7 7.1 21.1 8.1719(1) 
LiMn1.5Ni0.38Zn0.12O4  900 oC 9.4 8.1 8.2 8.1918(1) 
LiMn1.5Ni0.38Zn0.12O4  700 oC 8.9 7.3 4.7 8.1913(1) 
LiMn1.5Ni0.38Cu0.12O4  900 oC 9.1 7.8 6.3 8.1855(1) 
LiMn1.5Ni0.38Cu0.12O4  700 oC 7.8 6.3 5.2 8.1813(1) 
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Figure 7.2 Discharge behavior below 2 V to compare the degree of cation ordering based 
on the ratio of the plateau lengths at ~ 2.7 V and ~ 2.0 V. 

To compare the relative level of cation ordering in a spinel material, it is useful to 

operate the cathode outside the usual voltage window of 5.0 – 3.0 V; for instance, 

operating at 5.0 –  2.0 V gives rise to two distinct plateaus at ~ 2.7 V and ~ 2.0 V. As 

discussed in previous reports,74,131,153 the length of the plateau at ~ 2.7 V is governed by 

the lithium insertion reaction into the 16c octahedral sites, which are larger when the 

sample is ordered, resulting in lower lattice strain and a longer 2.7 V plateau. The cation 

ordering tendencies of all samples are compared in Figure 7.2. The lower ~ 2.0 V plateau 

of the undoped sample decreases after annealing at 700 oC, indicating an increase in the 

degree of cation ordering. This result is consistent with the expected outcome of the 

annealing treatment. Additionally, the Cu-doped sample prepared at 900 oC begins with a 

high degree of cation order, which increases further after annealing at 700 oC. This result 

is supported by the presence of the superstructure reflections in Figure 7.1b. However, 
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both the Zn-doped samples do not change after annealing and remain highly disordered. 

For ease of comparison, the plateau lengths at different voltage regions are tabulated in 

Table 7.2. 

Table 7.2 Discharge capacity at different voltage regions 

 

The change in cation ordering for the undoped sample has been demonstrated 

before,74,76,78,122,139,153 but the disparity in ordering behavior between the Zn-doped and Cu-

doped samples was unanticipated based on their marked similarities in terms of ionic 

radius and valence. This discrepancy can be traced to the respective site preferences of 

the ions and supports the theory that Cu2+ substitutes directly for Ni2+ in the 4a sites while 

Zn2+ occupies the tetrahedral sites, inducing site disorder and possible oxygen non-

stoichiometry. 

7.3.2 Site Disorder and Oxygen Non-Stoichiometry 

In fact, a closer examination of the charge/discharge profiles illuminates the site 

disorder by virtue of the presence or absence of an Mn3+ plateau at 4 V. In theory, since 

Zn2+ and Cu2+ are divalent and doping disrupts the formation of a rocksalt impurity phase, 

Discharge Capacity (mAh/g) 
Capacity Below 3 V 

Sample Total 
Capacity 
Above 3 V Total ~ 2.7 V ~2.1 V 

LiMn1.5Ni0.5O4 900 oC 269 124 145 56 89 
LiMn1.5Ni0.5O4 700 oC 258 123 135 67 68 
LiMn1.5Ni0.42Zn0.08O4  900 oC 264 121 143 31 112 
LiMn1.5Ni0.42Zn0.08O4  700 oC 268 123 145 31 114 
LiMn1.5Ni0.42Cu0.08O4  900 oC 258 119 139 77 62 
LiMn1.5Ni0.42Cu0.08O4  700 oC 259 119 140 92 48 
LiMn1.5Ni0.38Zn0.12O4  900 oC 248 114 134 20 114 
LiMn1.5Ni0.38Zn0.12O4  700 oC 229 113 116 18 98 
LiMn1.5Ni0.38Cu0.12O4  900 oC 267 120 147 41 106 
LiMn1.5Ni0.38Cu0.12O4  700 oC 212 123 89 47 42 
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there should not be evidence of an Mn3+ plateau at 4 V. Figure 7.3 shows the first 

charge/discharge process for the Zn- and Cu-doped samples prepared at 900 oC and 

annealed at 700 oC. The low-doped Cu sample shows a trace amount of Mn3+ shoulder at 

4.0 V, which is eliminated after annealing, much like an ordered undoped sample. Also, 

present in the Cu-doped voltage profile is a capacity shoulder at ~ 4.3 V, corresponding 

to the Cu2+/3+ redox couple, consistent with the previous reports.182-184 

 

 

Figure 7.3 Voltage profiles of the 1st charge/discharge cycles of (a) Zn-doped samples 
and (b) Cu-doped samples. 

In contrast, both the Zn-doped sample prepared at 900 oC and the sample post-

annealed at 700 oC show evidence of a sizeable plateau at 4 V, as seen in Figure 7.3a. 

Assuming full oxygen occupancy, the presence of Mn3+ is not consistent with the X-ray 

data, which confirms that there is no rocksalt impurity present in the samples. These data 

indicate that there may be oxygen non-stoichiometry present in the samples. To confirm 

this hypothesis, redox titration was performed, as described in the experimental section. 

By quantifying the amount of oxygen non-stoichiometry through titration, it was possible 

to determine the expected amount of Mn3+ present in the structure through the principle of 
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charge neutrality. The amount of Mn3+ obtained from the titration is compared to that 

obtained from the electrochemical data in Figure 7.4a. 

 

 

Figure 7.4 Correlation of the (a) measured Mn3+ content from electrochemical capacity 
data and redox titration and (b) variation of lattice parameters with Mn3+ 
content obtained from electrochemical data. 

This oxygen loss and surface disorder seen in the Zn-doped samples affects both 

the Mn3+ content and lattice parameter, as seen in Figure 7.4b. There is close agreement 

between the oxygen stoichiometry and the amount of Mn3+ observed in the 

electrochemical profile. Likewise, the lattice parameter determined from the Rietveld 

analysis is correspondingly larger with increasing oxygen non-stoichiometry due to the 

presence of large Mn3+ ions in the lattice. In addition, the lattice parameter of the low-

doped Cu samples is affected by the cation ordering tendency, causing a contraction in 

cell volume to minimize the overall lattice strain, accompanied by a reduction in the 

number of Mn3+ ions present. 

Atomic structural models of these proposed structures are presented in Figure 7.5. 

The ordered undoped sample (Figure 7.5a) shows the arrangement of Mn4+ and Ni2+ ions 

in, respectively, the 12d and 4a octahedral sites. In the case of the Cu-doped sample 



 97 

(Figure 7.5c), the Cu2+ ion substitutes directly for nickel in the 4a site. In contrast, as seen 

in Figure 7.5b, Zn2+ ions occupy the 8a tetrahedral sites displacing equal amounts of Li+ 

ions into the 16d octahedral sites, and the larger Zn2+ ions induces a nearby oxygen 

vacancy due to the compressive strain on the metal-oxygen bonds near large ions.72 

Additionally, the presence of Li+ ions in the 16d octahedral sites promotes cation disorder 

between Mn4+ and Ni2+. 

 

 

Figure 7.5 Schematic illustration of (a) ordered LiMn1.5Ni0.5O4 structure, (b) ordered 
LiMn1.5Ni0.42Cu0.08O4 structure, and (c) disordered LiMn1.5Ni0.42Zn0.08O4 
structure. 

7.3.3 Electrochemical Properties 

With a firm understanding of the structural aspects of these materials, the effects 

on the electrochemical cycling performance may be analyzed. The room-temperature 

cycle life and rate capability of the Zn-doped samples can be seen in Figure 7.6. By a 

cursory inspection, it is immediately clear that the samples with a high level of doping 

exhibit steep capacity fade and perform poorly under high-rate discharge conditions. This 

could be due to fewer nickel ions available for redox reaction in the structure, along with 

an increased internal resistance resulting from the significant amount of inactive Li+ ions 

present in the octahedral sites. On the other hand, the low-doped sample shows excellent 
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electrochemical performance, which can be largely attributed to the stabilization of the 

disordered Fd-3m phase and the presence of Mn3+ carriers to enhance the electrical 

conductivity.120 

 

 

Figure 7.6 Electrochemical properties of Zn-doped samples: (a) long-term cycle 
performance at C/2 rate and (b) discharge at various C rates. 

The room-temperature electrochemical properties of the Cu-doped samples are 

compared in Figure 7.7. The low-doped sample shows capacity fade and sluggish 

performance at high current rates. This result has generally been attributed to poor 

electronic conductivity with high degrees of cation ordering as nickel ions do not have 

nickel nearest-neighbors in the structure to facilitate electron transfer.150 Unexpectedly, 

the Cu-doped samples with high levels of doping show improved electrochemical 

properties over those with lower doping. As seen in Figure 7.3, the Cu2+/3+ redox couple is 

active in this voltage range (~ 4.3 V), and the excess copper in the structure provides 

additional capacity to enhance cycling performance. Additionally, the high level of 

doping induces cation disorder, which further improves long-term stability. 
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Figure 7.7 Electrochemical properties of Cu-doped samples: (a) long-term cycle 
performance at C/2 rate and (b) discharge at various C rates. 

Similarly, the elevated-temperature cycling characteristics can be seen in Figure 

7.8. Once again, it is noteworthy that with the exception of the Zn-rich sample, all doped 

annealed samples exhibit better electrochemical performance than the comparable 

samples prepared at 900 oC. For the low-doped Zn sample, this behavior can be attributed 

to the fact that the annealed sample shows increased oxygen non-stoichiometry from the 

titration results; indeed, a higher level of oxygen deficiency has been correlated to 

improved cyclability in other studies.121,126,149 This supports the conclusion that small 

amounts of Mn3+ and oxygen deficiency enhance cycle stability, and especially high-rate 

performance. 
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Figure 7.8 Elevated temperature cycling at 55 oC with C/2 rate: (a) Zn-doped samples and 
(b) Cu-doped samples. 

In the case of the Cu-doped samples, since the copper ions are electrochemically 

active in this window, the replacement of Ni2+ by Cu2+ enhances the electrical 

conductivity, much in the same way that Mn3+ has been linked to enhanced high-rate 

performance. Also, it helps stabilize the long-term cycling performance at elevated 

temperatures by mildly suppressing cation disorder and strengthening the MO6 

framework. This could explain the sharp capacity fade in the highly disordered Zn-rich 

sample, which does not have the edge-shared octahedral framework with all transition 

metal ions as the Cu-doped samples have.185 

7.3.4 Morphological Considerations 

This discussion would be remiss without discussing the effects of particle 

morphology. Recent studies suggest that the crystallographic planes on the surface of the 

particle have a profound effect on the electrochemical performance, and should be 

considered in the analysis of high-voltage spinel cathodes.153,155,156 The morphologies of 

the divalent doped samples can be seen in Figure 7.9. As previously reported, octahedral 
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morphology features a majority of {111} family of planes on the surface and contributes 

significantly to fast, stable electrochemical performance. Along those lines, the samples 

showing the best electrochemical properties (i.e. the LiMn1.5Ni0.42Zn0.08O4 and 

LiMn1.5Ni0.38Cu0.12O4 samples) have octahedral morphology when prepared at 900 oC, and 

the morphology is retained after annealing at 700 oC. Additionally, the low-doped Cu 

sample does not have octahedral morphology, as seen in Figure 7.9e-f. This could 

contribute to capacity fade and explains why it shows poor cycle stability compared to 

the Cu-rich sample, which has octahedral morphology (Figure 7.9g-h). However, the Zn-

rich sample also forms in octahedral morphology as seen in Figure 7.9c-d. This indicates 

that morphology alone does not dictate the electrochemical performance, and other 

factors such as site disorder and conductivity also contribute in a meaningful way. 

 

 

Figure 7.9 SEM of (a) LiMn1.5Ni0.42Zn0.08O4 prepared at 900 oC and (b) annealed at 700 
oC, (c) LiMn1.5Ni0.38Zn0.12O4 prepared at 900 oC and (d) annealed at 700 oC, 
(e) LiMn1.5Ni0.42Cu0.08O4 prepared at 900 oC and (f) annealed at 700 oC, and 
(g) LiMn1.5Ni0.38Cu0.12O4 prepared at 900 oC and (h) annealed at 700 oC. 
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7.4 CONCLUSIONS 

Zn- and Cu-substituted high-voltage spinel cathode materials were synthesized 

via a modified co-precipitation route. It was found that low levels of Zn2+ doping 

effectively disrupts the ordering tendency between Mn4+ and Ni2+ ions as the Zn2+ ions 

occupy the 8a tetrahedral sites displacing equal amounts of Li+ ions into the 16d 

octahedral sites and introducing slight oxygen non-stoichiometry. However, higher levels 

of Zn doping causes rapid capacity fade due to the decreasing active Ni redox centers and 

significant amount of inactive Li+ ions in the octahedral sites, despite the octahedral 

particle morphology. On the other hand, substitution of low levels of Cu2+ ions facilitates 

cation ordering with direct replacement of Ni2+ by Cu2+, but the plate-like morphology 

likely contributes to capacity fade and poor high-rate performance. By substituting higher 

amounts of Cu2+, the cation ordering tendency is destroyed, and octahedral morphology is 

achieved, thereby providing conditions for excellent capacity retention.  

These results indicate that cation disorder coupled with small quantities of carriers 

such as Mn3+/4+ and Cu2+/3+ improve the electrochemical properties by increasing the 

electronic conductivity. Additionally, particle morphology plays an important role in the 

cycling behavior, but cannot compensate for other factors such as poor conductivity and 

structural instability as in the case of the Zn-rich sample. 
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Chapter 8: Summary 

With an aim to develop a fundamental understanding of the factors affecting the 

safety and electrochemical properties of spinel cathode materials, systematic studies have 

been carried out. By employing different synthesis techniques and compositions, it is 

possible to tailor the properties of high-voltage spinel cathodes to design a battery with a 

long cycle life and excellent rate capability. 

First, a systematic investigation of several oxide and oxyfluoride spinel cathodes 

revealed that the thermal stability was found to improve with increasing lithium vacancy 

concentrations in the charged state (increasing specific capacity), where all the charged 

samples had a valence of close to 4+ for Mn. In essence, the spinel cathodes with higher 

specific capacities also exhibited improved thermal stability. This finding stands in 

contrast to the general belief that the thermal stability should decrease with an increasing 

amount of lithium vacancies in the charged sample as the vacancies may tend to get 

eliminated on heating. Additionally, the Ni- or Al-doped samples exhibit better thermal 

stability than the Li-doped samples with the same number of lithium vacancies at the 

fully charged state, implying that the nature of the constituent ions and the metal-oxygen 

bond strength have a profound effect on thermal stability. Systematically, however, the 

oxyfluoride materials showed superior thermal stability compared to the corresponding 

oxide analogs. 

It was also found that the microstructure and morphology of undoped high-

voltage spinel cathodes play a dominant and critical role on the electrochemical 

performance due to the crystal planes on the facets in contact with the electrolyte. Other 

factors such as the Mn3+ content and the degree of cation ordering in the sample do not 

have as significant an influence on the electrochemical performance. The excellent high-
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rate discharge performance of the annealed octahedral sample contradicts the general 

notion that cation ordering directly contributes to low rate capability. Electrochemical 

data confirm that the cations are ordered, yet the rate capability is higher than that of the 

more disordered truncated sample fired at 900 oC. Additionally, while the presence of 

Mn3+ may contribute to high-rate performance, it is not a sufficient condition for superior 

electrochemical cycling. TEM analysis indicated that the only major difference between 

the samples was which crystal planes were in contact with the liquid electrolyte. 

Moreover, even though the Fe-doped LiMn1.5Ni0.42Fe0.08O4 samples were prepared by 

different routes, both exhibited similar electrochemical properties due to the similarities 

in morphological structure and crystal plane orientation. 

A more detailed characterization of the cation ordering and crystallographic 

planes in contact with the electrolyte shed light on the relationship between these 

structural aspects and the electrochemical cycling stability. The Octahedral and 

Truncated samples prepared at 900 oC have nearly identical degrees of cation ordering, 

but are on the extremes in terms of electrochemical cycling performance. Additionally, 

the Spherical sample is shown to have a high degree of cation ordering when prepared at 

900 oC, with an even higher degree of ordering after annealing at 700 oC, yet it exhibits 

acceptable capacity retention and good rate capability as a result of the nano-scale 

octahedra decorating the surfaces of the particles. As with the cation ordering tendency, 

the presence or absence of the rocksalt phase does not have a profound effect on the 

electrochemical properties. On the other hand, the spinel-to-layered transition observed in 

the Truncated sample after annealing at 700 oC is highly detrimental to capacity retention 

and rate capability, despite the formation of octahedral particles. These results confirm 

that the crystallographic planes overall play a dominant role in either facilitating or 

obstructing the electrochemical insertion and removal of lithium from the structure. 
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However, formation of an electrochemically active layered phase also has a profound 

influence on the cycling performance, regardless of the cation ordering behavior or 

crystallographic planes. 

It was also demonstrated that with consistent reaction conditions, the morphology 

of the doped high-voltage spinel cathode materials is governed by the nature of the ion 

substituted into the spinel lattice. By analyzing the precipitation reaction mechanisms, the 

main factors affecting crystal nucleation and growth were identified. Specifically, the 

electronic configurations of the metal ions in the reaction mixture determined the relative 

stability of the NH3-metal complex, thus shaping the precursor material and allowing for 

seamless transition to spinel crystallites with preferred planes upon final heat treatment. 

Segregation of the dopant ions to the surface further stabilizes the preferred planes during 

heat treatment. Based on electrochemical cycling, the crystallographic planes facing the 

electrolyte strongly influence the cycle life and high-rate discharge performance. Despite 

the differences in the metal dopant ions, it is clear that materials with predominantly the 

{111} family of planes on the surface facets show superior electrochemical 

performances. 

The site disorder and oxygen non-stoichiometry of Zn- and Cu-substituted high-

voltage spinel cathode materials were also examined by materials characterization and 

electrochemical testing. It was found that low levels of Zn2+ doping effectively disrupts 

the ordering tendency between Mn4+ and Ni2+ ions as the Zn2+ ions occupy the 8a 

tetrahedral sites displacing equal amounts of Li+ ions into the 16d octahedral sites and 

introducing slight oxygen non-stoichiometry. However, higher levels of Zn doping causes 

rapid capacity fade due to the decreasing active Ni redox centers and significant amount 

of inactive Li+ ions in the octahedral sites, despite the octahedral particle morphology. On 

the other hand, substitution of low levels of Cu2+ ions facilitates cation ordering with 



 106 

direct replacement of Ni2+ by Cu2+, but the plate-like morphology likely contributes to 

capacity fade and poor high-rate performance. By substituting higher amounts of Cu2+, 

the cation ordering tendency is destroyed, and octahedral morphology is achieved, 

thereby providing conditions for excellent capacity retention.  

These results indicate that cation disorder coupled with small quantities of carriers 

such as Mn3+/4+ and Cu2+/3+ improve the electrochemical properties by increasing the 

electronic conductivity. Additionally, particle morphology plays an important role in the 

cycling behavior, but cannot compensate for other factors such as poor conductivity and 

structural instability as in the case of the Zn-rich sample. 
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