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ABSTRACT 

 

Surface Modification of LiNi0.5Mn0.3Co0.2O2 Cathode for Improved Battery 

Performance. (August 2012) 

Thomas T. Lynch, B.S., University of Southern California 

Chair of Advisory Committee: Dr. Haiyan Wang 

 

This thesis details electrical and physical measurements of pulsed laser 

deposition-applied thin film coatings of Alumina, Ceria, and Yttria-stabilized Zirconia 

(YSZ) on a LiNi0.5Mn0.3Co0.2O2 (NMC) cathode in a Lithium ion battery. Typical NMC 

cathodes exhibit problems such as decreased rate performance and an opportunity for 

increased capacity exists by raising operation voltage beyond the electrolyte stability 

window. Very thin (~10 nm) coatings of stable oxides provide a pathway to solve both 

problems. As well, the electrochemical impedance spectra of the uncoated and coated 

cells were measured after different numbers of cycles to reveal the property variation in 

the cathode. Further understanding of the mechanism of rate performance enhancement 

and chemical protection by thin oxide coatings will continue to improve battery 

capability and open up new applications. 

 Ceria-coated Li-NMC cells show the best capacity and rate performance in 

battery testing. Through electrochemical impedance spectroscopy (EIS), the surface film 

resistance was found to remain stable or even drop slightly after repeated cycling at high 
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voltage. CeO2 is proposed as a coating for Lithium ion battery cathodes owing to its high 

chemical stability and the demonstrated but not yet well understood electrical 

conductivity.  Alumina-coated cathode shows comparable performance as that of the 

uncoated cell in the early stage of the test, but through the course of testing the rate 

capability and recoverable capacity is improved. This is possibly due to Al2O3’s well-

known abilities as HF scavenger and chemically inert nature. YSZ-coated cathode 

performs worse than the uncoated ones in terms of capacity, rate capability, and EIS-

related figures of merit. The reason for the poor performance is not yet known, and 

repeatability tests are under way to verify performance. High voltage cycling reveals no 

obvious difference in irreversible loss between the coated or uncoated cells. The reason 

for the lack of distinction could be the relatively small percentage of surface coating 

compared to the thick doctor-blade processed cathode layer.  
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NOMENCLATURE 

 

TEM  Transmission Electron Microscope 

SEM  Scanning Electron Microscope 

EDX  Energy Dispersive X-ray 

STEM  Scanning Transmission Electron Microscope 

PLD  Pulsed Laser Deposition 

LIB  Lithium Ion Battery 

NMC  Lithium Nickel Manganese Cobalt Oxide 

EIS  Electrochemical Impedance Spectroscopy 

GITT  Galvanostatic Intermittent Titration Technique 

CV  Cyclic Voltammetry 

SEI  Solid Electrolyte Interface 

YSZ  Yttria-stabilized Zirconia 
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1. INTRODUCTION 

 

1.1 Motivation 

Energy use in today’s society is constantly growing, and with that growth comes 

a great need for advanced energy storage technologies. Diverse applications from energy 

storage of renewable sources including solar and wind for efficient power grid usage, to 

electric and hybrid electric vehicle powering, to the seemingly pervasive mobile 

electronics, all call for advancement in electrical energy storage systems. Typical 

concerns for energy storage are energy content per volume or mass, useful lifetime, rate 

capability, cost and safety. From grid-level energy storage to portable microelectronics,  

Lithium ion batteries have displayed attributes that make them advantageous. Currently, 

Lithium ion batteries can be seen in use in cell phones and laptop computers; most 

electric vehicles like the Tesla Roadster, Chevrolet Volt, and Nissan Leaf; and portable 

power tools. However, there is still much development needed for the relatively early 

stage battery technology to become advantageous over other energy storage forms. For 

instance, electric vehicle applications require much higher volumetric and specific 

capacities to truly be viable economically compared to gasoline [1]. As well, improving 

the rate capabilities of various Li-ion battery materials would open them up to 

commercial viability. 

 

 
___________ 

This thesis follows the style of Journal of Power Sources. 
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First, this section reviews battery history and basic operation mechanisms. Then the 

components of Li-ion batteries are surveyed with a focus on cathode materials and the 

approaches for cathode performance improvement.   

 

1.2 Battery Background 

A battery is an electrochemical system that converts chemical potential to electrical 

energy through reduction-oxidation (redox) reactions. These reactions which transfer 

charge have been exploited since early human history in such devices as the ‘Baghdad 

battery’. Batteries have existed since the early 19th century when Allesandro Volta paired 

zinc and copper in a brine electrolyte. Early batteries were primary batteries (meaning 

single discharge use) and relied on the use of metal electrodes and acidic electrolyte such 

as the lead-acid battery.  Knowledge in chemistry, materials science, and theoretical 

physics has since been developed and applied to advance the capability to 

electrochemically store and deliver energy. Discovery of reversible chemical reactions 

led to invention of secondary, also called rechargeable, batteries, from which many 

commercial applications have come. Fig. 1 shows the progress of battery development 

from the standpoints of volumetric and mass energy density. Energy density is calculated 

by taking a cell’s operating potential in Volts multiplied by the current it produces at that 

potential. The total current produced by a battery is its capacity, measured in Ah/kg or 

Ah/l. 
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Fig. 1: Secondary battery energy densities showing high density of Li chemistry batteries compared 
to other conventional technologies [2]. 

 

 

 

Because of  Lithium’s position on the periodic table, specifically low mass (with 

equivalent weight 6.94 g/mol and specific gravity 0.53 g/cm3) and high electropositivity 

(Li metal sits at -3.04 V versus a hydrogen electrode), it has several advantages as a 

material for batteries [2]. In that vein, Lithium metal batteries were created in 1976 by 

Whittingham [3]. These batteries used Li metal anodes with TiS2 cathodes, and though 

they exploited high energy density they also experienced significant problems with 

safety. Li metal would build up unevenly upon cycling, eventually forming bridges 

across the battery which would short and possibly explode the batteries. In order to 

prevent the above issue, Li-ion containing materials were discovered for use as 

electrodes. In 1980, Goodenough et al. introduced LiCoO2 as a layered cathode material 

for a so-called “rocking chair” battery [4]. Oxides are excellent candidates for Lithium 
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ion insertion materials because Oxygen’s high electronegativity causes extremely ionic 

bonds which facilitate intercalation. More important oxide materials with different 

structures were developed later including spinel LiMn2O4 and polyanionic olivine 

LiFePO4 [5; 6]. Commercially, Lithium ion batteries entered the market in 1991 by Sony 

and have found many applications and sparked much more development since then [7]. 

 

1.3 Operation Principle of Lithium Ion Battery 

Batteries contain two electrodes, cathode and anode, physically separated and 

usually placed in on the two sides of a conductive electrolyte. Redox reactions occur at 

the interface between the electrolyte and the electrodes. Specifically, in Lithium-ion 

batteries, the reactions always involve shuttling of Li+ ions and electrons, and the 

electrolyte plays no active electrochemical role except as an ionic conductor. During 

charging, Li+ ions are pulled away from the cathode by an applied potential, travel 

through the electrolyte, and are stored in the anode. The electron associated with that ion 

travels in the opposite direction through the circuit to be recombined in the anode thus 

preserving charge neutrality. During the discharge process, the reverse happens and the 

Li+ ions are naturally intercalated into the cathode due to their lower potential while the 

electrons travel through an external circuit producing the current. Discharge is a natural 

process; that is, because the lithium ions are at a lower potential when in the cathode 

they naturally flow from the anode to the cathode if the external circuit is closed 

allowing the electrons to concurrently flow. Fig. 2 is a schematic representation of the 

internal processes of lithium ion batteries. 



5 
 

 

 

Fig. 2: Operation principle of Lithium ion battery [8] 

 

 

 

1.4 Anode 

The anode of the Li-ion battery stores the charge of Li+ ions and electrons for 

discharge use. Anodes can start out containing Lithium, as in the case of Li metal. Or, 

they might start out without Lithium such as Carbon anodes (graphite, Carbon Black, et 

cetera),  novel Lithium alloys or metal oxides [9; 10]. Lithium metal was the first anode 

used in research, but fell out of favor quickly due to its nature to form dendrites upon 

cycling rather than planar Lithium coatings. These dendrites could lead to shortened 

battery lifetime and, in some extreme cases, battery explosions. Intercalation compounds 

for Lithium, materials that can integrate Lithium into their atomic lattice, are now used 

as both anodes and cathodes in batteries.  
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1.4.1 State-of-the-art anode  

Micrometer-sized graphite powder has been the commercial choice for anodes 

for most of Li-ion batteries. Graphite is carbon that forms in two-dimensional sheets 

bonded vertically together through van der Waals forces. This leaves planes of weak 

bonding where Lithium can easily penetrate and be stored. Graphite has a capacity 

around 370 mAh/g which is higher than most cathode materials [7]. Because Lithium 

inserts into graphite at around 1 V relative to Li+/Li which is unstable to the electrolyte, 

solid-electrolyte interfaces (SEI) always form a passivation layer which consumes anode 

volume and reduces capacity [11]. There is a tradeoff underlying graphite surface area 

selection which on one hand increases power capability by allowing higher rate reactions 

but on the other hand consumes more capacity from SEI formation. Decreasing graphite 

particle size through novel shapes such as microbeads or carbon fiber continues to 

receive research interest, although it is doubtful that any enhancements will be 

significant enough to break the inertia of commercial anode production. Coating a 

graphite anode with conductive metals such as Ag, Zn, or Sn has been shown to increase 

intercalation/deintercalation reaction rate [12]. This is due to a different 

anode/electrolyte interface than normal graphite’s organic SEI. The metal interface 

proves electrokinetically favorable and aides high rate charging and discharging. 

1.4.2   Next generation anodes  

 A more inventive high capacity anode can be found in Lithium metal alloys. In 

early batteries Aluminum was used as a replacement anode for Li metal as it was found 

that the two metals could alloy while still providing similar voltage reactions and 
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preventing the dendrite problem [2]. However, these anodes did not last long as they 

experienced large volume changes during cycling and pulverized themselves. In fact, 

anodes that display high capacity by storing more than one Lithium ion per 

stoichiometric unit of anode suffer from this high volumetric change due to simple 

physics. Eventually as a result of the volumetric changes the anode loses electrical 

contact with current collector. Pure Aluminum- and Tin-Lithium alloys were abandoned 

in favor of composites which could hold stable regions of inactive metal and active alloy 

metal regions. Metal composites such as Cu2Sb or InSb and other composites like Sn-Fe-

C were studied to this end, but either sacrificed capacity through Li2O formation or did 

not show enough long-term cyclability [13]. 

1.4.3  Nanomaterials for anodes  

 The advent of nanotechnology has made viable several interesting materials as 

anodes in Lithium ion batteries. For instance, amorphous Tin Oxide was found to readily 

accept Li+ ions and had about twice the capacity of graphite, but suffers from 

pulverization upon cycling due to large volume changes [14]. One solution to the 

pulverization was to try to limit the intercalation to two dimensions. SnO2 single layer 

sheets were then fabricated to alleviate the high volume change [15]. Silicon saw the 

same opportunity (>10 times graphite’s capacity) and pitfall (400% volume change upon 

cycling), which was overcome through Si nanowires as an anode to accommodate the 

strain [16]. Fig. 3 shows nanowires’ tolerance of volumetric change without 

pulverization compared to conventional thin film or powder morphologies. 
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Fig. 3: Different morphologies for anode and results after cycling [16]. 

 

 

1.5 Electrolyte 

1.5.1  Conventional liquid electrolytes  

The electrolyte is the component in Lithium ion batteries that allows ion 

transport between the two electrodes. Its critical features are ionic conductivity, chemical 

and electrochemical stability, and safety [7]. Electrolytes in commercial batteries are 

typically composed of salts dissolved in liquid organic solvents. The most conventional 

electrolyte involves the salt LiPF6 and a solvent of ethylene carbonate (EC) with either 

dimethyl carbonate (DMC) or diethyl carbonate (DEC) and allows ionic conductivity of 

above 10 S/cm. Solvent choice affects ionic conductivity through solvent dielectric 

constant which indicates how well a salt will be solvated and viscosity which influences 
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mobility [17]. In addition, the solvent’s melting point should be low enough that 

operation conditions do not threaten phase change and the boiling point should be high 

enough that safety can still be assured. EC in solution is what forms the SEI at the anode 

during first charge at around 0.8V with respect to Li+/Li [18]. Some of the main 

constituents of the SEI include Li2CO3 and Li2O. This passivating film is critical to 

prevent solvent from penetrating and dissolving the anode. A different passivating film 

is formed at the cathode at higher voltage through oxidative processes in the electrolyte. 

Several different additives are used in the electrolyte solution for different purposes 

including improving SEI formation, improving wettability to separator, and enhancing 

thermal stability [19]. 

1.5.2  Solid electrolytes 

Solid electrolytes confer many advantages over liquid such as natural cell 

sealing, pressure/temperature variation resistance, better electrochemical stability, and 

better safety [17].There are two types of solid electrolytes; solid inorganic electrolytes 

and solid polymer electrolytes. Solid inorganic electrolytes consist of crystalline or glass 

frameworks, and display poor ionic conductivity (see Table 1). All solid-state batteries 

are restricted to thin film due in part to the poor conductivity of the electrolyte. The 

traditional view on solid polymer electrolytes was that they could only be conducting in 

an amorphous state above their glass transition temperature; however, crystal complexes 

made of salts dissolved in polymers have been shown to be ionically conducting [11]. 

The challenge in the field now is achieving comparable ionic conductivities to liquid 

electrolytes, moving from 10-7 up to 1 S/cm. 
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Table 1: Various electrolyte system ionic conductivities[17] 

Medium Chemistry Ionic Conductivity 
(S cm-1) 

   
Liquid LiPF6:EC/DMC 10.7 

 LiClO4:EC/DMC 8.4 

   Solid Polymer  8.0 x 10-8 

   Solid State crystalline LISICON 5 x 10-4 

 glass LIPON 8 x 10-7 

 

 

1.6 Cathode  

Cathodes in Lithium ion batteries have seen much development as well due to 

materials research. Unlike Carbon anodes, which have dominated the commercial 

market, several different cathodes have been favored over the short history of Lithium 

ion batteries. In general, battery systems require from cathodes that they: 

 

1. Be composed of readily reducible/oxidizable ions, e.g. transition metals; 

2. React with lithium reversibly; 

3. Have a high energy of reaction with Li (capacity and voltage); 

4. React with lithium rapidly both on intercalation and deintercalation; 

5. Be a good electronic conductor; 

6. Remain stable when contacted by an electrolyte; 

7. Possess a low cost and be easily synthesized; and 

8. Be environmentally benign [20]. 
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1.6.1 Layered intercalation cathodes 

 The first materials used in LIB’s in the mid-1970’s were dichalcogenides such as 

TiS2 [7]. TiS2 cathodes displayed reversible intercalation above 2 V and had problems 

with deposition on Li anodes they were paired with, which necessitated new materials. 

In 1980, the structurally stable cathode material LiCoO2 with reaction voltage around 3.8 

V was proposed [4]. It has become the most commercially accepted cathode due to its 

high energy capacity and relative stability. Many different transition metal oxides 

including Nickel and Manganese are able to form this layered rock salt structure (seen in 

Fig. 4). Lithium forms planes that layer with planes of edge-sharing CoO6 (or NiO6, or 

MnO6) octahedra, allowing Li to diffuse in two dimensions. Diffusivity can be found in 

Table 2 along with that of the other common cathode structures. Due to the metals’ 

different binding energy with oxygen they display different cycling characteristics such 

as reaction potential and stable lithiation range, of which Co has proven most 

advantageous. LiCoO2 is stable until delithiated past the composition Li0.5CoO2, at 

which point it undergoes a Jahn-Teller distortion into a different phase which prevents 

intercalation, resulting in lost capacity [21]. This phase change from monoclinic to 

hexagonal is accompanied by a volume change around 9% that can deteriorate electrical 

contact among grains [22].  Therefore, LiCoO2 batteries are only cycled between Li and 

Li0.5 in composition (about 3 V to 4.2 V) which leaves around 140 mAh/g of capacity. 

Another problem with this material is that when trying to charge to high voltage (above 

4.2V), Co4+/Co3+ ions can dissolve in the battery’s electrolyte.  
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Lithium Cobalt, Nickel, and Manganese Oxides all exist in the layered structure, 

and all three of these transition metal oxides are able to form a solid solution with one 

another. Alone, LiNiO2 batteries saw high capacity but poor lifetime due to cationic 

mixing of the metal and Li layers. Layered LiMnO2 quickly devolves into spinel 

material when charged to a useful capacity, but is cheap. Finally, LiCoO2 performs 

stably but has issues of cost and toxicity. Many studies have been done in combining Ni 

and Co [23; 24], Ni and Mn [25; 26], and all three [27; 28]. Nickel and Manganese cost 

less and are less toxic than Cobalt, but layered materials with just these two elements 

have problems of very low electronic conductivity. The addition of Cobalt increases 

structural stability due to its higher strength ionic bonding, which manifests in larger 

capacity, higher rate capability, and longer cell lifetime. The process of balancing 

materials that substitute out Cobalt while still maintaining capacity and rate capability 

has created layered cathodes which are potential next generation cathode materials.  

Li(Ni0.33Mn0.33Co0.33)O2 is a heavily studied layered cathode material that utilizes the 

aforementioned benefits.  

 

 

1.6.1.1  LiNi1-x-yMnxCoyO2 type cathodes 
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Fig. 4: Li-containing oxide cathode materials crystal structures with Li as green dots [29]. 

 

 

1.6.1.2  Spinel structure cathode 

 Spinel LiMn2O4 was proposed in 1983 by Thackeray as a cathode material [5]. 

The spinel structure involves cubic close-packing of the metal-oxide octahedral but the 

Li ions are arranged in a 3-D column instead of 2-D planes. This structure prevents large 

species from inserting into and blocking Li conducting channels and also changes 

volume less upon cycling [21]. Lithium Manganese Oxide has the advantages of low 

cost, non-toxicity, both good electronic and lithium ion conductivity and a structure 

(seen in Fig. 4) that gives great three-dimensional stability. The main disadvantage of 

this material is its large capacity fade due to several mechanisms such as incomplete 

Jahn-Teller distortion or phase change upon delithiation causing mismatched grains [30] 

and Mn dissolution and Oxygen loss into the electrolyte especially at the high voltage 

plateau around 4 V [31]. Unfortunately, these effects are exacerbated by decreasing the 

cathode particle size (and thus surface area to volume ratio). Methods have been devised 

to prevent capacity loss; namely stoichiometry modification, structural doping mainly 

with Al, and nanoscale coatings which will be detailed in Section 1.7 [32; 33]. 
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1.6.1.3  Olivine structure cathode 

 The olivine structure containing 3-D columns of Li conduction was also 

proposed as an improvement over layered LiCoO2. The olivine phase was theorized in 

1989 and LiFePO4 was introduced in 1997 by Padhi et al and enjoys benefits such as 

high energy capacity (170 mAh/g theoretical capacity and 3.5 V reaction), low cost, 

good cyclability, and safety [6; 34].The structure is more stable than others because 

Oxygen ions form strongly bonded PO4 tetrahedra which causes valence state of the 

metal to have less impact on lattice parameters [35].  Its main disadvantage is its very 

poor electronic conductivity several orders of magnitude lower than other conventional 

cathode materials [36]. The low conductivity means that capacity is diminished even at 

moderate rates, and for high rate applications such as electric vehicles capacity would be 

severely limited. Small particle size is critical for increasing electric performance of 

LiFePO4 cathodes and other methods are employed to improve its kinetics. Table 2 

displays a comparison of figures of merit of the main first generation cathode material 

structures.  
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Table 2: Comparison of conventional cathode material properties [17; 37]. 

 LiCoO2 LiMn2O4 LiFePO4 

Avg. voltage (V) 3.84 3.86 3.22 

Energy density (Wh kg−1) 193.3 154.3 162.9 

Energy density (Wh L−1) 557.8 418.6 415 

Practical capacity (mAh g-1) 140 120 170 

DLi (cm2/s) 10-10 to 10-8 10-11 to 10-9 10-14 to 10-15 

σ (S/cm) 10-4 10-6 10-9 

 

 

1.7 Cathode Performance Improvement Methods 

Several strategies exist to increase certain aspects of performance of all cathode 

materials. The most prevalent method to increase rate capability involves decreasing 

grain particle size. By decreasing the diffusion length required for Lithium ions, they can 

be more quickly inserted and extracted en masse. Typically grain size has been on the 

order of tens of micrometers, but for high rate applications especially in poor conducting 

LiFePO4 grains have been created on the order of nanometers. The drawback to smaller 

particle size is that increased surface area increases reactivity between the electrolyte 

and the cathode. This means that solid-electrolyte interface formation is increased along 

with its pronounced capacity fade, and also particle to particle electronic contact 

becomes problematic [11].  
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Substitution doping is another method used to improve battery performance. 

When doped in Li sites such as in layered materials, Mg or Zr can increase the structural 

stability and allow more percent Lithium to be extracted, increasing the capacity and 

lifetime [38]. However, doping in Lithium sites by its very nature decreases potential 

capacity. Instead, structural doping of the metal cation such as in LiCoO2 creates similar 

benefits by playing with lattice parameters. In fact, this is how the next generation 

material Li(Ni0.33Mn0.33Co0.33)O2 was discovered. For the spinel material LiMn2O4, 

doping the Mn position with rare-earth elements has been found to decrease lattice 

parameter and in turn improve structural stability and enhance rate capability and 

cyclability [39]. In the case of LiFePO4, many different metals doped in the Fe position 

have been found to increase the rate capability, though the mode is still controversial 

[40]. The last method available to enhance rate capability is through coating the cathode 

with a thin layer of metal, oxide, Carbon, polymer, or other material. 

1.7.1  Cathode coatings 

1.7.1.1  Coating overview 

Nano-scale surface coatings are an important technique to improve the 

performance of cathodes in Lithium ion batteries. Because much of the important 

reactions in battery operation happen at interfaces, surface coatings offer efficient 

solutions to several different problems of different cathode materials such as preventing 

damaging phase changes or allowing higher voltage cycling by protecting against 

chemical reactions. Cathode particle size reduction is a standard method to enhance 

performance by reducing diffusion length of Li ions. However, most advanced materials 
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already utilize nano-sized particles and no more improvement can be gained on that 

front. Substitutional doping is another improvement method which stabilizes cathode 

structure by replacing either Li or other cation sites with a small percentage of other 

cations. This can enhance rate performance by changing Li-conductive channel size due 

to changing interatomic potentials. With larger conductive channels, the material is able 

to shuttle Li ions in and out faster. Doping can also enhance cyclability through 

increased structural stability of non-deintercalating cations in Li sites. This would result 

in batteries able to cycle longer before mechanical failure and also batteries able to cycle 

at higher potentials due to being able to use a larger percentage of Li ions. The cost of 

substitutional doping in Li sites is a decreased capacity. Surface coatings are on such a 

small scale that they do not appreciably reduce volumetric or gravimetric capacity, and 

thus are an important method of improvement for lithium ion batteries. 

1.7.1.2  Fabrication methods 

Several different fabrication methods have been used to coat nanometer scale 

layers on cathodes. A solution deposition step involving precursor sonication in solvent 

followed by annealing to decompose is very common for many coating chemistries [41-

43]. However, it can result in a mixed layer of cathode and coating on the surface, 

depending on anneal temperature and time, causing initial capacity loss. Sol-gel methods 

carry the same danger of diffusing into the active material. In addition, chemical coating 

methods provide only loose control over coating thickness. Average thickness is 

determined after the fact of reaction by imaging techniques, and different coatings are 

characterized by weight or molar percent of solution before reaction.  Besides the simple 
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mechanical and chemical methods, there are more precise deposition techniques. Atomic 

layer deposition (ALD) has been applied to precisely control growth to the level of 

monolayer [44]. This method allows controllable thickness down to sub-nanometer 

range. Another method allowing control over coating thickness is pulsed laser deposition 

(PLD), whereby a target is ablated by a pulsed laser [45]. Deposition conditions and 

substrate selection determine film stoichiometry, crystallinity, and thickness. Another 

physical deposition method used to deposit on cathodes is magnetron sputtering [46]. 

PLD, sputtering and ALD do not require an anneal step to ensure correct coating 

chemistry.  

1.7.2  Coatings on LiCoO2 

The most commercially prevalent Li ion battery cathode is LiCoO2. Even with its 

high structural stability compared to other cathode materials, there is capacity loss 

associated with cycling the cathode. This loss is attributable to different factors. Both 

structural reordering through Co – Li lattice site switching and a phase change from 

hexagonal to monoclinic ordering around 4.2V affect the cathode’s capacity [47]. Due to 

internal strain, microcracks form during cycling that ultimately physically erode the 

battery and result in loss.  Doping lattice sites with Al or Mg is sometimes reported to 

provide more structural stability, but at the cost of capacity from substitution of Lithium 

[48-50]. However, surface coatings have proven to significantly delay cycling capacity 

loss, leading to a longer battery life. This mechanism can be seen in so-called ‘zero 

strain’ coatings. They are thought to prevent the anisotropic volume changes through 

surface stress on the active material. In theory, if the coating material is extremely 
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strong, then it will prevent the cathode from exhibiting strain. Many transition metal 

oxides have been tested and found to be especially good for this purpose, including 

MgO, Al2O3, and ZrO2 [45; 51; 52].  

MgO has been demonstrated to work well in a surface coating even as an 

amorphous film [53]. This means that extremely ordered interface stress preventing 

cathode strain is unlikely. Rather, surface Mg2+ ions have radii very close in size to the 

Li+ ion radius, which allows them to enter the layered cathode structure and fill Li+ ion 

vacancies, stabilizing it even in delithiated states. With this effect, MgO coated LiCoO2 

batteries are able to charge to greater potential and achieve higher capacity with longer 

life than uncoated samples. Cyclic voltammetry curves have proven that a hexagonal to 

monoclinic phase transition still takes place at the same potential, yet somehow the 

coating prevents fracture and capacity loss [45].  

Tension between Al2O3 and the LiCoO2 cathode at its surface has also been 

theorized to restrict the hexagonal to monoclinic phase transformation while cycling. For 

this reason many different methods of ultrathin Al2O3 coatings have been applied. A 

popular method for precise thickness control is atomic layer deposition, which has been 

applied at different thicknesses to show that extremely thin layers (2 molecular layers) 

work the best for cyclability [44]. Thin films have also been created by RF sputtering, 

paired with LiCoO2 deposited on a Pt current collector [54]. Fig. 5 shows the magnitude 

of capacity retention improvement in an Al2O3-coated thin film cell. Al2O3 coating by 

sol-gel method at a low anneal temperature of 400 C has been shown to prevent a 
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hexagonal-monoclinic phase transition [55]. Coatings that were too thick resulted in lost 

capacity by acting as a large insulating layer between the active material and electrolyte.  

 

 

Fig. 5: Capacity retention improvement of Al2O3 coating on thin film LiCoO2[54] 

 

 

ZrO2 was chosen as a surface coating material due to its large fracture toughness, 

in the hopes that it would be able to handle or prevent the large anisotropic volume 

changes that accompany cycling [52]. Results of ZrO2 coatings showed the same 

qualitative lifetime enhancement, but further X-ray diffraction testing showed that 

volume changes on cycling proceeded the same with or without ZrO2 coating [56]. Thus, 

the so-called ‘zero strain’ mechanism does not exist as an inhibitor of normal cycling 

strain. 

Another opportunity that surface coatings can create for LiCoO2 cathodes is the 

unlocking of higher potentials for cycling, and thus higher capacity and energy densities. 

Without coatings, at high potentials (typically above 4.2 V) the cathode undergoes 
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several chemical reactions with the electrolyte at the solid-electrolyte interface (SEI). A 

surface coating of a material chemically inert to the electrolyte is able to shield active 

material from reactions. The main mechanism seen in electrolyte reactions is dissolution 

of Co4+ ions from the active material [53]. Evidence has shown that coatings prevent a 

higher oxidation state from forming on incorporated oxygen, which is a chemical basis 

for decomposition [57]. When sized on the nanoscale, coatings do not significantly 

impede cell kinetics. Important materials chosen for coating LiCoO2 to prevent 

electrolytic dissolution include Al2O3, ZrO2, CeO2, TiO2, MgO and YSZ [41; 50-52; 58-

60]. Al2O3 has been shown to form a passivating layer of AlF3 in contact with LiPF6 salt 

in electrolyte [61]. This product neutralizes HF in electrolyte thus preventing loss of 

capacity by etching. YSZ also creates a different SEI which has been show to impede 

cathode dissolution [59].  

1.7.3  Coatings on LiMn2O4 

LiMn2O4 spinel cathode materials are considered another potential option for 

main stream Li-ion batteries because they are cheap, environmentally safe and have high 

energy capacity. Much promise is seen particularly in the affordability, as they are 5-6 

times cheaper than conventional LiCoO2-based batteries while still maintaining 

moderate capacity (~135 mAh/g) [62; 63]. However, these cathodes encounter problems 

of capacity fading due to several different mechanisms especially at higher temperature. 

Namely, cycling through the 3 V peak causing Jahn-Teller distortion and an associated 

phase change and also problems with electrolyte reacting with/dissolving both Mn4+ and 

O2- ions destroying the structure cause capacity loss throughout cycling [64; 65]. Both of 
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these problems can be effectively mitigated through surface coatings of the active 

cathode material.  

In order to provide structural stability and chemical protection, several different 

metal oxides have been coated on LiMn2O4 through sol-gel or coprecipitation methods. 

Al2O3 coating formed through an acidic sol-gel showed little difference from bare 

performance, and an improperly prepared sample saw rapid capacity loss from 

processing acids [66]. However, this experiment probably saw poor results due to 

ineffective coating of cathode, and lacked long-term or high temperature results where 

fading is more visible. ZrO2 was also used as a coating and exhibited enhanced rate 

performance due to reduction of reaction impedance and also inhibition of lattice 

structure fluctuations upon cycling [67]. Fig. 6 shows results of a rate capability test 

displaying ZrO2’s improvements of stability. 

Amorphous ZrO2 was also applied by pulsed laser deposition onto thin films of 

LiMn2O4, and enhanced the kinetics of battery reactions long-term by preventing 

dissolution [68]. MgO coatings have been shown in one comparative study to be more 

effective at room temperature capacity retention than several other Li containing metal 

oxides as well as Al2O3; however, in another study Al2O3 was reported with better 

specific capacity and retention [64; 69]. Obviously coating thickness optimization plays 

a role in effectiveness, so care should be taken in preemptive conclusions of relative 

efficacy. All coatings on LiMn2O4 have been shown to reduce charge transfer resistance 

and delay or prevent capacity loss due to Mn3+ dissolution or structure distortion.  
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Fig. 6: Rate capabilities of bare and ZrO2 modified cathodes [67]. 
 

 

1.7.4  Coatings on LiFePO4 

Lithium iron phosphate (LiFePO4) is seen as a potential next generation battery 

cathode for its high theoretical capacity (140 mAh/g), thermal stability, low cost of iron 

compared to cobalt, good capacity retention, and environmental safety [6]. However, it 

has poor electronic conductivity and Li diffusion constant, and the poor charge transfer 

kinetics lead to unobtainable capacity that is exacerbated at higher cycling rates. One 

concern is optimizing particle size of LiFePO4 for enhanced diffusivity/conduction, but 
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also several different surface coatings can be applied to improve performance. The most 

widely used conductive coating for LiFePO4 is Carbon. Through many different 

methods, on many different types of cathode (particle and thin film), Carbon has been 

shown to greatly enhance electronic conductivity and thus increase rate capability [70-

73]. Fig. 7 shows the difference of cycling curves between coated and uncoated. The 

increased flatness of the charge and discharge curve indicates a steady, more uniform 

change of phase between LiFePO4 and FePO4 than the uncoated. 

 

 

Fig. 7: LiFePO4 cycling curves with and without carbon coating [71]. 
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In addition to evidence such as flatness of voltage plateau or increased capacity 

at higher rates from the cycling curves, Carbon coated cathodes show cyclic 

voltammetry curves with extremely localized current peaks at the reaction voltages 

around 3.4 V. Coupled with electrochemical impedance spectroscopy data showing 

smaller charge transfer resistance, Carbon coatings have clearly been proven to enhance 

the kinetics of battery performance. 

 Other coatings, especially oxides, have also been tested on LiFePO4. SiO2 was 

applied to powder by a sol-gel method to enhance ionic conductivity and reduce capacity 

fading by increasing thermal stability [74]. Cycled at 0.1C, SiO2 coated cathodes 

achieved nearly 160 mAh/g, and at 1C capacity dropped only to about 145. This is 

slightly improved compared to the optimized Carbon methods, and it is speculated that 

the increased capacity comes from better structural stability due to the SiO2 surface 

layer. TiO2 was also used as a sol-gel coating for the same reasons [75]. This coating 

however did not improve capacity; rather, in a battery with Carbon anode it saw no 

improvement compared to an uncoated sample. In fact, it was shown that this coating 

had no effect on the fundamental reaction of lithiation/delithiation but the coating was 

able to better prevent high temperature (55◦ C) capacity loss in a half-cell with Li anode. 

Finally, CeO2 was chosen due to its known ability to form interfaces with high electronic 

conductivity with other oxides. CeO2-coated LiFePO4 through a solution coprecipitation 

method enhanced capacity and decreased impedance while not altering the crystalline 

structure [76]. As well, the improved electrical contact between CeO2-coated LiFePO4 

particles was shown to reduce polarization and facilitate the lithiation/delithiation 
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reaction [77]. Oxide coatings have been shown to improve performance of LiFePO4 in 

some cases even better than carbon, but in general would probably be less useful for 

mass-production due to cost unless for a specific purpose such as a high-temperature 

application. 

1.7.5  Coatings on Li(NixMnyCo1-x-y)O2 

Li(NixMnyCo1-x-y)O2 cathode layered materials are seen as a viable replacement 

for LiCoO2 in that Ni and Mn substitution enhances capacity and thermal stability while 

lowering cost and maintaining rate capability. Assuming appropriate particle size for 

favorable kinetics, a thin surface coating can make Li-NMC perform even better in 

several areas. For high-rate batteries, coatings of conductive material can enhance 

available capacity. As well, chemically stable metal oxide coatings can protect the active 

cathode material from dissolution by electrolyte. At higher potentials, these coatings can 

prevent HF etching and thus allow more reversible capacity.  

1.7.5.1  Carbon coatings 

Carbon coatings have been used on several Ni/Mn/Co combination layered 

structure cathodes in order to enhance available capacity and rate capability. 

LiNi0.5Mn0.5O2 has been fabricated through coprecipitation and coated with sucrose and 

starch which leaves a carbon coating after annealing [78]. This carbon coating affects the 

cathode mainly by enhancing surface conductivity and through surface modification, 

whereby carbon bonds with the cathode surface rather than impurities. Increased 

conductivity results in shifting of charge peaks to lower voltage and discharge peaks to 

higher voltage indicating less domain polarization [46]. This carbon has been theorized 
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to also retard HF etch on the solid-electrolyte interface, which would allow higher 

capacity retention by preventing dissolution. Li-NMC has also benefitted from a carbon 

surface coating though the method of improvement is not agreed upon [79; 80]. Both 

experiments used liquid mixing of NMC and a sugar then annealed that mixture to 

obtain the carbon coating with thickness determined by weight percent. Most likely, 

Carbon’s surface conductivity affects the enhanced rate capability of coated cathodes 

and surface chemistry plays a role in the enhanced reversible capacity retention. More 

recently, Carbon has been coated onto NMC through magnetron sputtering [46]. The 

purpose of the sputtering was to gain precise control over coating thickness and surface 

conditions. It was shown through EIS that carbon coating effectively inhibited SEI layer 

formation with electrolyte. 

1.7.5.2  Al2O3 coatings 

Aluminum based molecules have played a large role in coating NMC cathodes 

for enhanced cycle lifetime.  The initial study found that a 5nm Al2O3 coating acts as a 

sacrificial protective layer to prevent HF contact with the NMC [81]. Fig. 8 shows 

transmission electron microscope (TEM) images of the preserved Alumina coated layer 

after cycling. These results are comparable to Al2O3 coatings on other layered cathodes, 

and allow battery cycling at higher potentials than the electrolyte’s stability window. Not 

only does the Alumina layer prevent direct contact between HF and NMC (thus etching 

and capacity loss), but also Al2O3 reacts much less with the etchant requiring thinner 

coatings than a sacrificial Li-layered oxide would to accomplish the same purpose. 
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Images were taken after cycling of bare and Al2O3 coated cathode particles and a clear 

difference can be seen in terms of particle cohesion. 

 

 

Fig. 8: TEM images after cycling of bare (a, b) and Al2O3 coated (c, d) cathode particles [81]. 

 

 

The resulting lack of cohesion separates cathode active material from conducting 

additive (Carbon powders) which decreases available Li ions especially in high-rate 

applications. Another study of solution deposited Al2O3 coating on NMC attributed 

better long term cycling with a small amount of specific capacity compared to other 

coatings (ZrO2, TiO2) [82]. Coatings of Alumina have been applied to NMC mainly by 

two different methods: sol-gel, atomic layer deposition [83]. ALD coatings have 

achieved much improved results due to the ability to fine-tune coating thickness and thus 

charge transfer kinetics while still retaining the HF scavenging benefit. This can be seen 
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in EIS results whereby charge transfer resistance of ALD Alumina coated samples as 

thin as four atomic layers does not change, indicating that the surface of the cathode is 

unaffected by electrolyte byproduct etching. Fig. 9 shows tabulations of figures of merit 

calculated from EIS results, and highlights the charge transfer resistance enhancement 

from coating. The battery’s improved kinetics result in the electrochemical performance 

enhancement.  

 

 

Fig. 9: Charge transfer resistance vs. cycling for uncoated (a) and Alumina coated (b) cells [84]. 

 

 

Other Al-containing molecules have been used as cathode coatings for HF 

protection including AlF3 and Al(OH)3, and LiAlO2. AlF3 is the product of HF etching 

Al2O3, and thus is more stable to HF than Al2O3. Coatings of AlF3 synthesized by 

coprecipitation showed comparable results to Al2O3 in terms of long-term capacity 

retention and improved first-cycle capacity retention [85]. Al(OH)3 has also been coated 

through solution methods to protect the cathode at higher temperature and enhanced rate 

capability [86; 87]. Lower charge transfer resistance Rct was seen in coated samples that 

had improved capacity retention at higher rates. As well, improved thermal stability 

resulted. LiAlO2 was used as a coating because its Li content would allow high Li 



30 
 

 

diffusivity and the Al content could serve as an HF scavenger [83]. It performed better in 

long-term, high rate capacity retention than an Al2O3 coating due to the several different 

effects it allows. 

1.7.5.3  ZrO2 coatings 

 Zirconium Oxide is a widely used coating for other layered transition metal oxide 

cathodes, and NMC is no different. Cycling at high voltage can be less destructive with 

the very stable Zirconia to prevent Cobalt dissolution and other electrolyte side 

reactions. A comparative study found that a solution-based ZrO2 coating had the best 

capacity retention at low rates and lower charge transfer resistance after 100 cycles 

compared to Al2O3 and TiO2 coatings [82]. Other studies report increased thermal 

stability, better rate capability, increased capacity retention, and decreased charge 

transfer resistance compared to pure NMC cathodes [88; 89]. Though one of these trials 

induced an inert Li2ZrO3 coating, both were able to realize an optimized protective layer 

due to the strong Zr-O bond. Another hypothesis is that some Zr from the coating 

penetrates into the cathode in Li sites and helps stabilize the structure, also increasing 

lattice parameters which would help battery kinetics [88]. 

1.7.5.4  TiO2 coatings 

Titanium Oxide is another stable metal oxide compound that can coat and protect 

cathodes. In different studies, an optimized TiO2 coating on NMC has been shown to 

increase initial capacity and allow more capacity at higher rate (through enhanced 

transport mechanism), and also to decrease impedance after long amounts of cycling (by 

preventing side reactions with the electrolyte) [90; 91].  In a comparative study, 
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however, TiO2 coatings performed comparable to but not better than Al2O3 and ZrO2 in 

terms of reversible charge capacity and charge transfer resistance increase over long 

term cycling [82]. As a material of interest for cathode coatings, Titanium Oxide is not 

as desirable due to its middling nature. 

1.7.5.5  CeO2 coatings 

 Cerium Oxide is proposed as a good coating for NMC because of its high 

electronic conductivity compared to other stable oxides, but is relatively unused for this 

purpose. CeO2 coated NMC cathodes were prepared by solution method and tested for 

electrochemical performance [92]. Higher specific capacity and rate performance in 

addition to EIS studies proved that the very conductive coating enhanced the battery’s 

kinetics. After 12 cycles, charge transfer resistance of uncoated was about five times that 

of CeO2 coated cathode. Cycling at high temperature showed that CeO2 also provided 

protection against electrolyte side reactions, as high rate cycling of the coated cell lost no 

capacity after 24 cycles compared to about 10% loss of the uncoated cell capacity. CeO2 

deserves to be directly compared to mainstream oxide coatings such as ZrO2 and Al2O3. 

1.7.6  Coating Summary 

 In summary, many different oxide materials have been used to coat on Lithium 

ion battery cathodes to improve battery capacity, rate capability, and cell lifetime. For 

layered structure materials, oxides were initially thought to improve lifetime by 

inhibiting volume change in the active material but the mechanism is now known to be 

inhibition of side reactions with electrolyte. Oxides have also been utilized to unlock 

higher potential cycling in batteries allowing larger capacity with less degradation by 
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electrolyte reactions. These coatings can allow advantages of layered materials like 

layered LiNixMnyCo1-x-yO2 in order to allow their innate advantages of rate capability 

and capacity while circumventing common problems of degradation. As well, coatings 

have been used to enhance stability of spinel LiMn2O4 cathode materials and improve 

rate capability of olivine LiFePO4. Materials such as Al2O3, ZrO2, and MgO layers 

fabricated by chemical methods typify the coating chemistries applied on different 

cathode structures on the nano scale.   
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2. SURFACE MODIFICATION OF LiNi0.5Mn0.3Co0.2O2  CATHODES FOR 

IMPROVEMENT OF BATTERY PERFORMANCE 

 

2.1 Overview 

 Amorphous nanoscale coatings of Al2O3, Zr0.92Y0.08O2 (YSZ), and CeO2 were 

applied on doctor blade film LiNi0.5Mn0.3Co0.2O2 cathodes through pulsed laser 

deposition (PLD) and assembled into half-cell Lithium ion batteries. The microstructural 

properties of the coatings were characterized by XRD, SEM and TEM along with 

composition analysis using EDX and STEM. Most of the films are determined to be 

around 10 nm in thickness. Battery tests were performed on the three coated cells and an 

uncoated reference sample. Both the CeO2 and Al2O3 coated cells achieved better 

capacity and showed improved electrochemical performance by EIS, while the YSZ 

coated one showed decreased capacity and poorer charge transfer kinetics. A direct 

correlation between the battery capacity and solid-electrolyte interface resistance is 

established for all the cells. The results suggest that NMC capacity can be improved 

through surface modification and the resulted SEI resistance inhibition. Further 

optimization of YSZ film could lead to improved cell performance. Repeatability 

between runs is to be tested. 

 
2.2 Introduction 

 LiNixMnyCo1-x-yO2  (NMC) has been proposed as a next generation Lithium ion 

battery (LIB) cathode material. Advantages in energy capacity, thermal stability, and 

cost by mixing the three transition metals in the layered structure have been achieved 
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[93]. Cobalt is able to stabilize the structure and allow higher capacity due to higher Co-

O bond energy while Ni and Mn decrease material cost while maintaining stability. 

However, challenges with NMC still remain specifically in rate capability due to 

lowered electrical conductivity compared to some other next generation LIB cathodes. 

Applications such as hybrid electrical vehicles (HEV) and portable power tools would 

benefit from this enhanced rate performance by allowing faster charging and higher 

capacity at higher current rates. Also, opportunities exist in exploiting higher voltage 

charge/discharge reactions to extract more capacity. 

2.2.1  Methods for cathode performance improvement 

 Currently there are three methods for increasing rate performance of cathode 

materials: decreasing grain size, substitution of transition metals for Li in the cathode, 

and grain surface coatings. Decreasing the grain size allows a shorter path for Li ions to 

travel, with the goal of lowering the diffusion length. Particles of most different cathode 

materials have been created in the nanoscale range, showing enhanced charge/discharge 

kinetics; however, a drawback of increased surface area for solid-electrolyte interface 

(SEI) is present. Increasing the SEI will greatly reduce capacity retention by metal 

dissolution and other harmful side reactions [94]. The second method is through doping. 

Two different general goals for metal ion substitution (doping) exist; with one 

substituting metal sites such as LiNi0.5Mn0.3Co0.2O2 and the other substituting Li sites. 

Doping of Li-containing cathodes has been performed with many materials in order to 

improve stability and prevent cathode metal dissolution [95]. When the cathode is 

discharged, there is a framework of doped ions in the place of Lithium remaining that 
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prevents phase change and allows better cyclability with more available capacity. The 

drawback of this method is that it requires sacrificing overall capacity by removing Li 

ions before any cycling. The third approach is cathode surface coatings. Coating cathode 

grain particles through chemical or physical methods can increase capacity, rate 

capability, and capacity retention by several different methods. On nanoscale grains, 

surface stress between active material and coating has been proposed to enhance 

structural stability and inhibit phase changes, which would allow higher capacity and 

allow faster rate cycling [42]. Surface chemistry modification is also proposed as a 

method for rate capability increase [94]. Capacity retention is achieved by preventing 

physical cathode-electrolyte contact which can facilitate metal dissolution and also 

acting as a sink for harmful HF acid. Materials used for coating include Carbon, 

conductive metals, metal oxides, and polymers. Carbon has been utilized both as a bulk 

active material-binder solution additive and as thin films applied to each active material 

grain for purposes of surface modification and electronic conductivity enhancement [80].  

2.2.2  Metal oxide cathode surface coatings 

Metal oxides are heavily researched with regards to their effects as surface 

coatings. Research is ongoing in finding more useful oxide coatings and discovering the 

precise mechanisms for improvement; however, literature results regularly conflict and 

lack consistency in conclusions. Battery assembly, cathode preparation, and electrical 

testing methods all vary among published results which can lead to misleading 

comparisons. Several survey studies of coatings have been done yielding differing and 

sometimes conflicting results in magnitude and mode of improvements [41; 42; 96]. 
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Al2O3 and ZrO2 coatings are heavily studied across cathode materials for capacity and 

lifetime enhancement [51; 58; 66; 89; 97]. Yttria stabilized Zirconia (YSZ) is ZrO2 

doped with a small amount of Y2O3, and is used in solid oxide fuel cell electrolytes. It 

displays high ionic conductivity and is very stable chemically, though it does show low 

electronic conductivity [98]. CeO2 is an oxide used mainly in catalysts that displays 

excellent electrical conductivity as a film on other oxides [99] and with this benefit in 

mind has recently been studied for coating cathodes [63; 77; 92].  

2.2.3  Coating methods 

Typically a solution or chemical coprecipitation method is employed to apply 

cathode coatings by weight percent. These methods rely on specific reactions and 

optimization of reaction temperature, and sometimes suffer from hybrid surfaces (for 

example, an MgO coating on LiCoO2 might create a LiMgxCo1-xO2 layer) [53]. 

Utilization of the precise atomic layer deposition (ALD) technique for coating has 

resulted in impressive improvements compared to thicker chemical methods[84]. 

However, ALD is limited in breadth of possible coating materials. Pulsed laser 

deposition is another precisely controllable method for deposition on cathodes that is not 

as limited in material selection. Thus, PLD is optimal for creating coatings of precise 

thickness and varying stoichiometry in order to quickly screen different materials’ 

cathode coating effects. In this study, pulsed laser deposition of oxides Al2O3, 

Zr0.92Y0.08O2, and CeO2 was applied to composite LiNi0.5Mn0.3Co0.2O2, Carbon, poly-

vinylidine fluoride (PVDF) cathodes in order to compare the effects in terms of capacity, 

rate capability, and capacity retention. 
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2.3 Experimental Details 

2.3.1  Doctor blade deposition of cathode 

LiNi0.5Mn0.3Co0.2O2-Carbon-PVDF composite cathode was deposited on 

Aluminum foil using the doctor blade method. The doctor blade method is used in many 

different ceramic thin-film processing applications. It involves using a blade to precisely 

level the thickness of a solution on substrate which then dries into a film. It allows film 

thickness control on the order of micrometers, though once a film dries it loses thickness 

and changes morphology based on percentage of solvent/solutes and drying mechanisms. 

First, commercial NMC, C-45, and PVDF powders were weighed in 10/1/1 weight ratio. 

N-methyl-2-pyrrolidone (NMP) solvent was heated to 80◦ C in lead ball-mill container 

and PVDF was added with steel balls. PVDF was mixed with high-energy ball mill for 

five minutes to ensure binder uniformity across solvent, and then Carbon and NMC 

powders were added to ball-mill container. Mixture was high energy ball milled for 

around three hours to both break down NMC grains below the commercial ~10μm size 

and also to ensure thorough mixing. Mixed solution was optimized for porosity of 

resultant film, adhesion to Al foil surface, and electrical performance. Then mixture was 

spread and leveled at 100 μm on Al foil by doctor blade. Fig. 10 shows the doctor blade 

spreading/leveling process and a typical resultant spread film. 
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Fig. 10: Doctor blade spreading of composite solution and finished film on Al foil 

 

 

 After spreading, the doctor blade film on Aluminum foil was heated to 90◦ C on a 

hot plate to dry the NMP solvent and promote adhesion. Once they were visibly dry and 

secured from the solution running, smaller sheets were cut and placed into box furnace at 

90◦ C for 24h. Cathodes were cut in 13mm diameter circles by hand punch. Active 

material (NMC) mass was between 5-6 mg in each cathode. In order to further promote 

adhesion and electrical contact, film porosity was reduced by pressing for 10 minutes.  

2.3.2  Cathode surface coating through pulsed laser deposition 

Cathodes were then coated with very thin oxide layers using pulsed laser 

deposition (PLD). PLD is a physical deposition method whereby a high energy 

ultraviolet laser strikes a target in vacuum and induces ablation [100]. Vaporized target 
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material then condenses on the substrate in a manner determined by chamber conditions 

such as ambient gas choice and gas pressure, substrate temperature, and laser energy 

density. The laser used for this project was a 248nm KrF excimer laser. PLD carries 

advantages over other deposition methods such as thermal evaporation or chemical 

vapor deposition because of its precise control over film stoichiometry, thickness, and 

crystallinity. It also exhibits a simple experimental setup and broader film material 

choice compared to other precise deposition methods such as atomic layer deposition. 

Fig. 11 shows a diagram of a typical PLD system and a picture of Cerium Oxide plasma 

being deposited on the composite cathodes for this project. 

 

  

Fig. 11: Schematic of typical PLD chamber[101] and picture of PLD chamber in use 

 

 

The doctor blade composite cathodes were used as substrates for depositions of 

Al2O3, Zr0.92Y0.08O2 (YSZ), and CeO2. Alumina was deposited with 200 laser shots at a 

rate of 1 Hz with 400 mJ energy per shot at room temperature in 1.9*10-2 mbar (~14 

target 

Plasma 

plume 

substrate 
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mTorr) of O2, and Ceria and YSZ were separately deposited with 100 shots under the 

same conditions. Deposition rates for the YSZ and Al2O3 targets were determined by 

separately depositing thin films with 1000 and 2000 shots, respectively, on Si (100) and 

measured with a Veeco profilometer. Deposition rate for CeO2 target under project 

conditions were known. Targets and films were examined with x-ray diffraction (XRD) 

to test stoichiometry and crystallinity. Cathodes were characterized with transmission 

electron microscope (TEM), scanning transmission electron microscope (STEM), and 

scanning electron microscope (SEM) coupled with energy dispersive x-ray spectroscopy 

(EDX) for film microstructural characterization and composition analysis.  

2.3.3 Battery Assembly 

After cathodes were deposited by Doctor Blade method and coated with PLD 

layers, batteries were assembled in glove box with Argon ambient. Before placing in the 

glove box, cathodes were placed in the furnace at 90◦ C to remove moisture. The glove 

box is necessary for battery assembly to minimize Li foil oxidation in presence of 

oxygen. As well, the electrolyte solution of ethyl carbonate: diethyl carbonate (EC:DEC) 

ratio 1:1 with 1M LiPF6 could form HF acid in the presence of moisture. Assembly 

proceeded by placing cathode in 2032 size coin cell positive casing, face up. Celgard 

polypropylene film circularly cut 16mm in diameter was placed next as a separator layer, 

followed by a circle of Li foil 15mm diameter. Finally, two squares of Ni foam were 

placed above the anode to act as a conductive spacer ensuring electrical contact. Fig. 12 

is a picture of all major components in sequence from left to right: positive casing, 

cathode, separator, anode, Ni foam, and negative casing. The assembled cell was then 
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crimped by hydraulic crimper to completely seal cell from atmosphere and maintain 

electrical contact between casings and current collectors/electrodes. The assembled and 

crimped batteries were made to rest for a day before undergoing electrical tests. 

 

 

Fig. 12: Coin cell components: (a) casings, (b) cathode, (c) separator, (d) Li anode, and (e) Nickel 
foam spacers 

 

 

2.3.4  Electrical Characterization Methods 

Electrical characterization by several methods was applied to the assembled 

batteries. Methods that involve fully cycling the battery include galvanostatic 

intermittent titration testing (GITT) and cyclic voltammetry (CV). Both GITT and CV 

tests were performed on uncoated and coated cells with an Arbin BT-2000 battery tester 

system. GITT involves applying constant current to galvanostatically charge and 

discharge the battery between predetermined voltages. The total amount of current used 

to charge or discharge the battery to desired voltage is the charge or discharge capacity. 

Charge and discharge curves under GITT can reveal many facts about a cathode 

(a) (a) (b) (c) (d) (e) 
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including capacity, reaction potentials, and Li diffusion constant. Fig. 13 shows typical 

discharge curves of NMC under different currents.  

 

 

Fig. 13: Typical discharge curves at various rates of NMC battery from literature [102]. 

 

 

The number of hours to charge or discharge is the C-rate, and is measured in 

terms of battery capacity. Thus, if charged at 1 C a battery will take 1 hour to charge and 

when discharged at 0.2 C a battery will take 5 hours to discharge. When applying larger 

currents, less capacity might be achieved due to battery kinetics limiting electrically 

available regions. An area of low slope, known as a voltage plateau, indicates that much 

capacity is stored in that potential region which means that there is a reaction at that 

potential. It is important to note the boundary voltages used for capacity measurements. 

If a battery is cycled between a larger voltage range (especially above 4 V), it is likely 

that more capacity will be gained. Much ongoing research in coatings involves enlarging 
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capacity by broadening the safe voltage range through electrolyte selection or cathode 

coatings. Galvanostatic cycling is one of the most fundamental electrical tests relied 

upon to understand battery activity. 

In contrast to GITT, cyclic voltammetry (CV) involves voltage control of the 

battery. CV tests are run by slowly ramping the voltage up and down through the 

battery’s active range to charge and discharge. CV is very similar to GITT in that both 

input only current or voltage control on the battery and measure the other. CV is also 

able to determine diffusivity of Li ions given data from several different ramp rates. Fig. 

14 shows a typical CV curve of NMC. 

 

 

Fig. 14: Cyclic voltammetry curve of NMC battery for first three cycles. Anodic and cathodic peaks 
indicate main voltages of reaction containing capacity [90]. 
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Resultant current peaks from a CV shows reaction potentials which could 

indicate phase changes or intercalation potentials. In the case of NMC, peaks of 3.7 V 

and 4.6 V correspond to the voltages of Ni2+/Ni4+ and Co3+/Co4+ transitions [90]. The 

first and second charges have peaks at different potentials indicating a change in 

chemistry or structure. Such slight changes in peak voltage might be due to increased 

grain domain polarization or shielding from a solid-electrolyte interface layer [103]. As 

well, the first peak displays much more current than any subsequent peak due to the 

nature of SEI formation upon first cycle. Several chemical reactions occur at the 

cathode-electrolyte and anode-electrolyte interfaces upon the first cycle which results in 

irrecoverable capacity loss. 

Electrochemical impedance spectroscopy (EIS) is a test using alternating current 

at several different frequencies to probe the electrochemical processes involved in 

intercalation. It is used to shed light on the physical mechanisms by which batteries 

function, and can be used in conjunction with GITT or CV curves to provide a 

comprehensive picture inside. Cells were charged to a certain voltage and then tested 

through EIS with a Gamry electrochemical potentiostat intermittently throughout 

cycling. To test with EIS, voltage is ramped above and below the open-circuit cell 

voltage at several different frequencies (usually between mHz and kHz). The current that 

results from the small signal voltage stimulus can then be analyzed to give impedance Z. 

Using the knowledge that impedance is a combination of real and imaginary parts, or Z 

= Z’ + jZ”. One can find the real and imaginary components of the complex impedance. 

This measurement is done at many frequencies, and the resulting data is impedance 
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magnitude and phase (or real and imaginary components) for the range. With knowledge 

of the components of Z at many different frequencies, it is possible to create an 

equivalent circuit to model the processes. Then each component of the equivalent circuit 

can be compared to a physical process involved in Lithium intercalation. Fig. 15 is the 

equivalent circuit used in analyzing EIS data. 

 

 

Fig. 15: Equivalent circuit model for battery system including electrolyte, surface film, and charge 
transfer components [77]. 

 

  

Each circuit component mimics a charge transfer process in the electrochemical 

battery system. Because these composite cathodes involve nonhomogeneous grain sizes 

the capacitances have to be modeled with constant phase elements (CPE), which act as 

ZCPE = 1/[B(jω)n] compared to a normal capacitor’s ZC = 1/[Cjω] [84].    Re is solution 

resistance, whereby Li ions diffuse and drift throughout the electrolyte solution based on 

its transport properties. Cf and Rf are surface film resistance and capacitance, which 

involve the charge transfer process between the active material surface and the 

electrolyte. Cct and Rct are double layer capacitance and charge transfer resistance, and 

Zw is Warburg impedance. The Warburg impedance results from bulk diffusion inside 

individual NMC grains, and is mathematically represented with Zw = Rctσ(1-j)ω-1/2. 
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Warburg impedance affects total impedance at low frequencies because it relies on 

intragrain diffusion. The relation between real and imaginary components of the 

impedance in the system and the equivalent circuit are analogous, and can be represented 

in a Cole-Cole plot at all frequencies. Fig. 16 shows an annotated Cole-Cole plot of an 

uncoated NMC cell. 

 

 

Fig. 16: EIS Cole-Cole plot of uncoated NMC cell marking positions of electrolyte, surface film, and 
charge transfer resistances [104]. 

 

 

 The Cole-Cole plot plots real vs. negative imaginary impedance (because 

capacitive elements display negative imaginary impedance) and each data point is 

measured at a different frequency. The beginning of the plot where the curve intercepts 

the x-axis is Re, or the pure resistance from solvent of electrolyte and series resistance of 

the testing setup. This resistance is obviously present in all measurements regardless of 

Re 

Rf Rct 

ZW 
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frequency so that is why it manifests as a horizontal shift of the curve. A large Re might 

be indicative of poor electrolyte mixing or insufficient contact with testing setup or 

internally with conductive spacing foam. The diameter of a semicircle corresponding to 

a charge transfer process mathematically represents its resistance, so Rct and Rf can be 

quickly derived from Cole-Cole plots for use in characterization. Typically both 

semicircles are distinct in frequency regions; however, they can become overlapped if 

the time constants of reaction come within a few orders of magnitude. Finally, the plot 

ends with the Warburg element with its linear nature implying that slower and slower 

cycling probes deeper and deeper into each grain.  

 

2.4 Microstructural Characterization 

2.4.1  Surface morphology and film thickness characterized by scanning 

electron microscopy 

 The cathode by the doctor blade method without a PLD coating was examined 

using scanning electron microscopy (SEM). The results show a typical morphology of 

the optimized composition and processing. Fig. 17 shows a plan-view SEM image of a 

typical doctor blade NMC-C-PVDF cathode on Al foil. The film is composed of NMC 

grains around 1 μm and below in diameter. This proves that high energy ball milling did 

break down commercial particles into smaller grains, which should enhance rate 

performance due to reduced diffusion lengths. The active material in the film seems 

regularly dispersed within the Carbon/PVDF matrix, showing a highly optimized film. 
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Fig. 17: Plan view SEM image of uncoated NMC-C-PVDF morphology 

 

 

 Fig. 18 shows a cross section SEM image of the Aluminum foil on top and 

doctor blade film on bottom. From the cross section image, final doctor blade film 

thickness is roughly 40-50 μm. The blade was set to 100 μm upon solution casting so 

drying reduced 50-60% of the thickness. The cathode’s adherence to Aluminum foil is 

also visible in the cross section image, and again proves that the process provides good 

electrical and physical contact to the current collector.   
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Fig. 18: Cross section SEM image showing NMC-C-PVDF film thickness 

 

 

2.4.2  Coating verification through energy dispersive x-ray spectroscopy on 

SEM 

 In addition to film imaging, both  uncoated and Al2O3 coated cathode samples 

were examined in SEM coupled with energy dispersive X-ray (EDX) spectroscopic 

analysis. The data was compared to verify coating microstructural properties. Fig. 19 

shows EDX spectrum of uncoated sample along with elemental identification and 

associated line scan image. Aluminum is absent in the element identification and line 

scan only showed background (noise) levels, indicating the sample is free of Al2O3 or 

Al foil 

Cathode 

film 
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any other Al source as expected. Other elements present include Nickel, Manganese, 

Cobalt, Oxygen, and Carbon all as expected in the composite NMC-C-PVDF cathode. 

Lithium is too light an element to be viewed through EDX, as not enough electron shells 

are filled to release viewable characteristic x-rays. Fig. 20 shows the same test 

completed on an Al2O3 coated cathode. Elemental identification reveals Aluminum 

present in the sum of the line scan, so the coating presence is verified, but resolution of 

the SEM imaging coupled with vibration do not allow a precise thickness measurement 

of the coating. 

 
 

 
Fig. 19: SEM image with line scan location and EDX energy measurement for uncoated composite 
cathode. 
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Fig. 20: SEM image with line scan location and EDX energy measurement for Al2O3-coated composite 
cathode. Note presence of Al peak around 1.5 keV. 

 

 

 

2.4.3  Microstructure and grain analysis through transmission electron 

microscopy 

 Transmission electron microscopy (TEM) was also applied to different samples 

of uncoated and CeO2-coated cathodes. Fig. 21 shows a TEM image of singular NMC 

grains in the conductive matrix of Carbon and PVDF. 
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Fig. 21: TEM image of composite NMC-C-PVDF cathode grain morphology. NMC grain size ranges 
between 0.1 and 0.5 μm. 

 

 
 

NMC grains are visible as darker areas, because the metals’ heavy atomic 

numbers diffract/scatter more electrons leaving less transmitted signal. The NMC grain 

size is clearly observed, suggesting that high energy ball milling has indeed broken up 

the larger grains into particles between 100-500 nm. As well, it is evident that in order 

for grain-to-grain conduction to occur, it must be through the C-PVDF matrix that bonds 

them together. This could be important if this conductive binder is chemically corroded 

at higher potentials due to the electrolyte’s instability. The high volume percentage of 

C/PVDF versus NMC means that active material grains are basically floating in a 

conductive matrix. Because the ratio is also present on the surface of the doctor blade 

film, it means a PLD coating would be applied on both active material and binder. This 

NMC grains 

C/PVDF matrix 
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could be beneficial to the battery as it could prevent dissolution of the conductive binder 

thus preserving grain-grain conductivity. 

2.4.4  Coating verification through energy dispersive x-ray spectroscopy on 

STEM 

 Using scanning transmission electron microscopy (STEM) coupled with EDX, 

surface grains of NMC coated with CeO2 were probed for verification of coating. STEM 

in high annular dark field mode is also called Z-contrast where the image contrast is 

proportional to Z2 (more precisely Z1.7), i.e., the heavier element shows a brighter 

contrast. Thus, the brighter material in the image is NMC coated with CeO2, and 

medium brightness indicates the C-PVDF binder. Figs. 22 and 23 show the STEM line 

scan location and EDX elemental identification results of the CeO2 coated sample, 

respectively. The green line in the STEM image is the line scanned with EDX. EDX 

results suggest the existence of the CeO2 coating, though again coating thickness 

measurement was made impossible due to the rotations of grains with respect to the axis 

of measurement.  
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Fig. 22: STEM image of NMC grain and green line showing EDX line scan location. 

 

 

 

Fig. 23: Energy dispersive x-ray elemental spectrograph of CeO2 coated cathode showing presence of 
Ce on grain surface. 
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Film thickness was estimated based on the growth rate of the PLD method. 

Under deposition conditions of 400 mJ and 1.9*10-2 mbar O2 pressure, the CeO2 target 

was known to deposit around 10 Angstroms per shot. Thus CeO2 film thickness on the 

cathode is estimated to be around 10 nm, thin enough  to improve electrochemical 

performance as well as act as a chemical barrier. 

In order to determine Al2O3 and YSZ film thicknesses, test PLD runs of 2000 and 

1000 shots respectively on Si(100) using project conditions were performed and film 

thickness was measured using a profilometer. Al2O3 thickness was measured between 

75-85 nm, giving a 7.5-8.5 nm coating on the cathode. The measured YSZ film thickness 

of 80 nm extrapolates to an 8 nm coating on the cathode. All of the coatings are ultra 

thin and suitable for chemical protection while not expected to inhibit electrical or ionic 

conduction. 

 

2.5 Electrical Characterization Results and Discussion 

2.5.1  Cyclic voltammetry study of reaction potential 

 Electrical characterization was conducted to show the battery performance 

differences between the  cathodes with and without the select oxides. First, cyclic 

voltammetry was employed to verify that battery chemistry produced similar reactions. 

Fig. 24 shows the CV curves of uncoated and two coated cells without any cycling. All 

CV measurements were ramped at 50 μV/s. Ramp rate could affect the amount of 

current and the peak position, so it was chosen to be comparable to previous literature 

reports and slow enough to accommodate battery tester current range. 
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Fig. 24: Cyclic voltammogram of uncoated, Al2O3 coated, and CeO2 coated batteries without any 
cycling 

 

 

 During voltage ramp up from the starting OCV below 3V to the ending voltage 

of 4.2 V the battery is charging as seen by the positive current. Lithium is being 

extracted from the NMC and deposited on Li anode. Then the battery voltage is ramped 

down to 3V and negative voltage shows it is discharging by Li ions reintercalating into 

the cathode. Cathodic peaks show slight shifts to more positive voltage, indicating a 

slightly increased resistance from the coating. Anodic peaks also display a shift in the 
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opposite direction from the same effect. However, the coating clearly did not affect the 

chemistry of battery operation as CV shape and peak location remains very similar.  

Comparing multiple CV cycles between coated and uncoated samples would potentially 

prove illuminating with regards to reaction peak position and current densities and how 

the solid electrolyte interface resistance is affected by coating. 

2.5.2  Rate capability as a function of cathode surface coating 

Fresh coated and uncoated cells were used in order to test rate capability and 

electrochemical performance. Cells were put through five charge/discharge cycles at 0.2 

C, five cycles at 0.5 C, ten cycles at 1 C, ten cycles at 2 C, and ten cycles at 4 C all with 

respect to theoretical NMC capacity. Cycling was done between 3 V and 4.2 V to 

include the main Ni2+/Ni4+ peak without rising above the electrolyte’s stability window. 

EIS tests were performed on all fully charged cells after first, eleventh, and 41st charge. 

The goal was to see a difference in EIS (specifically surface film or charge transfer 

resistance) that was corroborated by a difference in normalized capacity or capacity 

retention. Afterwards, cells were cycled at 0.5 C between 3 V and 4.6 V in order to test 

long term high voltage capacity retention. EIS was again taken after 70 and 100 cycles 

upon charge. This first section will study the evolution of surface film and charge 

transfer resistance terms extracted from EIS and compare to capacity achieved through 

galvanostatic cycling. Fig. 25 shows a Cole-Cole plot of EIS data measured after the first 

charge. 
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Fig. 25: Cole-Cole plot of all 4 batteries upon first charge at 4.2 V. Electrolyte, surface film, and 
charge transfer resistances associated with these data are tabulated in Table 3. 

 

 

 Obvious features of the EIS plots are the giant YSZ curve compared to others, 

and also the noncircular nature of the CeO2 curve. Throughout all EIS measurements, 

YSZ consistently showed the largest surface film resistance by more than doubling all 

other samples’ values; however, charge transfer resistance is comparable to uncoated 

values. This is contrary to some reports, as YSZ has been predicted to enhance battery 

kinetics similar to that of the regular ZrO2 [59; 88]. The CeO2 measurement is noisy 

which was later determined to be due to poor electrical connection with the EIS probe 

clamps. This is evident in the increased series resistance with this cell as well as the 
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nonideal semicircles. However, later measurements were not affected by this noise and 

estimation of equivalent circuit components upon first charge was still possible. Fig. 26 

shows the Cole-Cole plot after 10 cycles. Surface film and charge transfer resistances 

were estimated using the equivalent circuit in Fig. 15, and summarized in Table 3 for the 

first and tenth charge. Given the vast range of Rsf and Rct from literature due to 

differences in doctor blade film quality or assembly procedures, it is impossible to 

predict battery performance directly from the first charge kinetic performance. Instead, 

one must use self-consistent data throughout battery lifetime to view the evolution of the 

battery and infer SEI growth and other processes from the results. 

Initially, surface film and charge transfer resistances for the cells are of 

comparable magnitude except for the YSZ coated cell which has Rct about twice of Rsf. 

This similarity between the coated and uncoated values implies that the initial formation 

charge does not create much SEI on any samples or that the amount is comparable with 

the coated samples. After ten cycles, surface film resistance stays mostly constant 

although the CeO2 sample actually decreased in value while all other samples slightly 

increased. After ten cycles the kinetics of the CeO2 cell surface film charge transfer 

processes have improved or at least stayed the same within margin of error, which is the 

first sign of improvement. Charge transfer resistance of uncoated and YSZ coated cells 

more than doubles after 10 cycles, while Al2O3 and CeO2 cells increases to a lesser 

amount. At this point, Rct seems to be growing slightly more than Rsf in all cells, 

implying that electrical contact between grains is affected more by slow, low-voltage 

cycling than electrical processes at the cathode-electrolyte layer. Further, this effect is 
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more prominent in the non-optimized YSZ coated and uncoated cells. This might be due 

to the normal electrolyte dissolution of binder or the degradation of current collector. 

 

 

 

Fig. 26: EIS spectrum after 10 cycles. The trend between cells’ surface film resistances continues 
while uncoated and YSZ coated cells increase much more in charge transfer resistance. 
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Table 3: Electrochemical properties of cells throughout cycling 

 

Uncoated Al2O3 CeO2 YSZ 

Rsf 1 (Ohm) 15 16 15 44 

Rct 1 (Ohm) 14 11 12 18 

Rsf 10 (Ohm) 16 17 12 50 

Rct 10 (Ohm) 40 27 22 40 

 

 

2.5.3  Galvanostatic charge/discharge curve analysis 

 Charge/discharge plots of all cells for the first cycle are shown in Fig. 27. First 

charge capacities are usually ignored because during this process there is irreversible 

capacity loss at several different locations, with the most importance for this work being 

the formation of SEI on the cathode/electrolyte surface. 
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Fig. 27: First charge and discharge cycle for all cells. Charge capacities are not representative due to 
resulting formation of surface SEI films. Discharge capacities closely resemble the first charge EIS 
results. 

 

 

 Though the uncoated sample contains the largest charge capacity at the first 

charge, this is lost and the CeO2 coated cell has the largest discharge capacity of 172.8 

mAh/g (compared to 167.9 mAh/g for uncoated, 166.3 mAh/g for Al2O3 coated, and 

153.5 mAh/g for YSZ coated). Capacity retention between the first charge and discharge 

is the amount of capacity lost to irreversible processes, which can be an estimation of 

SEI-associated loss. In that regard, again the CeO2 cell surpasses the others with a 

retention percentage of 81.3% (compared to 71.0% for uncoated, 77.7% for Al2O3 

coated, and 79.4% for YSZ coated). 
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 Typical discharge curves throughout battery cycling are shown in Fig. 28. 

Different capacities are achieved due to different cycling rates being applied and also 

electrochemical processes occurring inside the battery degrading performance. One of 

these sources of reversible capacity loss is grain domain polarization which in the 

equivalent circuit model acts as a series resistance in the cell ‘stealing’ voltage from the 

reaction [53]. This can be seen in the initial voltage drop difference between different 

discharge rates. A larger discharge current could drop more voltage across a series 

resistance thus starting off at a lower voltage, which can easily be seen in the figure. The 

change in slope of the discharge curve throughout cycling also shows electrochemical 

differences between initial and high rate cycling. A completely flat voltage plateau in 

charge or discharge cycles indicates a solid solution between lithiated and delithiated 

phases at the potential at which a reaction occurs; therefore, if it becomes less flat the 

reaction is distributed in a two phase system [71]. This means lithiation of the cathode 

(upon discharge) might be hindered or electrically screened by a coexisting lithiated 

phase in the same grain. This can also be explained through the grain polarization 

mechanism. 
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Fig. 28: Discharge cycles for several different rates. Increasing discharge rate causes increased 
polarization and reversibly diminished capacity. As well, capacity is slowly lost throughout cycles at 
the same rate especially in first cycles.  
  

Finally, the rate capability of all batteries was examined and compared between 

0.2 C and 4 C. The normalized capacity of each cell for each cycle is shown in Fig. 29. 

Fig. 30 shows the percentage of capacity retention at each rate compared to initial 

capacity for each cell. Capacity retention percentage was calculated by averaging 

discharge capacity for all cycles at each rate because no cycle-to-cycle degradation was 

visible. CeO2 performed the best which is consistent with its kinetic performance in EIS 

tests, and YSZ performed the worst, also seen in EIS tests. It is believed that CeO2 

performed the best due to its beneficial electrical conductivity compared to other 

coatings  as well as its chemical inertness [99]. Conversely, YSZ is structurally very 

similar to simple ZrO2 which has been known to enhance capacity and kinetics, so the 

0.2 C 0.5 C 1.0 C 2.0 C 
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poor performance in rate capability and flat capacity is still not yet clear. The YSZ 

coating is so thin that it is unlikely to be a thickness/conductivity optimization problem. 

As well, the natural polarizability of oxygen vacancy complexes in YSZ could be the 

reason for poor EIS and electrical testing results. Repeatability tests should be done to 

clarify where this effect came from. 

Al2O3 performs remarkably similarly to the uncoated cell at low rates, and at 

higher rates actually surpasses uncoated performance. Al2O3 has been extensively 

studied as a surface coating for cathode materials, and it is well known that Al2O3 has 

the effect of inhibiting SEI formation [81]. This in turn prevents capacity degradation 

and is evident in EIS after cycling. Its thin coating here seems to have not inhibited the 

battery kinetics compared to an uncoated battery, and the benefits become evident in 

increased capacity once many cycles have taken place (several days of real time). 

However, the surface film resistance of Alumina and uncoated cells are comparable and 

actually the charge transfer resistance is where Al2O3 coating seems to slightly improve 

the performance. The mechanism for the enhancement here is still under investigation.  

One possible mechanism is that the coating is applied to carbon and binder on the 

surface and strengthens these components from electrolyte dissolution, thus preserve 

grain to grain conduction. However, more study is needed of coatings’ effects on charge 

transfer resistance evolution. 
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Fig. 29: Rate capability of cells between 0.2 C and 4 C. CeO2 performs the best at all rates, and Al2O3 
improves throughout testing compared to uncoated cell. YSZ consistently underperforms compared 
to uncoated cell. 

 

 

 

Fig. 30: Percent capacity retained at each rate. Again CeO2 coating and Al2O3 coatings see increased 
rate performance compared to uncoated cell due to enhanced battery kinetics. 



67 
 

 

2.5.4  High voltage performance 

 After testing rate capabilities, the battery was cycled between 2.8 V and 4.6 V at 

the rate of 0.5 C. During this cycling, cells were tested with EIS after 40 and 100 cycles. 

The motivation behind this test is that coatings are expected to inhibit harmful reactions 

between electrolyte and active material that occur at higher voltages, thus maintain the 

cell capacity. Fig. 31 shows a comparison of CV curves when cycled between 3-4.2 V 

and 3-4.6 V. The second battery cycle was used to ramp to 4.6 V, so the loss of capacity 

in the peaks is explained by the irreversible loss associated with formation cycling. The 

area under the curve between 4.2 V and 4.6 V is the significant extra capacity obtainable 

by cycling in the higher voltage region. This shows why it is so advantageous to find 

ways to utilize charge and discharge in higher voltages with this battery chemistry. 

 First charge and discharge plots at high voltage for all cells are shown in Fig. 32. 

The capacity performance hierarchy is similar to the first test, with the exception that the 

Al2O3 coated cell now slightly outperforms the uncoated. As explained before, this is 

probably due to the Alumina coating’s ability to inhibit dissolution of conductive matrix 

which normally can cause drastic increases in charge transfer resistance. Also of note in 

the high voltage region is that there exists no extra voltage plateau around 4.5 V, 

whereas one has been predicted to correspond with the Co3+/Co4+ reaction [105]. Instead, 

the slope continues almost unchanged which suggests a continuously distributed 

reaction. If cells were initially cycled at the elevated voltage, the plateau might be found 

from the pristine state. The discharge capacities are larger than charge capacities because 

previous cycles caused so much polarization that cells were never truly discharged to 3.0 
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V. Thus, the charging starts around 3.75 V, and the lower voltage charge peak and 

associated capacity are missing. 

 

 

Fig. 31: Cyclic voltammetry curves between 3-4.2 V (blue) and 3-4.6 V (red). Area under the red 
curve is increased capacity due to cycling at higher, potentially damaging voltage. 
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Fig. 32: First charge and discharge for all cells at high voltage. The capacity trends the same as lower 
voltage, and there are no voltage plateaus indicating a phase change in the high voltage region. 

 

 

 During high voltage cycling, EIS was again employed to probe the 

electrochemical performance of each cell. Fig. 33 shows EIS Cole-Cole plot before high 

voltage cycling (after 40 cycles), Fig. 34 shows EIS Cole-Cole plot after the 60 high 

voltage cycles and 40 initial cycles, and Table 4 tabulates the surface film and charge 

transfer resistances of each cell. Changes in solution/series resistance are negligible 

compared to other values and so are not noted. After 40 cycles, but before high voltage 

cycling the CeO2 cell has the smallest surface film and charge transfer resistances, and 

the YSZ cell has the largest. At this point the degree of frequency overlap in the separate 
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components is the most in the YSZ coated cell, implying that the surface film process is 

slowed to near the order of the intergrain charge transfer process. 

   

  
Fig. 33: EIS spectrum before high voltage cycling. Electrolyte, surface film, and charge transfer 
resistances are tabulated in Table 4. 
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Fig. 34: EIS spectrum after repeated high voltage cycling. Charge transfer resistance is orders of 
magnitude larger than surface film resistance, and thus will dominate any electrical response such 
as capacity measurements. However, CeO2 surface film resistance is nearly half that of the other 
cells. 
 

After 100 cycles, the charge transfer resistance dominates overall resistance as 

seen in Fig. 34. It is still possible to view the differences between the surface film 

components (inset). The CeO2 coated cell still shows the best electrochemical 

performance as indicated by the smallest surface film resistance after all cycling. Rct for 

all cells has increased from electrode dissolution, HF attack, and decreased electrical 

contact between grains. Charge transfer resistance has also been theorized to increase 
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more slowly with coated materials due to the coatings’ diffusion into bulk grains and 

stabilizing the structure, but this is not evident here [88]. 

 

Table 4: Electrochemical properties before and after high-voltage cycling. 

 

Uncoated Al2O3 CeO2 YSZ 

Rsf 40 (Ohm) 31 31 27 76 

Rsf 100 (Ohm) 43 48 26 80 

Rct 40 (Ohm) 102 70 66 140 

Rct 100 (Ohm) ~1600 ~1400 ~1400 ~2000 

 

 

 Fig. 35 shows the discharge capacity retention during high voltage cycling 

through 40 cycles, normalized to the first cycle discharge capacity. All cells show 

strikingly similar performance in this regard. After 40 cycles at high voltage all cells 

retained about 80% of initial capacity, the commercial threshold for a dead battery. The 

probable reason for no visible coating effect on high voltage capacity retention is that the 

PLD coating of NMC grains is not conformal, nor is it of high percentage on the active 

material. Thus, harmful side reactions may be prevented on only small portions of active 

material and the grain is still corroded on other sides. Thus, in order to really show the 

effect of a coating,  a composite cathode with more NMC by weight is suggested. The 

cyclical rise and fall within the overall capacity decay is mysterious, and might possibly 

be due to regular temperature fluctuations in the testing room. 
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Fig. 35: Capacity retention at high rate for all cells. By percentage, the capacity loss is similar among 
coated and uncoated cells. 

 

 

2.5.5 Cell evolution study through EIS 

 Using EIS results from sections 2.5.2 and 2.5.3, the electrochemical processes in 

the uncoated and CeO2 coated cells were compared throughout the lifetime of each 

battery. Fig. 36 shows all EIS spectra for the uncoated cell superimposed on the same 

plot. Solution/series resistance Re increases monotonically throughout the tests, 

indicating that electrolyte or contacts become more resistive upon cycling. Charge 
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transfer resistance also always increases but at an accelerated rate. Charge transfer 

resistance relies upon interfaces between grains which can be moved or dissolved by the 

electrolyte, and the increase becomes large after high voltage cycling where the 

electrolyte becomes much more reactive.  Between the first and tenth cycles, the surface 

film resistance does not obviously increase, but only charge transfer resistance shows a 

change. This makes sense if after the first cycle SEI formation is complete and relatively 

stable throughout low voltage, low rate cycling. However, upon the 41st charge to high 

voltage the surface film resistance does increase noticeably as well as charge transfer 

resistance. Since then Rsf increases with cycling, indicating that at higher voltages the 

SEI layer is no longer static but growing in impedance. 

 

 

Fig. 36: EIS spectra of uncoated cell at different number of cycles displaying cell evolution. 
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 It is more complicated for the case of the CeO2 coated battery through EIS 

analysis, shown in Fig. 37. Unlike the uncoated cell, Re does not continue to increase but 

fluctuates. This is not simply due to a poor connection on the first measurement, because 

the spectrum at 100 cycles shows the smallest contact/electrolyte resistance of all. The 

lack of increase could be due to the coating’s effect to prevent electrolyte reactions. 

Again the surface film resistance increases upon high voltage cycling, but another 

unexplained phenomena visible in the EIS plot of the 100th cycle is the near-identical 

value of Rsf compared to 40th cycle. A further repeatability test shall be conducted for 

further investigation.  

 

 

Fig. 37: EIS spectra of CeO2 coated cell at different number of cycles displaying cell evolution. 
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2.6 Conclusion 

 Doctor blade NMC-C-PVDF cathodes were prepared and coated through PLD 

with Al2O3, CeO2, and Zr0.92Y0.08O2 , respectively. Microstructural characterizations by 

TEM and SEM proved the coating and its thickness, while electrical characterization 

methods such as CV, GITT, and EIS compared electrochemical effects of surface 

coating. The CeO2 coating enhanced overall capacity and rate performance due to its 

electrical conductivity and chemical inertness, while YSZ coating showed decreased 

performance compared to an uncoated cell. The Al2O3 coated cell began testing 

equivalent to the uncoated cell but slowly improved in performance possibly due to its 

chemical stability inhibiting conductive matrix dissolution. In high voltage testing, all 

cells increased in charge transfer resistance orders of magnitude above surface film 

resistance, making any improvements from coating invisible to cycling tests.  Close 

examination of the EIS results throughout testing reveal information about the battery’s 

electrochemical processes. Tests on optimizing the cathode composition are under way 

in order to maximize surface film effect visibility. 
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3. SUMMARY AND CONCLUSIONS 

 

3.1 Summary 

 In this thesis, Lithium ion battery cathodes prepared by doctor blade method 

were coated with a thin layer of surface coating through pulsed laser deposition and 

electrically tested for rate performance and high voltage stability. The electrochemical 

impedance spectra of the uncoated and coated cells were measured after many different 

numbers of cycles to view the internal physical property variation of the cathode. Further 

understanding of the mechanism of rate performance enhancement and chemical 

protection by thin oxide coatings will continue to improve battery capability and open up 

new applications. 

 Ceria coated LiNi0.5Mn0.3Co0.2O2 showed the best capacity and rate performance 

in electrical testing. Through electrochemical impedance spectroscopy, the surface film 

resistance was found to remain after repeated cycling at high voltage. CeO2 is proposed 

as an effective electrically conductive yet chemically stable coating for Lithium ion 

battery cathodes. Alumina coated cathode began tests with similar performance to the 

uncoated cell, but through the course of testing the rate capability and recoverable 

capacity was improved. This is possibly due to Al2O3’s well-known abilities as HF 

scavenger and chemically inert nature. Yttria-stabilized Zirconia coated cathode 

performed worse than uncoated in terms of capacity, rate capability, and EIS-related 

figures of merit. The reason for such poor performance is not known, and repeatability 

tests are under way to verify performance. High voltage cycling revealed no difference 
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in irreversible loss between any coated or uncoated cells. The reason for a lack of 

distinction could be the relatively small percentage of surface area covered by a mostly-

planar pulsed laser deposition coating. 

 

3.2 Future Research Directions 

The electrochemical effects of cathode coatings might be more effectively 

studied in other ways. Increasing the amount of active material coated by PLD should 

increase any differences to more measurable levels. One way to increase the active 

material coating is to create a doctor blade process with smaller amounts of Carbon and 

PVDF relative to NMC so that on the surface more NMC is directly coated. Also, 

decreasing the doctor blade film thickness would enhance the signal by allowing coated 

material to be a larger percentage. Tests are under way, though a large problem with 

changing the weight ratios is that electrical conduction between grains suffers, 

increasing charge transfer resistance and polarization by large amounts. As previously 

noted, when charge transfer resistance dwarfs surface film resistance electrical 

measurements are basically invariant with respect to changes in Rsf. Care must be taken 

to find a balance between Carbon percentage for electrical optimization and NMC 

presence for coating effect. 
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