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ABSTRACT 

 The present dissertation studies nickel oxide-based materials for the application of 

electrochromic windows and lithium-air batteries. The materials were fabricated via radio 

frequency magnetron sputtering and subsequently post-treated with thermal evaporation and 

ozone exposure. The strategies to improve electrochromic performance of nickel oxide materials 

were investigated including compositional control, morphology tuning, modification of 

electronic structure and interface engineering (i.e., Li2O2, graphene). The electrochemical 

properties of the resulting materials were characterized in lithium ion electrolytes. Extremely 

high performing nickel oxide-based electrochromic materials were obtained in terms of optical 

modulation, switching kinetics, bleached-state transparency and durability, which promise the 

implementation of these materials for practical smart windows. With the aid of advanced 

synchrotron X-ray absorption spectroscopy, it is reported for the first time that the 

electrochromic effect in multicomponent nickel oxide-based materials arises from the reversible 

formation of hole states in the NiO6 cluster accompanying with the reversible formation of Li2O2. 

The reversible formation of Li2O2 was successfully leveraged with the study of electro-catalysts 

and cathode materials for lithium-air batteries. The reversibility of Li2O2 was thoroughly 

investigated using soft X-ray absorption spectroscopy and theoretical simulation, which 

substantiates the promise of using electrochromic films as electro-catalysts and/or cathode 

materials in lithium-air batteries. 
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CHAPTER 1 INTRODUCTION 

1.1 Background and Significance 

 

 

Figure 1.1 World commercial energy usage and contribution to total energy growth between the 
years1870 and 2010. The figure is cited from Reference[1]. 

 
 Energy is the most fundamental component in the universe. The movement of every object in 

the universe can be interpreted as an expression of energy. The usage of energy in the modern 

world is typically related to its physical definition, namely, the ability of a physical system to do 

work to another physical system. Energy cannot be created or destroyed but can be transferred 

between different forms. For instance, chemical energy of gasoline is transferred to kinetic 

energy via combustion processes in engines, and solar energy is transferred to electrical energy 

via photovoltaic effects in solar cells. In the past two hundred years, the advancement of human 

civilization has been heavily reliant on the consumption of non-renewable energy resources 
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including oil, coal and natural gas, which have caused serious environmental impacts. In the next 

few decades, we will still be extremely dependent on these non-renewable energy resources, 

even though we are making great progress in developing renewable/green energy.[2] For 

example, Figure 1.1 shows the world commercial energy usage published in the BP Energy 

Outlook 2030,[1] which shows that natural gas will be the dominant energy resources in the next 

few decades. However, the debates surrounding natural gas have never been mitigated.[3-5] 

Environmental and public health impacts of hydraulic fracturing (the widely adopted extraction 

technology for natural gas) are not fully understood or integrated into industrial practice.[6] 

Furthermore, natural gas is non-renewable and will run out eventually. On the other hand, 

renewable energy is also facing increasing oppositions.[2] The implementation of renewable 

energy usually requires large area of lands and significant innovation for the current 

infrastructures need to be in place for the wide implementation of renewable power.[2] In a word, 

controversy exists not only for conventional energy but also for renewable energy.  

 A noncontradictory route for energy future is to increase energy efficiency regardless what 

types of energy dominate the market. Energy efficiency is the goal of using reduced energy to 

maintain desired products and services. It is considered as a “twin pillar” with renewable energy 

for sustainable energy future.[7] The energy efficiency improvement requires energy innovations 

for energy consumption sectors including but not limited to buildings, vehicles and 

manufacturing. Of these energy consumption sectors the building energy consumption is one of 

the topmost contributions. It is estimated that 39% of energy consumption is contributed by 

commercial and residential buildings (Figure 1.2).[8] The building site energy consumption by 

end use is shown in Figure 1.3,[9, 10] where the heating, cooling and lighting energy 

consumption exceeds 60% of total energy consumption for buildings. There is a great potential 
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to reduce building energy consumption through window technology innovation, as windows 

account for 30% (~ 4.1 quadrillion BTU) of building cooling, heating and lighting energy 

consumption in the United States.[9, 11]  

 

 

Figure 1.2 Percentage of energy consumption in different sectors in the United States. The data is 
cited from Reference[8]. 

 

 The two most widely used parameters to evaluate the energy performance of windows and 

skylight glasses are U-factor and solar heat gain coefficient (SHGC). The Department of Energy 

website provides excellent definitions these two parameters:[12] 

 

• U-factor: “The rate at which a window, door, or skylight conducts non-solar heat flow. 

It's usually expressed in units of Btu/hr-ft2-ºF. For windows, skylights, and glass doors, a 

U-factor may refer to just the glass or glazing alone.”[12] 

• Solar heat gain coefficient (SHGC): “A fraction of solar radiation admitted through a 

window, door, or skylight—either transmitted directly and/or absorbed, and subsequently 
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released as heat inside a home. The lower the SHGC, the less solar heat it transmits and 

the greater its shading ability. A product with a high SHGC rating is more effective at 

collecting solar heat gain during the winter. A product with a low SHGC rating is more 

effective at reducing cooling loads during the summer by blocking heat gained from the 

sun. Therefore, what SHGC you need for a window, door, or skylight should be 

determined by such factors as your climate, orientation, and external shading.”[12] 

 

 

Figure 1.3 Building site energy consumption by end use. The data is cited from Reference[9, 10]. 

 

 A common terminology to represent the U-factor and SHGC is sunlight transmittance through 

a window. Figure 1.4 shows the solar radiation spectra for the sunlight at the top of atmosphere 

and the radiation at seal level.[13] The visible radiation between 390 nm and 750 nm provides 

daylight and near infrared radiation between 780 nm and 2500 nm exhibits the heating effect.  
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Figure 1.4 Solar radiation spectra for the sunlight at top of the atmosphere and the radiation at 
seal level. The figure is cited from Reference[13]. 

 
 The transmittance and/or reflectance controls over a wide wavelength range are critical for 

managing the U-factor and SHGC. Most oxide materials are capable of absorbing UV irradiation 

due to their band-gap absorption. The response towards visible light is associated with the U-

factor, namely, the capability of admitting daylight. The capability of daylight harness can be 

related to the visual appearance (i.e., color) of window glass. Thin films that can modulate their 

optical characteristics for visual range (i.e., 390-750 nm) are usually capable of tuning the U-

factor. Therefore, some transitional metal oxides and conjugated polymers are suitable for this 

application as they change their optical properties in visible light range based on external 

stimuli.[14-16] SHGC is determined by the response towards the NIR region of solar irradiation. 

For this application, low-emissivity coatings are usually applied on the surface of window 

glass.[17] Low-emissivity coating by definition is the low thermal emissivity, which means the 
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coating has a low thermal emissivity and a high thermal reflectivity. Depending on local climate, 

the coating can be on the side of sunlight irradiation or on the reserved side. In other words, the 

coating can be designed for high solar heat gain, moderate solar heat gain and low solar heat gain. 

The emissivity of low-e coatings is usually steady and thereby not tunable. However, state-of-

the-art windows should present tunable emissivity in response to the changing seasons and 

outdoor temperatures. Therefore, smart windows are becoming the next generation window 

technology that allows for tunable glazing, as shown in Figure 1.5.[18] The figure demonstrates 

the advantages of using dynamic glazing, namely, SHGC and visible light transmittance could be 

controlled over a wide range thereby enabling energy savings (e.g., lighting, cooling and heating 

energy) and indoor comfort. 

 Smart windows technology has been proposed and developed for several decades since the 

first reports of electrochromism in transitional metal oxides.[19, 20] The general concept of a 

smart window is the capability of modulating optical characteristics upon an external stimulus. 

For example, the modulation of optical characteristics by an electrical filed is interpreted as 

electrochromism. In this thesis, developing new methods is targeted for inexpensive and high 

performing electrochromic windows. The research involves the design, preparation, 

characterization, performance evaluation and mechanistic understanding for nickel oxide anodic 

electrochromic films. However, it should be noted that the present findings are applicable for 

other electrochromic devices, such as dynamic rearview mirrors, sunglasses, electrochromic 

labels, non-emissive displays, Bragg mirrors, and so on.[21-25] In addition, the current study 

also provides an alternative route to study the doping chemistry and physics of semiconductors 

and to explore the possible approaches of realizing p-type and n-type characteristics in transition 

metal oxides. The detailed discussion of research background is provided in the Section 1.2.  
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Figure 1.5 Comparison of solar heat gain coefficient (SHGC) and visible light transmittance for 
tinted, low-e and electrochromic glasses. The figure is cited from Reference[18]. 

  

 On the other hand, the mechanistic understanding of electrochromism provides a new insight 

for general energy storage materials, such as lithium batteries including lithium-ion batteries and 

lithium-air batteries. A thorough background discussion will be presented in the Section 1.3. 

 

1.2 Energy Efficient Electrochromic Smart Windows 

 Smart windows have been proposed and developed for several decades. The ultimate goal of 

implementing smart windows is to curtail the cooling, heating and lighting energy consumption 

for buildings, as well as to improve the indoor comfort and work efficiency for residents. The 

fundamental feature of a smart window is the modulation of optical characteristics by external 

stimuli (i.e., chromogenics). Depending on the type of stimuli, the chromogenics can be 

categorized as below:[26] 
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• Electrochromism is induced by a burst of charge (including metal oxide films,[15] 

molecular dyes[27, 28] and conducting polymers[29]); 

• Thermochromism is induced by temperature change (including organics,[30] 

inorganics,[31, 32] organometallics[33] and polymers[34, 35]); 

•  Photochromism is induced by electromagnetic radiation (including organic[36] and 

inorganic systems[37, 38]); 

•  Halochromism is induced by pH change;[39] 

•  Piezochromism is induced by mechanical stimuli;[40] 

•  Solvatochromism is induced by the changes in polarity of various solvents.[41] 

  

 Electrochromism, thermochromism and photochromism are the three most studied 

chromogenic effects and considered as promising technologies for smart windows.[42] Even 

though the thesis focuses on the investigation of electrochromism in transition metal oxides, 

thermochromism and photochromism are introduced in detail here as they exhibit promising 

potential to overcome the drawbacks of electrochromic windows. Typically, multilayered 

structure is necessary for the assembly of electrochromic devices due to the requirements of 

charge balance, storage of intercalation ions as well as external electrical circuit. In contrast, 

thermochromic and photochromic windows represent unique monolayered devices that can fit 

into the current fenestration without too many technical barriers.[42] Thermochromic smart 

windows are attractive due to their efficient control of near-infrared (NIR) transmittance without 

compromising their visually transparent appearance. The thermochromic effect is usually caused 

by the reorientation of crystal structures. Vanadium dioxide (VO2) is the most popular 

thermochromic material.[42, 43] Due to the metal-insulator transition in VO2 at a critical 



  9 

temperature (68 ºC for bulk VO2),[31, 44] the material can transform between a monoclinic 

phase and a tetragonal phase thus inducing the change for optical characteristics, especially for 

the response towards NIR irradiation.[31] These characteristics enables the applications of 

thermochromic smart windows for building roofs, where solar heat gain is the major 

consideration. However, thermochromic smart windows are not efficient in tuning the 

transmittance for visible light, therefore, they are inefficient for controlling lighting condition.[42] 

There have been some studies on using organics as thermochromic active materials, which 

allows for optical modulation in the visible range.[45] However, organic materials are typically 

very sensitive to UV irradiation thus resulting in rapid degradation. The optical properties of 

semiconductive transition metal oxide can be modified upon band-gap irradiation, which is 

interpreted as photochromism in transition metal oxides.[46-49] The phenomenon follows a 

similar photo-excitation process as the generation of electron-hole pairs in photovoltaics and 

photocatalysis (excluding plasmonic photocatalysis).[49] Apparently, the stability of the color 

(i.e., dark) state of a photochromic material depends on the effective of electron-hole separation 

and defect states in the material.[47] It is known that various defect states act as recombination 

centers for photo-generated electrons and holes.[50, 51] Therefore, maintaining color states 

without continuing the band-gap irradiation is difficult for photochromic materials (i.e., poor 

memory effect). Even though thermochromic and photochromic effects seem not reliable for 

smart windows, they represent unique characteristics that are not found in electrochromic effects. 

For example, no external man-made power is necessary for the modulation of optical properties 

in thermochromic or photochromic materials, which allows the implementation of 

thermochromic and photochromic windows in a stand-alone mode. However, the controllability 

of thermochromic and photochromic windows is much inferior to electrochromic windows, as 
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their optical properties are strongly dependent on the distribution of temperature and/or sunlight 

irradiation. The inhomogeneous distribution of temperature and/or sunlight leads to unpleasing 

distribution of color states.  

 

 

Figure 1.6 Electric lighting energy versus cooling energy for different glazing types (figure 
courtesy of Madison Gas and Electric[52]) 

 

 On the contrary, electrochromic windows demonstrate practical significances that enable 

potential market implementation, as below: 

 

• Homogeneous color distribution; 
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• Low power consumption; 

• Memory effects; 

• Cheap; 

• Color switching is fast; 

• Operator control; 

• Integration of colors without filters; 

• Easy transformation to scale up. 

 

 It should be noted that “cheap” electrochromic windows is a relative concept when compared 

to photochromic or thermochromic windows. The memory effects and fast switching kinetics are 

the properties that make electrochromics stand out from the rest chromogenics. Previous studies 

showed that photochromic coatings required hours to switch between colored and bleached 

states,[46] while electrochromic coatings are able to switch within seconds.[53-56] The memory 

effect is a prerequisite for realizing lower power consumption, because minimal electrical input 

is necessary for maintaining colored or bleached states. Note that in the practical electrochromic 

device operation, low current may need to be applied to maintain the colored or bleached states, 

which is due to the self-charge or self-discharge process of the electrochromic devices. However, 

the amount of energy consumption in this process is extremely low. Moreover, there have been 

some studies reporting self-powered electrochromic windows with the aid of an on-site 

photovoltaic power supply system.[57, 58] The cost analysis illustrates that electrochromic 

windows outperform photochromic and thermochromic windows in terms of controlling 

cooling/heating energy and electric lighting energy, as shown in Figure 1.6.[52] 

 



  12 

 

Figure 1.7 Interior view of a conference room with installed electrochromic windows in 
Washington DC with upper and lower control zones. Reprinted with permission from 

Reference[59]. 
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Scheme 1.1 Schematic illustration of an electrochromic device with a configuration of cathodic 
electrode/electrolyte/anodic electrode, where the anode (green) and cathode (blue) are 

encapsulated with transparent conducting oxide layers for electrical circuit. The solid (yellow) 
and dash (purple) arrows represent the coloration and bleaching processes, respectively. 

 

 It should be emphasized that the implementation of inexpensive and energy efficient 

electrochromic windows could not only curtail energy consumption but also increase the comfort 

and work efficiency of residents.[11, 15, 56, 59] Recent study by Lee et al. showed that the 

electrochromic windows saved annual energy by 48% and peak demand energy by 35% in a 

single, west-facing conference room in Washington DC (Figure 1.7).[59] The tint level of the 

lower electrochromic windows reduced the glare discomfort. This study only provides a pilot 

demonstration for the benefits of using smart windows, and there are numerous advantages of 

smart windows relative to traditional windows. For instance, the pleasing color and facile 

(automatic) daylight control could potentially increase the indoor work efficiency. 
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 Cathodic electrode/electrolyte/anodic electrode configuration (Scheme 1.1) is the most 

studied device configuration, where tungsten oxide and nickel oxide are the most studied 

cathodic and anodic electrodes, respectively.[60] The advantage of this configuration is to 

display a more neutral color in the dark state and to maximize aesthetics and occupant comfort 

when applying electrochromic materials in smart windows for buildings.[15, 61] Additionally, 

the electrochromic coloration efficiency is increased for this configuration due to the dual 

contributions from two active electrodes.[15, 61] Nickel oxide-based materials typically do not 

exhibit good cycling stability in acidic electrolytes, and therefore, Li-based electrochromic 

systems are more suitable for large-area window applications.[15] Upon coloration, lithium ions 

are shuttled to the cathodic layer (i.e., tungsten oxide) and meanwhile electrons are injected into 

the cathodic layer, too. Within the process, tungsten oxide and nickel oxide are reduced and 

oxidized, respectively. On the contrary, the reversed reactions occur upon bleaching process. The 

reactions could be simplified according to EQs 1.1 and 1.2.[15] Here, it is noted that “Li” in the 

right of EQ 1.2 represents the electrochemically intercalated Li ions but not the “Li dopants” 

from thin film fabrication. It will be discussed thoroughly in the Chapters 3 and 5 that these two 

methods of introducing lithium provide significantly different effects on the resulting electronic 

structure and thus optical properties for electrochromic materials. 

 

𝑥𝐿𝑖!  +  𝑥𝑒! +𝑊!!𝑂!
 /𝑡𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑡 ↔  𝐿𝑖!𝑊 !!! !𝑂! /𝑏𝑙𝑢𝑒         1.1  

𝐿𝑖!𝑁𝑖𝑂!/𝑡𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑡  ↔  𝑥𝐿𝑖!  + 𝑥𝑒! + 𝑁𝑖𝑂! /𝑔𝑟𝑎𝑦     (1.2) 

 

 EQs 1.1 and 1.2 provide an overall picture for the electrochromic effects in transition metal 

oxides. The equation for tungsten oxide materials has been well proved in multiple studies,[15] 
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but the exact mechanism for nickel oxide materials is much complicated than in tungsten oxide 

materials. Significant efforts were made to obtain a new insight for electrochromic mechanism in 

nickel oxide-based materials in the present thesis. Nevertheless, one can intuitively conclude 

from the equations that metal oxidation states are directly relevant to electrochromic 

performance. Some studies were performed to investigate the effects of oxidation states on 

electrochromic performance, such as optical modulation, charge reversibility, coloration 

efficiency, switching kinetics, and bleached-state transparency. This information is not included 

in the present thesis but reported elsewhere.[56, 62]  

 

Table 1.1 Selected publications on inorganic electrochromic materials 

Materials References 

MoO3 [63-65] 

IrO2 [66-68] 

TiO2 [69-72] 

VOx [73, 74] 

FeOx [75, 76] 

Ta2O5 [77, 78] 

CeO2 [79-82] 

MnO2 [83-85] 

Co3O4 [86-88] 

Nb2O5 [89-92] 

 

 Other reported inorganic electrochromic materials include Bi2O3, CeO2, Fe2O3, Fe3O4, Ta2O5, 

TiO2, MnO2, V2O5, and so on. Table 1.1 lists an overview of selected published work on 

inorganic electrochromic materials in recent years. These materials are potentially applicable for 

electrochromic devices. However, the cost and maturity of fabrication technology have been 
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major barriers in addition to the less available knowledge of electrochromic mechanism for these 

materials. It should be noted that some of these materials are suitable for passive counter 

electrodes (i.e., anodic electrodes that do not exhibit modulation of optical characteristics) if 

neutral dark state is not a consideration for some specific applications. 

 Various parameters are used to evaluate electrochromic performance, as described below. It 

should be noted that these parameters are equally applicable for all transition metal oxide-based 

electrochromic materials. 

 

• Color contrast: the difference for optical properties between color and bleached states and 

it is typically interpreted as optical modulation (∆T, ∆R), as shown in EQs 1.3 and 

1.4. %R and %T represent reflectance and transmittance, respectively. 

 

∆𝑇 = %𝑇!"#$%!!" −  %𝑇!"#"$%&        (1.3) 

∆𝑅 = %𝑅!"#$%!!" −  %𝑅!"#"$%&        (1.4) 

 

• Bleached-state transparency: the transparency of an electrochromic film on its bleached 

state. For the materials discussed in this thesis, the bleached-state transparency is defined 

as the transmittance value on the bleached state. It is also evaluated by b* value.[93] 

 

• Switching kinetics: a metrics to evaluate how fast an electrochromic film switches 

between the color and bleached states. It is defined as the time required to achieve ~90% 

of total optical change upon a potential. 
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• Durability: a parameter to evaluate how stably an electrochromic film cycles with the 

increase cycle number (i.e., extended time period). The dependence of optical contrast on 

the cycle numbers is typically used to represent durability. 

• Coloration efficiency (CE): CE is measured as the change in optical density (ΔOD) per 

unit of charge density (ΔQ) extracted from WOx thin films, as approximated by EQ 1.5, 

where Tbleach and Tcolored represent the transmittances of the bleached and colored states, 

respectively. 

 

𝐶𝐸  =  
∆(𝑂𝐷)
∆𝑄  =  

ln(%𝑇!"#$%!!"/%𝑇!"#"$%&)
(𝑄/𝐴)        (1.5) 

 

 In order for extensive implementation of this technology, significant challenges must be 

overcome. Specifically, anodic nickel oxide electrochromic electrodes exhibit relatively poor 

performance (i.e., inferior color contrast,[94] poor bleached-state transparency,[95] slow 

switching kinetics,[55, 94, 96] limited durability[97, 98]), which hinders their application in 

commercial glazing markets.  Specifically, the inferior switching kinetics of nickel oxide is 

magnified in Li-ion electrolytes where the switching speeds are typically an order of magnitude 

slower than in acidic electrolytes.[99]  

 Another major hurdle for the deep market penetration is the manufacturing cost.[15, 55] The 

high cost of electrochromic smart windows has inhibited the interest from residential sectors. It 

was estimated by the National Renewable Energy Laboratory (Golden, CO) that the price should 

not exceed $20/ft2 in order to be competitive and cost-effective against other window 

technologies,[100] such as low-e, low solar heat gain coefficient, argon filled windows. Since the 

initial electrochromic studies by Deb in 1969[19] and 1973,[20] significant progress has been 
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made toward high performing and durable electrochromic glazing materials, although wide 

market adoption has been limited due to high-cost materials by vacuum deposition techniques. 

Alternatively, wet-chemical material synthesis methods are being proposed to allow for more 

diverse structural variation and are promising for reducing overall manufacturing costs and 

improving performance over current state-of-the-art vacuum deposited electrochromic glazing 

materials.[11] However, wet-chemical syntheses (e.g., sol-gel chemistry) are typically time 

consuming.[101] The longer processing time of wet-chemical syntheses may become a limiting 

factor for their successful industrial application. Nevertheless, wet-chemical syntheses provide 

an efficient approach for the scientific understanding of the influences of material composition 

and morphology on electrochromic performance and thus lead to a rational design of practical 

electrochromic devices by vacuum deposition techniques. Wet-chemical synthesis work is not 

included in the present thesis but was reported elsewhere.[102, 103]  

 Despite the proposed advantages of using wet-chemical syntheses, there has not been any 

complete cost analysis showing the reduced manufacturing cost. Magnetron sputtering is used 

for preparing electrochromic films in the present thesis. As a physical deposition technique, 

magnetron sputtering has been intensively used for depositing transparent conductive oxide 

(TCO),[104, 105] photovoltaic materials,[106] electrochromic films,[107] low emissivity 

coatings,[108] thin film transistor,[109] etc. Physical deposition (e.g., RF magnetron sputtering) 

allows for facile process control, such as composition variation, chemical oxidation states, etc. 

Chemical oxidation states are studied for many times in this thesis since they play a major role in 

determining electrochromic performance. Further, magnetron sputtering has been used for 

industrial manufacture of electrochromic films. The experimental finding could be readily scaled 

up with our industrial collaborator, Sage Electrochromics, Inc. Finally, the improved 
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performance will eventually help reduce materials usage for desired requirements of the device 

operation. 

 The state-of-the-art electrochromic anodic electrode materials are typically composed of 

complex mixtures of metal oxides predominately based upon nickel oxide. The most studied 

additives include lithium,[55, 110, 111] tungsten,[96, 97, 112, 113] chromium,[114] 

vanadium,[115-118] titanium,[119, 120], gold,[121-123] and so on. The most widely cited work 

was performed by Granqvist and coworkers, where the authors reported the electron-donative 

additives to fill the hole states for the bleached state of nickel oxide thereby increasing the 

bleached-state transparency.[95] The electrochemical cycling was performed in an aqueous 

electrolyte (i.e., 1 M KOH solution). The authors showed that these additives were indeed 

dopants in the conventional sense that modify the band structure of nickel oxide thin films (i.e., 

widen the band-gap). However, it is not known whether this doping approach is suitable for the 

electrochromic materials that are employed in Li-ion electrolytes. In addition, the additives are 

usually not completely incorporated in the lattice of nickel oxide due to the mismatch in crystal 

structures thereby leading to phase segregation. The phase segregation may result in a 

crystalline/amorphous mixed structure that allows electrochromic process to occur in the 

crystalline domain while fast lithium diffusion mainly occurs in the amorphous counterpart.[61, 

96] The definite mechanism of the synergetic effects of crystalline/amorphous domains is 

unclear. However, there have been several studies that draw suggestion on the promoting effects 

of amorphous domain. In the earlier work, Lee et al. prepared W-containing NiO anodic 

electrochromic thin films and showed increased lithium diffusion coefficient relative to the pure 

NiO thin films.[96] The authors attributed the enhanced performance to the amorphous domain 

surrounding nickel oxide crystallites. Gillaspie et al. investigated multicomponent thin films 
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containing Li, W, Ni and O that were sputtered from a complex ceramic target (i.e., 

Li1.2NiW0.1Ox).[61] The authors studies the microstructure of the resulting materials using TEM 

and found that nickel oxide crystallites were indeed imbedded in a amorphous matrix, however, 

the exact nature of the amorphous matrix was not determined. In a recent study, Rougier and 

coworkers synthesized Li-containing NiO and observed significantly improved electrochromic 

performance.[111] The authors observed a decreased lattice order for nickel oxide as lithium was 

introduced into the thin film. The general implication of these studies is that a mixed 

crystalline/amorphous structure is beneficial for performance optimization. However, the 

bleached-state transparency was not successfully optimized in these studies. Based on the above 

studies, it is rational to combine lithium with a secondary additive to tune the electronic structure 

as well as the crystalline/amorphous ratio for nickel oxide thin films, by which bleached-state 

transparency and lithium diffusion coefficient could be improved. The enhancement of these 

metrics will lead to improvements for optical modulation, switching kinetics, anesthetics and 

manufacturability.  

 

 

Scheme 1.2 Extended Bode mechanisms for the electrochromic process in proton electrolytes. 
The scheme is cited from[14]. 
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 As discussed above, electrochromism is interpreted as a process induced by electricity that 

can modulate the optical characteristics of a material. During an electrochromic process, 

intercalation ions and charge-compensating electrons are reversibly intercalated and 

deintercalated into the electrochromic materials. Presumably, ions are intercalated into the lattice 

of inorganic electrochromic materials along with the introduction of electrons into the orbitals of 

central ions, such as nickel ions in nickel oxide-based electrochromic materials. To data, various 

electrolyte systems have been adopted in the electrochromic operation for inorganic 

electrochromic materials. The most widely used electrolytes usually contain H+ or OH- in 

aqueous solution and Li+ in non-aqueous solution (e.g., propylene carbonate). The 

electrochromic process in nickel oxide anodic electrodes is much less understood relative to 

tungsten oxide cathodic electrodes.[14, 15] With the aid of spectroscopic techniques, Granqvist 

and coworkers have made significant efforts in the understanding of electrochromism in aqueous 

electrolytes for nickel oxide. They established the electrochromic process based on the well-

known Bode mechanism, as shown in the Scheme 1.2.[14] According to this mechanism, we 

need to assume that nickel hydroxide coexists with nickel oxide in fresh nickel oxide electrode, 

which is usually true when aqueous electrolytes are used. Alternatively, the authors proposed 

equivalent mechanism for basic electrolyte (Scheme 1.3).[14] The authors attributed the 

coloration to the shrinkage of band-gap values.  

 

 

Scheme 1.3 Equivalent Bode mechanisms for the electrochromic process in basic aqueous 
electrolytes. The scheme is cited from[14]. 
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Scheme 1.4 Research roadmap for nickel oxide anodic electrochromic electrodes 

 

 There are some other studies exploring the electrochromic mechanism of nickel oxide in 

aqueous electrolyte.[14, 116] However, a complete picture of electron intercalation is not known 

yet. As a typical transitional metal oxide, the orbital hybridization has a significant impact on the 

electronic structure of nickel oxide. Pristine nickel oxide possesses a face-centered cubic 

structure in which each nickel ion is surrounded by six closest oxygen ions (i.e., NiO6 octahedral 

unit) and vice versa. The hybridization of unoccupied Ni 3d (eg) and O 2p orbitals forms the 

conduction band for nickel oxide.[14] Previous studies attributed the electrochromic process to 

the changes in nickel oxidation states or phase transformation between NiO, Ni2O3, NiOOH and 

Ni(OH)2.[14] The proposed phase transformation mechanism identified electrochromism directly 

related to the changes in the optical band-gap values. This interpretation is accepted in the 
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general sense for semiconductive metal oxides, but does not provide insights either for electronic 

structures or for the species that might be produced during electrochromic process. To the best of 

my knowledge, there has not been a complete study for determining the location of electrons and 

holes in the octahedral structure of NiO6 unit. The change of electronic structure should impact 

both Ni 3d and O 2p. Therefore, to probe the electrochromism, one needs to acquire information 

for both Ni and O sites.  

 In the present thesis, the discovery of new additives and compositional control for high 

performing nickel oxide electrochromic materials was discussed along with electrochromism 

exploration. Scheme 1.4 provides a roadmap for nickel oxide anodic electrochromic electrodes, 

which will be discussed in detail later. It is noted that not all studies in Scheme 1.4 are presented 

in the thesis, and some of them are cited as references. 

 

 

Figure 1.8 Theoretical and practical gravimetric energy density of some rechargeable batteries, 
H2 fuel cell and gasoline. The theoretical calculations are based on thermodynamics and the 

practical density for lithium-air batteries is based on estimate. Reprinted with permission from 
Reference[124]. 
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Scheme 1.5 Schematic illustrations for four different lithium-air battery configurations. The 
components are labeled in the schemes. Reprinted with permission from Reference[124] 

 

1.3 Exploration of Novel Electro-catalysts and Cathode Materials for Lithium-Air Batteries 

 It is accidentally found that the state of the art multicomponent electrochromic materials could 

potentially used as electro-catalysts and cathode materials for lithium-air batteries. The study 

was inspired by the study of electrochromism using synchrotron X-ray absorption spectroscopy 

at the SLAC National Accelerator Laboratory.  

 Metal-air batteries generate electricity via the reaction of active metal and oxygen and can be 

represented by EQ 1.6.[125-129] 

 

𝑀𝑒𝑡𝑎𝑙 + 𝑂! ↔ 𝑚𝑒𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑒     (1.6) 
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 Within the family of metal-air batteries, lithium-air batteries represent ultrahigh gravimetric 

energy densities that are competitive with the “adorable” gasoline, as shown in Figure 1.8.[124] 

However, there are numerous scientific and technological impediments limiting the practical 

application of lithium-air batteries. 

 Several types of lithium-air batteries have been investigated so far and the most popular 

lithium-air battery configurations include aprotic electrolyte system,[130-133] aqueous 

electrolyte system,[134] solid state system[135] and mixed aqueous/aprotic system[136, 137] 

(Scheme 1.5).[124] The interface (i.e., solid electrolyte interface, SEI) between lithium metal 

(i.e., anode) and electrolyte is critical for the anode protection. It is well known that lithium 

metal reacts violently in aqueous condition, as illustrated by EQs 1.7 and 1.8. Therefore, special 

protection is required to inhibit these reactions in aqueous and mixed aqueous/aprotic electrolyte 

systems. For the aqueous electrolyte system an artificial SEI is necessary while for the mixed 

aqueous/aprotic system a Li+ conductive and hydrophobic membrane is critical. To date, the 

aprotic electrolyte system has attracted most attention due to its promise for rechargeability and 

high theoretical energy density.[138, 139] Again, there are many challenges on making a high 

reversible and long lifetime aprotic lithium-air battery.  

 

2𝐿𝑖 +
1
2𝑂! + 2𝐻

! → 2𝐿𝑖! + 𝐻!𝑂     (1.7) 

2𝐿𝑖 +
1
2𝑂! + 2𝐻!𝑂 → 2𝐿𝑖𝑂𝐻    (1.8) 

 

 The SEI layer in aprotic electrolyte system occurs naturally, but this does not mean that the 

safety is not a concern for aprotic lithium-air batteries. The uneven distribution of current density 

on the lithium/electrolyte interface potentially leads to the formation of lithium dendrite structure 
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and thus shorting the anode and cathode.[140-142] This phenomenon must be inhibited for the 

consideration of cell safety. Therefore, efforts like coating lithium metal with protection layers 

have been made to ensure the safe operation of electrochemical cycle.[143-145] On the other 

hand, the ceramic coating also protects the lithium electrode from the contamination in 

atmosphere, for example CO2, N2 and moisture. The investigation of coating layer has been 

identified as one of the most important subjects in lithium-air batteries.  

 

 

Scheme 1.6 Proposed reaction pathways on the air cathode, where porous carbon is used. The 
magnification on the right represents the detailed process for the reactions. Reprinted with 

permission from Reference[124]. 

 

 Lithium-related oxides (e.g., Li2O, Li2O2) were suggested to form on the cathode via the 

oxygen reduction reaction (ORR).[133, 146, 147] To date, there have been several publications 

showing that Li2O2 is the major product, as shown in Scheme 1.6.[124] 

 The extensive irreversible deposition of Li2O2 on the cathode (e.g., carbon materials) limits 

the diffusion of O2 and reduces the electrical conductivity of the cathode because the intrinsic 
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electrical conductivity of Li2O2 is low. To date, several electro-catalysts have been proposed to 

enable the reversible formation and decomposition of Li2O2, such as carbon materials,[148, 149] 

metal oxides,[150, 151] non-precious metals[133, 152] and precious metals.[130, 153] Shao et al. 

recently reviewed the status, challenges and perspective on electro-catalysts for non-aqueous 

lithium-air batteries.[139] The authors identified several key points for future work including 

new concepts of Li2O2 formation and decomposition, development of nonprecious electro-

catalysts, design of electro-catalysts that could selectively form and decompose Li2O2 instead of 

other lithium compounds.[139] From the standpoint of electrical conductivity, a recent study by 

Zhao et al. showed that graphene intercalated Li2O2 showed significant increase of p-type 

conductivity,[154] and further study is necessary to investigate whether this increase could 

positively impact the aprotic lithium-air batteries. However, the cost and scalability of graphene-

related materials may become an impediment for practical batteries. Herein another strategy was 

reported to enable reversible formation and decomposition of Li2O2 by an electro-catalytic 

process at low applied voltage ranges. The discovery was intrigued by the investigation of X-ray 

absorption spectroscopy for anodic electrochromic thin films, where we (together with beamline 

scientists at SLAC National Accelerator Laboratory, Menlo Park, CA) observed the reversible 

formation of Li2O2 within the coloration and bleaching cycle in the state-of-the-art anodic nickel 

oxide-based electrochromic films. Importantly, the Li2O2 was observed to be electronically 

conductive and stable in vacuum and atmospheric conditions.  

1.4 Research Proposal 

 As described previously, this thesis starts with a multicomponent design where two kinds of 

“dopants” were introduced into nickel oxide thin films. Changes in the electronic structure of 

nickel oxide are anticipated as the dopants are incorporated in the lattice of nickel oxide. In 
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addition, structural changes (e.g., crystallinity, morphology) are anticipated to influence the 

electrochromic performance. The unraveling of electronic structure is approached with X-ray 

absorption spectroscopy. The electrochromic process (i.e., mechanism) is suggested to associate 

with the electronic structure of nickel oxide materials. 

 The interface engineering for an electrochromic device is of importance concerning the 

interface impedance. Therefore, the present thesis investigates the compositional engineering for 

the interfaces between TCO and electrochromic film as well as that interface between 

electrochromic film and solid-state electrolyte. 

 The understanding of lithium intercalation chemistry and physics in electrochromism sheds 

light on the development of lithium batteries, such as lithium-air batteries. Novel cathode 

electro-catalysts and materials could be developed.  

 To summarize the above discussion, the thesis discusses the following respects. 

• Multicomponent design of a state-of-the-art electrochromic counter electrode (i.e., nickel 

oxide-based thin film); 

• Study of doping effects on the electronic structure of nickel oxide materials; 

• Investigation of electrochromic mechanism in Li-ion electrolytes; 

• Novel interface engineering for electrochromic devices. 

• Implication of electrochromism for electro-catalysts and cathode materials in lithium-air 

batteries. 

1.5 Thesis Organization 

 The thesis is organized with the navigation of story-telling style that consists of materials 

science, inorganic chemistry, electrochemistry, solid-state physics and spectroscopic techniques 

for the application of smart windows and lithium-air batteries. In detail, the first chapter provides 
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a general background for smart windows and lithium-air batteries. Research proposal and hints 

for projected results are also presented in the first chapter. The experimental methods and 

techniques are discussed in the Chapter 2. The background for spectroscopic techniques is also 

introduced in the Chapter 2. Chapter 3 covers the optimization of thin film composition for high 

performing nickel oxide. The chapter pinpoints the work in nitrogen and aluminum-doped nickel 

oxide electrochromic films and focuses on the discussion of the novel co-sputtering process for 

Li2.34NiZr0.28Ox. With a step further, Chapter 4 presents results on the investigation of the 

interface engineering for electrochromic devices. The chapter discusses the modification of 

interface with graphene and lithium peroxide, where the later study sheds light on the study 

shown in Chapter 5. In the Chapter 5, the electrochromic mechanism and implication for lithium-

air batteries are studied with the aid of advanced synchrotron lightsource at the SLAC National 

Accelerator Laboratory. Conclusion and perspectives are presented in Chapter 6. Finally, some 

work during the PhD education is not presented in the thesis due to space constraint but is cited 

as references throughout the thesis. 
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CHAPTER 2 EXPERIMENTAL METHODS AND TECHNIQUES 

2.1 Materials Synthesis 

  The materials syntheses are introduced in the section. Numerous optimization studies were 

performed before achieving the most successful samples. Herein, only the most significant 

samples are introduced. 

 

 

Scheme 2.1 Schematic representation of co-sputtering set-up. 

 

2.1.1 Fabrication of Electrochromic Thin Films 

 The PhD research project involves both physical and chemical preparation methods. However, 

in the present thesis, only the physical preparation is discussed and targeted towards the 

optimization of anodic electrochromic electrode (i.e., nickel oxide-based thin films), and the 
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optimized fabrication procedure aims to producing high performing electrodes and reducing 

manufacturing cost. The chemical preparation, which is targeted towards the cost effective 

fabrication of excellent electrochromic electrodes, especially tungsten oxide cathodic electrode, 

is not discussed in the present thesis but cited as references throughout the thesis.  

 Radio-frequency (RF) magnetron sputtering was employed to deposit nickel oxide-based 

electrochromic films onto various substrates including fluorine-doped SnO2 coated glass 

substrates, regular glass substrates and aluminum foils. RF magnetron sputtering was performed 

on an Angstrom EvoVac deposition system housed in a glove box under an argon atmosphere. 

The argon protection provides an inert condition for sample storage and handling, which is 

critical for maintain performance for lithium containing electrochromic electrodes. Most of 

electrodes were tested in as-deposited states without air exposure during sample transportation, 

as indicated in the later chapters. A computer-controlled system was used to control the 

sputtering process (e.g., deposition time, deposition end thickness, gun power). The schematic 

representation of the co-sputtering set-up is shown in Scheme 2.1. RF magnetron sputtering is a 

physical vapor deposition technique using high-energy ions to bombarding materials source (i.e., 

target) in a low-vacuum chamber. Unlike DC magnetron sputtering, RF magnetron sputtering 

allows for the use of non-conductive targets, such as Li2O ceramic target. In a typical deposition 

process, targets and substrates are placed according to Scheme 2.1, and then the sputtering 

chamber is pumped down to a high vacuum condition (in the order of 10-7 Torr in this thesis). 

Then, the sputtering gas is continuously introduced into the sputtering chamber with controlled 

pressure and flow rate. The gun power (i.e., strength of magnet) is gradually increased to a preset 

level and finally the sputtering process is initiated. Depending on the type of targets and aimed 
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films, the RF magnetron sputtering is usually operated in reactive or non-reactive modes. 

Reactive mode means the ions sputtered from targets react with chamber atmosphere.  

 Specifically, for the fabrication of multicomponent nickel oxide materials, i.e., 

Li2.34NiZr0.28Ox and Li1.81NiW0.21Ox, three-inch diameter metal alloy targets, Ni-Zr (80-20 at.%) 

and Ni-W (80-20 at.%), were purchased from ACI Alloys, while a three-inch diameter ceramic 

Li2O target (99.9 %) supported on a molybdenum backing plate was purchased from 

Plasmaterials, Inc. The gun powers for the metal alloy targets and ceramic target were 60 W and 

45 W, respectively. The target-substrate distance was 10 cm and remained constant throughout 

the study, and no additional heating was applied to substrate. The base pressure and total 

deposition pressure were 10-7 Torr and 2 mTorr, respectively. The Ar/O2 gas mixture was fixed 

at 1/2 throughout the study.  The fluorine-doped tin oxide (FTO) glass substrates were purchased 

from Hartford Glass CO, Inc. (TEC 15, 1.5” x 0.82” x 2.3 mm). The substrates were cleaned 

successively with soapy water, acetone, isopropanol and deionized water, and dried under 

flowing N2. 

 For the fabrication of nickel oxide electrochromic films, the gun power on the Ni metal target 

was 60 W. The target-substrate distance was 10 cm and remained constant throughout the study, 

and no additional heating was applied to substrate. The base pressure and total deposition 

pressure were 10-7 Torr and 2 mTorr, respectively. The Ar/O2 gas mixture was fixed at 1/2. 

 For the fabrication of Li-doped nickel oxide electrochromic films, the gun powers on the Ni 

metal target and Li2O target were 60 W and 45 W, respectively. The target-substrate distance 

was 10 cm and remained constant throughout the study, and no additional heating was applied to 

substrate. The base pressure and total deposition pressure were 10-7 Torr and 2 mTorr, 

respectively. The Ar/O2 gas mixture was fixed at 1/2. 
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 NiZrxOy electrodes were prepared using Ni-Zr (80-20 at.%) and Zr metal targets. The gun 

power for the Ni-Zr target was constant at 60 W, and the powers for the Zr target were 0 W, 45 

W and 90 W. The target-substrate distance was 10 cm and remained constant throughout the 

study, and no additional heating was applied to substrate. The base pressure and total deposition 

pressure were 10-7 Torr and 2 mTorr, respectively. The Ar/O2 gas mixture was fixed at 1/2. The 

preparation of NiWxOy was achieved using a Ni-W (80-20 at.%) target and a gun power of 60 W. 

Other parameters are the same as those for the NiZrxOy deposition. 

 

2.1.2 Materials Post-treatment  

 The materials post-treatment is important for the resulting electrochromic performance. In this 

section, various post-treatment techniques are introduced, including cost effective ozone 

exposure technique. 

2.1.2.1 Ozone Exposure 

 Ozone exposure experiments were performed in a temperature controlled UV surface 

decontamination system equipped with a heat controller (Novascan Technologies, Inc.). The 

sample chamber was purged with pure oxygen for approximately 1 min before initiating heating 

and UV irradiation. The samples were exposed to ozone for various times at various 

temperatures. 

 

2.1.2.2 Thermal Evaporation 

 The thermal evaporation of lithium metal and LiAlF4 were performed on the same Angstrom 

EvoVac deposition system. In detail, lithium metal was contained in a tantalum evaporation boat 
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and the deposition rate and thickness were set at 0.5 Å/s and 500 Å, respectively. The precursors 

for LiAlF4 were LiF (Alfa Aesar, 99.5%) and AlF3 (Alfa Aesar, 99.5%) and were separated in 

molybdemun evaporation boats. The deposition rates for LiF and AlF3 were preset to 0.6 Å/s and 

1.4 Å/s, respectively. The deposition thicknesses were preset at 450 Å and 1050 Å for LiF and 

AlF3, respectively. 

 

2.1.3 Growth and Transfer of Graphene to FTO Substrates 

 Graphene was grown in a hot-wall Chemical Vapor Deposition (CVD) system at 1000 °C for 

30 minutes on a copper substrate (Alfa Aesar 13382).  Methane and hydrogen flow rates were 

35sccm and 7sccm respectively. The CVD reactor was brought to temperature over 60 minutes 

and then maintained for 30 minutes of annealing under 25sccm of hydrogen.  At the completion 

of the annealing step, the hydrogen flow was reduced to 7sccm and methane flow initiated.  

Following the 30 minute graphene growth step, the furnace is cooled at 10 °C/min to room 

temperature under the methane/hydrogen flow. 

 A heat transfer tape (HTT) method was employed to transfer the graphene to the desired FTO 

substrates. The HTT (REVALPHA 3195M) was applied to the copper/graphene material under 

50psi pressure using a stamp-transfer press method. The HTT supported copper/graphene 

material was then etched in a 0.1M ammonium persulfate etchant bath for 24hrs. The resulting 

HTT supported graphene was then washed three times in a deionized water bath and dried in a 

nitrogen flow. The HTT/graphene was applied to a clean (sonicated/washed in isopropyl alcohol) 

FTO substrate using the same 50psi stamp-transfer process. The FTO/graphene/HTT material 

was then heated to 120 °C to release the HTT from the graphene and FTO, thus transferring the 
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graphene onto the FTO substrate. The process was repeated for several times in order to obtain 

desired number of transfers. 

 

2.2 Materials Characterization 

 Various characterization techniques were utilized to investigate the crystal structure, optical 

properties, electronic structure, composition and morphology of the resulting materials. 

 

2.2.1 X-ray Diffraction (XRD) 

 The crystal structure of the resulting materials and thin films were analyzed on a Philips X-ray 

diffractometer Model PW1729 operated at 45 kV and 40 mA using CuKα radiation. The scan 

range and scan rate are determined by the type of samples. Thin films coated on regular glass 

substrates were scanned with super slow scan rate while powder samples were scanned with a 

fast scan rate. The materials crystallinity and crystallite size are reflected by the full width at half 

maximum (FWHM). As the FWHM increases the crystallite size and crystallinity decrease. 

 

2.2.2 UV-Vis-NIR Spectroscopy 

 The optical properties (e.g., transmittance, reflectance) were investigated on various UV-Vis-

NIR spectrometers. The spectrometers include Cary 300 UV-Vis spectrometer, Cary 6000i UV-

Vis-NIR spectrometer and Cary 5000 UV-vis-NIR spectrometer.  
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2.2.3 X-ray Photoelectron Spectroscopy (XPS) 

 The surface chemical information including composition and valence states were investigated 

using XPS on a Kratos Axis HSi Ultra X-ray Photoelectron Spectrometer using an Al Kα X-ray 

source operated at 14 kV and 10 mA.  

 

2.2.4 X-ray Absorption Spectroscopy (XAS) 

 

 

Scheme 2.2 Schematic representations for absorption edge nomenclatures. 
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 XAS experiments were performed at the SLAC National Accelerator Laboratory (Stanford 

Synchrotron Radiation Lightsource). XAS is a widely used spectroscopic technique to 

investigate the local geometric and electronic structure of targeted atoms. XAS is performed at 

synchrotron radiation with intense and tunable X-ray radiation. The basic process of XAS is the 

excitation of electrons from bound occupied states to bound unoccupied states or vacuum levels 

that leads to a strong X-ray absorption. In a typical XAS spectrum, there are three major regions: 

pre-edge absorption, absorption edge and extended fine structure in corresponding to rising edge, 

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure 

(EXAFS). To begin with, the terminology of absorption edge is shown in Scheme 2.2. Basically, 

the nomenclature for absorption edge is determined by the orbital where the electron gets excited. 

In the present thesis, the soft X-ray XAS was performed for O K-edge and Ni L-edge absorption, 

and the hard X-ray XAS was performed for Ni K-edge absorption.  

 Ex situ soft X-ray XAS measurements were performed on the 31-pole wiggler beamline 10-1 

at Stanford Synchrotron Radiation Lightsource (SSRL) using a ring current of 350 mA and a 

1000 l·mm-1 spherical grating monochromator with 20 µm entrance and exit slits, providing 

~1011 ph·s-1 at 0.2 eV resolution in a 1 mm2 beam spot. During the measurements, all samples 

were attached to an aluminum sample holder and the surface was connected to the isolated 

holder using conductive carbon. Data were acquired in a single load at room temperature and 

under ultra-high vacuum (10-9 torr). Detection was performed in total electron yield (TEY) 

mode, where the sample drain current was normalized by the current from of a reference sample 

in a form of freshly evaporated gold on a thin grid positioned upstream of the sample chamber. 

Auger electron yield (AEY) was collected with a Cylindrical Mirror Analyzer using a pass 

energy of 200 eV and a kinetic energy window of 2 eV near the main Auger for oxygen and 
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nitrogen, respectively. The penetration of TEY and AEY is ~5 nm and ~2 nm, respectively. The 

absolute energy might shift due to the energy drift. 

 Hard X-ray absorption measurements was collected at the hard x-ray wiggler beamline 6-2 at 

SSRL using High Energy Fluorescence Resolution Detection Mode (HERFD-XAS). The 

penetration depth of the X-ray beam is on the order of 3 µm. Since the X-rays penetrate the 

through the film, no self-absorption effects due to the deep probing of fluorescence (25 µm) are 

expected. The samples were mounted on an aluminum stick, similar to the soft x-ray 

measurements.  

 

2.2.5 Transmission Electron Microscopy (TEM) 

 TEM was used to study the nanoscale morphology and material crystallinity. Thin films were 

prepared on FTO-coated glass substrates. Thin film samples were prepared for transmission 

electron microscopy (TEM) using a Nano-Lab 200 Dual Beam FIB and analyzed on a FEI G2-

T30 TEM operating at 300 kV. 

 

2.2.6 Scanning Electron Microscopy (SEM) 

 The surface morphology, cross-sectional morphology and film thickness were studied on a 

JEOL JSM-7000F Field Emission Scanning Electron Microscope with an EDAX Genesis EDS. 

The cross-sectional SEM images were obtained by breaking the electrochromic films right before 

the analysis in order to prohibit the contamination from atmosphere. Note that the thickness was 

also roughly measured by Dektak profilometer. 
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2.2.7 Atomic Force Microscopy (AFM) 

 Conducting atomic force microscopy (CAFM) measurements made with a Park XE-70 Series 

system. The AFM is housed in an acoustic box and seated on a vibration isolation table. Images 

were made in contact mode with conducting coated (Pt-Ir) tips (CONTSCPt, Park Systems.) 

under sample bias conditions (0.5V). Current is collected through the tip via a Femto Pre-

amplifier (Model DLPCA-200). Surface topography is recorded by keeping the tip at a constant 

~10-30 nN contact force on the sample surface which generates the topographic image, while the 

current passing between the tip and sample is measured to generate the conductive AFM image 

(sometimes called current image). 

 

2.2.8 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

 The ICP-MS used is a Perkin Elmer NexION 300q with an S10 autosampler. Calibration 

standards for Li, Ni, W, and Zr were made using SPEX Certiprep ICP-MS standard solutions in 

2% HCl (Optima trace metal grade). Dilutions of thin film digest solutions were made in 2% HCl. 

All dilutions were made in 15 mL Falcon polypropylene centrifuge tubes and analyzed 

immediately. 

 

2.3 Performance Evaluation 

 The electrochromic tests of the resulting thin films were performed under inert atmosphere 

and two-electrode mode. Information on optical modulation, charge capacity, coloration 

efficiency, charge reversibility and long-term durability was collected from the electrochemical 

tests, and the full-spectrum response and X-ray absorption experiments were acquired ex situ. 
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2.3.1 Electrochemical Test 

 Electrochromic properties were measured in a liquid electrolyte half-cell where the electrolyte 

was 1 M lithium perchlorate (LiClO4) dissolved in propylene carbonate (PC), as shown in 

Scheme 2.3. Cyclic voltammetry (CV) was carried out using a BioLogic VMP3 multichannel 

potentiostat with a scan rate of 20 mV/s and a voltage range of 1.7-4.2 V vs. Li/Li+. In situ 

transmittance was measured using a diode laser at 670 nm. Switching kinetics (i.e., coloration 

and bleaching) were measured under potential step cycling from 1.7 to 4.2 V vs. Li/Li+, where 

each potential step was maintained for a desired time (e.g., 2 min, 5 min). The switching speed is 

defined as the time required to achieve ~90% of total transmittance change within a potential 

step. The switching kinetics measurements were performed for films on both as-deposited states 

and after being cycled for several hundred cycles. All electrochemical measurements were 

carried out under an argon atmosphere in a glove box. The samples were transferred from the 

sputtering chamber to testing cells without exposure to air or moisture. 

 

 

Scheme 2.3 Schematic illustration of the electrochemical cell for electrochromic evaluation of 
nickel oxide-based materials, where the electrolyte and counter electrode are LiClO4-PC and 

lithium metal, respectively. 
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2.3.2 b* Calculation 

 In order to determine the CIE b* values, the CIE tristimulus values (X,Y,Z) were first 

calculated from the sample transmission spectra and the tabulated 1931 2° CIE Standard 

Observer functions (xbar, ybar, zbar) (see http://www.cis.rit.edu/mcsl/online/cie.php, and D. B. 

Judd, "The 1931 I. C. I. Standard Observer and Coordinate System for Colorimetry," J. Opt. Soc. 

Am. 1933, 23, 359-373).  This was performed with aid of the "sumproduct" function in MS Excel 

over 10 nm intervals from 400 to 700 nm for the ex-situ UV-vis-NIR spectra.  Next, the CIE b* 

value for each sample was calculated from the CIE tristimulus values, using the Zn value for the 

2° CIE D65 illuminant (Zn = 108.9, see http://www.hunterlab.com/appnotes/an07_96a.pdf). 
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CHAPTER 3 A HIGH PERFORMING MULTICOMPONENT NICKEL OXIDE-BASED 

ELECTROCHROMIC FILM 

3.1 Background and Motivation  

 It has been shown in Chapter 1 that multiple efforts have been committed to design 

multicomponent nickel oxide electrochromic films. However, there has not been a study showing 

large optical modulation with ultrahigh bleached-state transparency or fast switching kinetics for 

nickel oxide-based electrochromic materials. Some multicomponent design with the addition of 

N, Li or Al in nickel oxide electrochromic films was investigated in the PhD project. It was 

found that N dopant could greatly improve switching kinetics of nickel oxide but contribute little 

to optical modulation or bleached-state transparency.[155] Similar to the work by Granqvist and 

coworkers in KOH electrolyte,[95] Al-containing nickel oxide films exhibit superior bleached-

state transparency relative to pristine nickel oxide films. Switching kinetics was increased by 

factors of ~ 70 and ~ 4 relative to pristine nickel oxide films for bleaching kinetics and coloration 

kinetics, respectively.[62] However, no obvious improvement in optical modulation was 

observed.  In situ lithiation and ex situ ozone exposure were applied to increase nickel oxidation 

states to improve optical modulation of Al-containing nickel oxide films. The electrochromic 

evaluation confirmed that optical modulation could be improved by both treatments. It was also 

demonstrated that ex situ ozone exposure is superior to in situ lithiation in terms of maintaining 

ultrahigh bleached-state transparency and fast switching kinetics.[62] Nevertheless, these efforts 

were not suitable for practical operation due to the limited charge capacity and optical 

modulation. In order to obtain high performing nickel oxide electrochromic films, it is necessary 

to develop a suitable composition system and fabrication procedure. 
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 Herein, a novel one-step co-sputtering deposition method is reported to synthesize nickel 

oxide-based electrochromic anodic electrodes containing multiple additives that facilitate 

fundamental studies regarding electrochromism. As revealed by XAS, mixtures of Li/Zr and 

Li/W are found to modify the electronic structure of nickel oxide by introducing hole states in 

the NiO6 units, consistent with a formal valency increase of the unit. A superior bleached-state 

transparency and highly improved specific optical density and switching kinetics are obtained for 

the Li2.34NiZr0.28Ox anodic electrode. The ultrahigh specific optical density is potentially 

beneficial for reducing film thickness without compromising optical density or charge capacity, 

and thereby provides a new strategy for reducing manufacturing costs. The in-situ lithiation (via 

the one-step co-sputter deposition method) and Zr co-doping are essential for obtaining highly 

performing anodic electrodes. 

 

3.2 Results and Discussion 

 Structural characterization results for the as-deposited Li2.34NiZr0.28Ox films prepared by RF 

magnetron sputtering are shown in Figure 3.1. Cross-sectional scanning electron microscopy 

(SEM) image (Figure 3.1a) shows a film thickness of ca. 80 nm, significantly thinner than most 

reported nickel oxide-based anodic electrodes, such as an earlier work by Gillaspie et al.[61] 

Figure 3.1b provides the X-ray diffraction (XRD) pattern for the as-deposited Li2.34NiZr0.28Ox 

film. The single peak at (200) indicates that nickel oxide nanocrytallites are preferentially 

oriented along <100> direction. Moreover, the diffraction angle (2θ = 42.5°) is shifted towards a 

lower value relative to the face center cubic NiO (JCPDS 65-2901) indicating that the lattice 

constant of the nickel oxide-based material is expanded due to the presence of Zr and Li in the 

lattice. A high-resolution transmission electron microscopy (HRTEM) image is shown in Figure 



  44 

3.1c, where selected crystallites are magnified for the determination of lattice distances. Nickel 

oxide nanocrytallites are imbedded in an amorphous matrix, which is similar to the morphology 

observed in Li1.2NiW0.1Ox[61] and Li-containing NiO.[111] These types of composite electrode 

materials have been shown to provide fast pathways for Li+ diffusion.[61, 96] It is noted that the 

lattice distances of 0.216 nm, 0.217 nm and 0.218 nm are slightly larger than the standard d200 

(0.209 nm) of cubic NiO,[156] which is consistent with the shift observed in the XRD pattern. 

Inductively coupled plasma mass spectroscopy (ICP-MS) analysis confirms that the molar ratio 

between Li and Ni is 2.34 (Table 3.1). It is noted that the stoichiometry is not designed to be 

Li/Ni=2.34. During the RF magnetron co-sputtering process, the relative gun powers of Li2O and 

Ni-Zr targets are well controlled to obtain this stoichiometry for high performing electrochromic 

materials. Certainly, many other parameters are accounted including gas composition, chamber 

pressure and so on. 

 

Table 3.1 ICP-MS analysis for the electrochromic thin film (sputtered from Ni-Zr and Li2O 
targets) with different digestion time in 2% HCl solution. 

Digestion 

Time 

[Li+]/mM [Zr4+]/mM [Ni2+]/mM [Li+]/[Ni2+] [Zr4+]/[Ni2+] 

 1st run 0.2639 0.0311 0.1121 2.36 0.28 

2nd run 0.3556 0.0442 0.1484 2.39 0.29 

3rd run 0.2646 0.0327 0.1174 2.25 0.28 

 

Average [Li+]/[Ni2+] = 2.34 

Average [Zr4+]/[Ni2+] =0.28 
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Figure 3.1 Li2.34NiZr0.28Ox films prepared on fluorine-doped tin oxide: (a) cross-sectional SEM 
image, where the film is colored in green to enhanced visualization, (b) smoothed XRD spectrum 

and (c) HRTEM image, where the selected crystallites are magnified for the determination of 
lattice spacing.
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Figure 3.2 XAS spectra of Ni LII,III edge in the total electron yield (TEY) mode, where the 
spectra have been normalized to the most intense peaks and overlapped along Y-axis.

 

 X-ray absorption spectroscopy (XAS) was employed to investigate the Li and Zr co-doping 

effects on the electronic structure of nickel oxide. Figure 3.2 presents a comparison of the Ni L-

edge XAS for several nickel oxide-based thin films, corresponding to dipole transitions from Ni 

2p to Ni 3d states, including both the 2p3/2 (LIII) and 2p1/2 (LII) spin-orbit final states. Due to the 

direct dipole transition from 2p to 3d orbitals and the high resolution in the soft x-ray regime, L-

edge XAS of transition metals is sensitive not only to the valency of the metal, but also to the 

detailed energetics of the ligand-3d interactions governed in particular by symmetry, as well as 

spin and hybridization.[157] Although rigorous treatment of all possible final states can be 

complicated,[158] the most salient features of the transition metal L-edge can be captured by 

atomic calculations by the introduction of crystal field effects.[157] We note that the XAS 
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spectrum for the NiOx film produced through RF magnetron sputtering closely resembles 

previously reported data for nickel oxide films.[159, 160] Here, the NiOx XAS spectrum 

represents transitions from Ni (2p63d8) to Ni (2p53d9), where the final state as probed by XAS is 

well described by atomic multiplet calculations for a single Ni2+ in an octahedral coordination 

(Figure 3.2). Upon Li and Zr doping, the high-energy feature b (and e for the LII edge) is 

significantly enhanced. This is consistent with a formal increase in the oxidation state of 

nickel.[159, 160] A similar enhancement in the intensities of features b and e is observed for a 

NiOx film after ozone exposure (Figure 3.3), which was previously found to increase the amount 

of higher oxidation state nickel species.[161]  

 

 

Figure 3.3 XAS spectra of Ni LII,III edge of NiOx materials in the total electron yield (TEY) 
mode, where the spectra have been normalized to the most intense peaks and overlapped along 

Y-axis. 
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Figure 3.4 (a) Cross-sectional SEM image of the Li1.81NiW0.21Ox film prepared on fluorine-
doped tin oxide, where the film is colored in green to enhanced visualization. This film was 
prepared under the identical conditions as the Li2.34NiZr0.28Ox film; (b) XRD spectra for the 

Li1.81NiW0.21Ox and Li2.34NiZr0.28Ox films. 
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Table 3.2 ICP-MS analysis for the electrochromic thin film (sputtered from Ni-W and Li2O 
targets) with different digestion time in 2% HCl solution 

Digestion 

Time 

[Li+]/mM [W6+]/mM [Ni2+]/mM [Li+]/[Ni2+] [W6+]/[Ni2+] 

1st run 0.2602 0.0279 0.1479 1.76 0.19 

2nd run 0.3731 0.0374 0.1903 1.96 0.20 

3rd run 0.2932 0.0395 0.1719 1.71 0.23 

 

Average [Li+]/[Ni2+] = 1.81 

Average [W6+]/[Ni2+] =0.21 

 

 Therefore, it is concluded that Li and Zr have been successfully doped into the nickel oxide 

lattice and modified its electronic structure. A nickel oxide-based electrode containing Li/W 

additives was prepared utilizing identical sputter deposition conditions as used for 

Li2.34NiZr0.28Ox. A chemical formula of Li1.81NiW0.21Ox was determined by ICP-MS (Table 3.2). 

It is noted that the film thickness and crystal structure of the Li1.81NiW0.21Ox film are identical to 

the Li2.34NiZr0.28Ox film (Figure 3.4). The XAS spectrum for Li1.81NiW0.21Ox demonstrates a 

similar co-doping effect as observed in Li2.34NiZr0.28Ox (Figure 3.5). The identical preparation 

procedure, crystal structure and electronic structure provide a great platform for the comparison 

of electrochromic performance and drawing conclusion on the importance of dopant selection. 

The stoichiometries of these two materials are not exactly the same due to the fact the 

preparation is process controlled, namely, the comparison study is based on the exactly same 

preparation procedures and parameters but different targets. 
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Figure 3.5 XAS spectra of Ni LII,III edge in the total electron yield (TEY) mode, where the 
spectra have been normalized to the most intense peaks and overlapped along Y-axis.
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Figure 3.6 Cyclic voltammetry and in-situ transmittance results (3rd cycle) of (a) Li2.34NiZr0.28Ox 
and (b) Li1.81NiW0.21Ox thin film electrodes, (c) ex-situ UV-vis-NIR spectra of as-deposited, 

bleached-state and dark state films, and (d) images of a Li2.34NiZr0.28Ox film in the bleached (top) 
and dark (bottom) states. 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = ln (%𝑇! %𝑇!) 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠        (3.1) 

 

 Cyclic voltammetry and in situ transmittance curves for a Li2.34NiZr0.28Ox and a 

Li1.81NiW0.21Ox thin film electrodes cycled in a 1 M LiClO4 dissolved in propylene carbonate are 

displayed in Figures 3.6a and 3.6b. The charge capacities (determined from the CVs) are 21.8 

mC/cm2 and 21.4 mC/cm2 for the Li2.34NiZr0.28Ox and Li1.81NiW0.21Ox electrodes, respectively. 

Interestingly, these capacities are close to what Granqvist and coworkers proposed for practical 
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device operation.[162] The charge capacities for Li2.34NiZr0.28Ox and Li1.81NiW0.21Ox can be 

controlled (modified) easily by varying the film thickness.  The optical modulation, measured as 

the transmittance difference between bleached and dark states, evaluates the dynamic range that 

an electrochromic film can achieve. The in-situ optical modulation at 670 nm for the 

Li2.34NiZr0.28Ox film is ~ 45% compared to ~35% for the Li1.81NiW0.21Ox film. As determined by 

EQ 3.1, where %Tb and %Tc represent the transmittances for bleached and dark states, 

respectively, the high specific optical density (defined as the optical density per micrometer) for 

the Li2.34NiZr0.28Ox film (11.7 µm-1 at 450 nm) better than that of the state-of-the-art porous WO3 

film (9.0 µm-1 at 670 nm).[102] A high specific optical density enables a reduction in film 

thickness without compromising optical contrast properties, therefore reducing manufacturing 

costs. It should be noted that a thicker Li2.34NiZr0.28Ox film (~200 nm) shows significantly 

improved optical modulation (~72% at 670 nm) while maintaining an optimal bleached state 

transparency (Figure 3.7).  

 As determined by EQ 1.5, the coloration efficiencies of Li2.34NiZr0.28Ox and Li1.81NiW0.21Ox at 

670 nm are ca. 33 cm2/C and ca. 31 cm2/C, respectively. Importantly, the bleached state of 

Li2.34NiZr0.28Ox film is much more transparent than that of Li1.81NiW0.21Ox film. Figure 3.6c 

provides the UV-vis-NIR spectra (300-1500 nm) for the as-deposited, bleached and dark films. 

Overall, the as-deposited films show similar optical characteristics except that the 

Li2.34NiZr0.28Ox film has slightly higher transmittance especially for irradiation wavelengths less 

than 400 nm. Due to band gap and d-d transition absorptions, the transmittance of nickel oxide 

films typically decreases when the irradiation wavelength is less than 800 nm.[61] However, the 

decrease does not occur in the bleached state of the Li2.34NiZr0.28Ox film. A significantly larger 



  53 

contrast in the bleached-state transparency is observed for the Li2.34NiZr0.28Ox film in the UV-Vis 

region relative to the Li1.81NiW0.21Ox film. 

Figure 3.7 Cyclic voltammetry and in-situ transmittance results (100th cycle) of a 200 nm thick 
Li2.34NiZr0.28Ox thin film electrode cycled in a 1 M LiClO4 dissolved in propylene carbonate with 

a scan rate of 20 mV/s.

 

 A relative determination of perceived light intensity with respect to the human eye is 

necessary when a high level of transparency and near colorlessness is desired in the bleach-state 

of an electrochromic device. Therefore, utilizing the UV-vis-NIR data in Figure 3.6c, the CIE-

defined L*a*b* color coordinates[93] are calculated as detailed in the experimental methods, 

where the three coordinates, L*a*b*, represent the lightness of the color (L*), its position 

between red/magenta and green (a*, negative values indicate green and positive values indicate 

magenta) and its position between yellow and blue (b*, negative values indicate blue and 

positive values indicate yellow). The b* values for the bleached states of Li2.34NiZr0.28Ox and 
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Li1.81NiW0.21Ox are estimated to be 6.5 and 12.6, respectively. A b* value below 8 is typically 

undetectable by the human eye indicating that the bleached-state for Li2.34NiZr0.28Ox is nearly 

colorless (no remnant yellow color, Figure 3.6d). Furthermore, the bleached-state transmittance 

of Li2.34NiZr0.28Ox is highly improved in the near infrared region. This improved transparency 

across the spectrum allows for more efficient control of solar heat gain and natural light 

harnessing. 

 Electrochromic processes in nickel oxide anodic electrodes are typically slower than in 

cathodic WOx electrodes and impede the overall switching kinetics of a layered electrochromic 

device.[55, 94, 96] Wet-chemical synthesis routes have been employed to fabricate porous nickel 

oxide structures in order to reduce the switching time from one state to another state.[94, 163] 

Improved optical switching (insertion and removal of lithium) has also been observed in 

modified nickel oxide films synthesized using conventional sputter techniques.[112] Ideally, in 

the current stage of electrochromic community, improving switching kinetics for sputtering 

produced materials is necessary and urgent. The switching kinetics was analyzed using potential 

step experiments and measuring the immediate response of transmittance under potential switch. 

The normalized in-situ transmittance changes under potential step cycling are shown in Figures 

3.8a and 3.8b, for Li2.34NiZr0.28Ox and Li1.81NiW0.21Ox, respectively. The switching speed is 

defined as the time required to achieve ~90% of transmittance change upon a potential step. In 

Li-ion electrolyte, the bleaching and coloration kinetics are both greatly improved for the 

Li2.34NiZr0.28Ox film, with bleaching (Tb) and coloration (Tc) times of 18 s and 20 s, respectively. 

The Tb and Tc times for Li1.81NiW0.21Ox are 61 s and 31 s, respectively. The switching kinetics of 

the Li2.34NiZr0.28Ox is equivalent with the state-of-the art WO3 materials[11, 53] and much 

improved relative to the reported nickel oxide-based electrode.[55]  
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Figure 3.8 Normalized transmittance changes upon a potential step cycle (3rd cycle from the as-
deposited film) for (a) Li2.34NiZr0.28Ox and (b) Li1.81NiW0.21Ox thin film electrode.
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Figure 3.9 XPS spectra of Li1.81NiW0.21Ox and Li2.34NiZr0.28Ox films: wide scan (a), Ni 2p (b), W 
4f and Zr 3d (c), Li 1s (d), C 1s (e) and O 1s (f); where the dots and lines represent the 

experimental and fitted data, respectively. 
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Figure 3.10 O K-edge XAS spectra for NiOx, Li1.81NiW0.21Ox and Li2.34NiZr0.28Ox films.

 

 The interface between an electrochromic film and electrolyte plays a crucial role in 

facilitating the efficient insertion and removal of lithium. The surface composition of the nickel 

oxide-based electrodes was probed with X-ray photoelectron spectroscopy (XPS) and O K-edge 

XAS. As shown in Figure 3.9, the XPS spectra for Li2.34NiZr0.28Ox and Li1.81NiW0.21Ox clearly 

demonstrate that the surface composition of the modified nickel-oxide films depends on the 

metal additives (Li/Zr vs. Li/W). High-resolution XPS identified every element (i.e., Li, Ni, W 

and O) present in the Li1.81NiW0.21Ox film. However, only Li and O are observed for the 

Li2.34NiZr0.28Ox film. This observation suggests that phase separation occurs during the 

deposition of the Li2.34NiZr0.28Ox film and a lithium rich layer (Li2O and/or Li2O2) is generated 

on the surface of the film. Oxygen K-edge XAS spectra can directly reflect structural 
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information about electronic structure of O ions in the lithium rich surface layer. Thus, providing 

information on the local unoccupied states with p character (via the dipole transition from O1s), 

which in transition metal (TM) oxides are sensitive to the exact nature of the O2p-TM3d 

hybridization as dictated by symmetry.[157, 164] As reported by Kuiper et al., O K-edge XAS 

from NiOx films is expected to display a strong sensitivity to doping.[165] Figure 3.10 shows O 

K-edge XAS spectra for NiOx, Li1.81NiW0.21Ox and Li2.34NiZr0.28Ox materials. The pre-edge 

feature at ca. 527 eV is attributed to the extra holes introduced by the doping. For the 

Li2.34NiZr0.28Ox sample we observe a remarkably different spectrum with a strong resonance at ca. 

532 eV, which is attributed to lithium peroxide (i.e., Li2O2).[166] The Li2O2 intensity is reduced 

for the Li1.81NiW0.21Ox film and is consistent with the XPS data where a lithium rich surface 

layer is not observed for Li1.81NiW0.21Ox. To the best of our knowledge, this is the first time that 

Li2O2 has been integrated with an electrochromic electrode. A recent theoretical study by Zhao et 

al. showed that graphene-intercalated Li2O2 is beneficial for Li+/e- diffusion.[154] Our present 

study suggests that the formation of a surface Li2O2 layer facilitates the efficient diffusion of Li+ 

and accounts for the superior switching kinetics observed in Li2.34NiZr0.28Ox relative to 

Li1.81NiW0.21Ox. 

 The highly improved electrochromic performance in the Li2.34NiZr0.28Ox electrode is also 

associated with the uniqueness of the composition of the multicomponent films. Figures 3.11 and 

3.12 compare the in situ optical modulation and switching kinetics of NiZrxOy and LixNiOy. In 

general, without in situ lithiation (Figures 3.11), the optical modulation for NiZrxOy is greatly 

reduced and the bleached-state transparency is significantly improved when Zr is present, 

presumably in the forms of Zr dopant and ZrO2 segregated phase. Without Zr addition (Figures 

3.12), the electrochromic films could only be cycled at low transmittance range (i.e., 
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compromised bleached-state transparency) and present unstable optical modulation. Furthermore, 

the Tb and Tc are increased to be 93 s and 31 s, respectively. These additional nickel oxide-based 

films allow us to conclude that the improved depth of coloration and switching kinetics are 

strongly reliant on the presence of ZrO2 and a lithium rich matrix (Li2O and Li2O2) in 

Li2.34NiZr0.28Ox. 

 

 

Figure 3.11 Cyclic voltammetry and in-situ transmittance results (3rd cycle) of ca. 80 nm thick 
NiZrxOy thin film electrodes cycled in a 1 M LiClO4 dissolved in propylene carbonate with a 
scan rate of 20 mV/s. The concentration of Zr increases from (a) to (c). The gun power for the 
Ni-Zr target was constant at 60 W, and the powers for the Zr target were 0 W, 45 W and 90 W 

for (a), (b) and (c), respectively.
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Figure 3.12 (a) Cyclic voltammetry and in-situ transmittance (670 nm) results of a ca. 80 nm 
thick LixNiOy thin film electrode cycled in a 1 M LiClO4 dissolved in propylene carbonate with a 
scan rate of 20 mV/s, where the 2nd, 50th and 100th cycles are shown to demonstrate the unstable 
performance of this electrode; and (b) normalized transmittance changes upon a potential step 

cycle (3rd cycle) for this electrode. 
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3.3 Conclusion 

 In conclusion, multicomponent nickel oxide-based electrochromic counter electrodes were 

fabricated using a novel one-step RF magnetron co-sputtering technique. This deposition 

technique yields high-quality electrochromic films and tunable control of material composition 

and structure that have allowed us to pursue the fundamental mechanisms of electrochromism. 

The addition of Li/Zr additives to nickel oxide was found to yield a superior performing 

electrochromic material in terms of optical modulation, bleached-state transparency and 

switching kinetics relative to the resulting nickel oxide material with Li/W additives. The 

ultrahigh specific optical density of Li2.34NiZr0.28Ox allows for increased manufacturability.  

 

3.4 Perspectives and Future Work 

 It has been shown that composition and preparation procedure are determining factors for 

electrochromic performance of a single multicomponent nickel oxide film. The optimization of a 

full device is strongly reliant on the performance contributed by each layer. Up to date, we have 

optimized cathodic electrode (i.e., tungsten oxide), anodic electrode (i.e., nickel oxide) and solid-

state lithium ion electrolyte (i.e., LiPON). A natural perspective is to assemble these layers into a 

full device and evaluate the electrochromic performance. Further device optimization is 

necessary including charge balance and interface engineering. It should be informed that the 

multicomponent design of anodic electrochromic films could be expanded into the development 

of cathodic electrodes and solid-state lithium ion electrolyte.  
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CHAPTER 4 INTERFACE ENGINEERING FOR ELECTROCHROMIC DEVICES 

4.1 Background and Motivation 

 

Scheme 4.1 Schematic illustration of a complementary electrochromic device with tungsten 
oxide and nickel oxide as cathodic and anodic electrodes, respectively. The electrochromic active 

layers are encapsulated by two TCO-coated glass substrates. 

 

 According to the schematic illustration of a full-stack electrochromic device in Scheme 4.1, 

there are at least six interfaces that could potentially affect the electron transport and lithium ion 

diffusion. The number of interfaces could be potentially as buffer layer are incorporated into the 

device. The discontinuity in materials composition, morphology and electronic structure 

generates electrochemical impedance and influences the charge transfer process thus determining 

the switching kinetics of electrochromic devices. The interface between glass and TCO plays a 

critical role in maintaining the mechanical stability of a whole device. In this thesis, TCO coated 
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glass substrates were purchased, so the glass/TCO interface is not studied. The interface between 

TCO and electrochromic film determines the electron transport in and out of the electrochromic 

film. The work function of the substrate affects the electron insertion and rejection to/from 

electrochromic films. The interface between electrochromic film and electrolyte determines the 

transport of lithium ions. As shown in some recent studies that the electron and lithium ion 

transports need to be balanced in order to obtain optimal charge transfer rate for lithium 

intercalation materials.[167] Herein, lithium peroxide (Li2O2) and graphene are reported as 

interfacial layers to facilitate electron and lithium ion transports. It is found that both interfacial 

layers are beneficial for the resulting electrochromic performance. The present study could 

potentially opens up a new avenue for studying interface modification for lithium intercalation 

materials in general. 

 

 

Scheme 4.2 Models for Li2O2 with (a) Féher structure, (b) DFT-relaxed Féher (Cota) structure, 
and (c) Föppl structure. Red and blue balls represent oxygen and lithium atoms, respectively. 

The dashed lines indicate lithium planes. Reprinted with permission from Reference[166]. 
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Figure 4.1 Measured Li (a) and O (b) K-edges of Li2O2 (top, circles) compared with the spectra 
computed from the Féher and Föppl structures. Reprinted with permission from Reference[166]. 

 

 The chemistry and physics of lithium intercalation have intrigued intensive research interest 

for energy storage,[130, 168] energy efficiency[15, 64] and fundamental materials science.[169, 

170] Solid-state lithium intercalation cells attract tremendous attention due to the advantages 

including ease of fabrication and operation, negligible self-discharge rate, and enhanced 

safety.[171-175] The operation of lithium intercalation cells involves shuttling lithium ions 

across the electrode/electrolyte interface, which is the controlling factor for charge transfer and 

determines high-rate capability[173, 176, 177] and switching kinetics[178] for lithium 

intercalation cells. Multiple efforts have been made to facilitate charge transfer, such as 
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conformal interface,[171] compositional control,[179] and buffer layer.[173] However, these 

modification methods may create extra interfaces, such as electrolyte/buffer layer and 

electrode/buffer layer interfaces. To date, there has not been a method that could create a 

continuous interfacial layer from bulk electrode to electrolyte. It is also noted that most studies 

were performed for lithium-ion batteries, and rarely any investigation was conducted for 

electrochromic devices. It has been showed in Chapter 3 that lithium peroxide occurred at the 

surface of a high performance anodic electrode (i.e., Li2.34NiZr0.28Ox) by an in situ lithiation 

process,[107] and it was suggested that the Li2O2 layer is relevant to electrochromic switching 

kinetics (i.e., charge transfer).[107] Meanwhile, recent theoretical investigations showed that 

lithium vacancies[180, 181] and carbon sheet dopant[154] could increase hole charge carrier 

concentration for Li2O2. Therefore, internal Li2O2 networks in lithium intercalation materials can 

potentially facilitate electron transport and hence switching kinetics. In the 1950s, XRD studies 

were used by Féher et al.[182] and Föppl et al.[183] to determine the crystal structure of Li2O2, 

and the authors proposed two disparate results (Scheme 4.2).[166] The Féher structure consists 

of lithium and oxygen atoms that nominally share each plane along the c-axis, while lithium 

atoms are located between adjacent oxygen planes. Subsequent theoretical and experimental 

studies confirmed the Föppl structure as the crystal structure of Li2O2.[166, 184] Specifically, 

Chan et al. recently reported nonresonant Li K-edge and O K-edge inelastic X-ray scattering 

spectra for Li2O2 (Figure 4.1),[166] which provide benchmarks for the identification of Li2O2 for 

future characterization of Li2O2. The authors also substantiated their conclusion with high energy 

X-ray diffraction, density function theory with hybrid functional and first-principle methods.[166] 

In light of this knowledge, the first study of using lithium peroxide as a continuous interfacial 

layer is reported for electrode/electrolyte interfaces specifically focusing on anodic 
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electrode/electrolyte interface. To the best of our knowledge, this is the first attempt to modify 

the interface between an electrochromic film and a solid-state electrolyte using Li2O2. 

 

 

Scheme 4.3 Carbon containing molecules/nanostructures (0D fullerene, 1D carbon nanotube 3D 
graphite) derived from graphene. Reprinted with permission from Reference[185]. 

 

 Graphene, the two dimensional carbon material, has attracted intensive attention due to the 

unique properties, such as optical and electronic properties. Graphene is an individual sheet of 

carbon atoms that are bonded to form honeycomb lattices, and it is the construction unit for 

fullerenes, carbon nanotubes and graphites, as shown in Scheme 4.3.[185] Within a graphene 

layer,  carbon atoms are bonded through sp2 hybridization with a C-C bond length of 1.42 
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angstrom.[186-188] The electron mobility on the planar direction of graphene exceeds 15,000 

cm2V-1s-1 at room temperature.[185] The electron mobility is strongly reliant on the temperature, 

sample preparation and defect states. 

 The optical transmittance of a graphene monolayer exceeds 95%.[188] In contrast to the 

traditionally used transparent conductive oxides (e.g., F-doped SnO2, In-dope SnO2), graphene 

exhibits extremely high transmittance states in the near infrared and short-wavelength infrared 

regions.[188, 189] The combination of high conductivity and optical transparency makes 

graphene a suitable candidate for transparent conductive substrates for solar cells and 

electrochromic devices. On the other hand, the deposition of graphene between the 

TCO/electrochromic film interface could not only modify the electron transfer (e.g., work 

function match) between external electrical circuit and electrochromic films but also alter the 

growth behavior of electrochromic films resulting in the morphologies/structures that may allow 

faster switching kinetics and shorter activation period. It is well documented that electrochromic 

films usually exhibit gradually improved performance with the increase of cycle number, namely, 

activation period.[111] The challenge becomes more difficult as the thickness of electrochromic 

film gets larger. Ideally, electrochromic devices should be at the optimal performance before 

transferring to market. Therefore, it is necessary to cycle electrochromic devices to get over the 

activation period, which is time consuming and energy inefficient resulting in increased 

manufacturing cost.  

 Recent developed transfer techniques allow the transfer of graphene to any arbitrary 

substrates.[188] The transfer process usually creates graphene layers that horizontally cover the 

substrates. It has been known that the conductivity in the direction perpendicularly to a graphene 

is much inferior to that in the horizontal direction.[190] The horizontal coating (Scheme 4.4c) of 
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graphene is beneficial for the mechanical stability of electrochromic films on the substrate 

relative to the perpendicular (Scheme 4.4a) or disordered coating (Scheme 4.4b), because the 

perpendicluar and disordered coating could compromise the adhesion between substrate and 

electrochromic film, as schematically shown in Scheme 4.4. The defective (uncovered) sites 

between graphene flakes in the horizontal coating provide efficient electron transport channel, 

while the graphene coating region could modify the growth behavior of subsequent 

electrochromic film. Furthermore, some previous studies have confirmed the interface between 

TCO and electrochromic film plays a critical role in switching kinetics.[191] Based on these 

hypotheses and facts, we herein report the first study of using horizontally graphene as an 

interfacial layer.[191] It is anticipated that the graphene layer could modify the electrochromic 

performance including switching kinetics and activation period. 

 

 

Scheme 4.4 Schematic illustration of the orientation of graphene flakes on FTO substrates and 
the effects on the growth behavior (morphology) of nickel oxide electrochromic films: (a) 

graphene flakes are perpendicular to the FTO substrate, (b) graphene flakes are disordered, and 
(c) graphene flakes are horizontally in contact with FTO substrate. 
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4.2 Results and Discussion 

 In the Results and Discussion section, the Li2O2 interfacial layer is discussed first and 

followed by the discussion of the graphene interfacial layer. 

 

 

Scheme 4.5 Experimental layout for the study of Li2O2 interfacial layer: (a) a conventional half-
cell with solid-state electrolyte layer (i.e., Li2.34NiZr0.28Ox/ LiAlF4) and (b) a novel half-cell with 

lithium peroxide interfacial layer and solid-state electrolyte layer (i.e., 
Li2.34NiZr0.28Ox/Li2O2/LiAlF4). 

 

4.2.1 Lithium Peroxide via Solid-State Reaction as a Continuous Interfacial Layer for 

Electrochromic Devices 

 We designed Glass/TCO/Li2.34NiZr0.28Ox/ LiAlF4 (Scheme 4.5a) and 

Glass/TCO/Li2.34NiZr0.28Ox/Li2O2/LiAlF4 (Scheme 4.5b) configurations to demonstrate the 

importance of the continuous Li2O2 interfacial layer, where Li2.34NiZr0.28Ox and LiAlF4 films are 

anodic electrode and solid-state electrolyte, respectively. The configurations are designated as 

Li2.34NiZr0.28Ox/ LiAlF4 and Li2.34NiZr0.28Ox/Li2O2/LiAlF4 for simplicity hereafter. We expect 

this interface to be relevant to electrochromic optical modulation, coloration efficiency, 

switching kinetics and bleached-state transparency. Furthermore, it is envisioned that the present 
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approach of interface engineering is applicable to other lithium intercalation cells, such as 

lithium-ion batteries. 

 

 

Figure 4.2 Soft X-ray absorption spectroscopy (XAS) of Li2.34NiZr0.28Ox and 
Li2.34NiZr0.28Ox/Li2O2 thin film electrodes in the total electron yield (TEY) mode: (A) Ni L-edge 
spectra, (B) O K-edge spectra. The highlighted O K-edge absorption region in (B) is attributed to 

the oxygen related to nickel oxide. 
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2𝐿𝑖 + 2𝑁𝑖!𝑂! → 4𝑁𝑖𝑂 + 2𝐿𝑖!𝑂!       (𝐸𝑄 4.1) 

 

 The Li2O2 material is created via a lithium metal thermal evaporation process. Evaporated 

lithium diffuses into Li2.34NiZr0.28Ox film and reacts with Ni2O3 form Li2O2 and NiO, as 

represented in EQ 4.1. To confirm the formation of Li2O2, soft synchrotron X-ray absorption 

spectroscopy (XAS) measurements were performed for electrodes prior to the LiAlF4 coating. Ni 

L-edge and O K-edge XAS are useful tools to identify the chemical environment at a material 

surface. Ni L-edge XAS represents dipole transitions from Ni 2p to Ni 3d states, including both 

the 2p3/2 (LIII) and 2p1/2 (LII) spin-orbit final states, and O K-edge XAS probes the local 

unoccupied states with p character via the dipole transition from O 1s.[107] Figure 4.2a shows 

the Ni L-edge XAS spectra and confirms that nickel oxidation states consist of Ni2+ and Ni3+ in 

Li2.34NiZr0.28Ox film.[107] The Ni3+ concentration is relatively high according to the shape of the 

Ni L-edge XAS[159, 160] and is presumably in the format of localized Ni2O3 in the film. 

Negligible Ni L-edge XAS signal is observed in the Li2.34NiZr0.28Ox/Li2O2 (Figure 4.2a) due to 

the thick coating of Li2O2 at the surface, which is further evidenced by O K-edge XAS (Figure 

4.2b). O K-edge XAS of Li2.34NiZr0.28Ox shows absorption bands at low energies (highlighted in 

Figure 4.2b) and high energy (i.e., 532 eV), which are originated from the oxygen associated 

with nickel oxide and Li2O2 (O 1s→π* transition of Li2O2), respectively.[166, 192] The 

absorption bands at low energies are completely invisible for Li2.34NiZr0.28Ox/Li2O2 sample. 

Since the penetration depth of XAS is ~ 5 nm in total electron yield (TEY) mode, we determine 

that the thickness of the Li2O2 layer is over 5 nm. Therefore, one can conclude that the solid-state 

reaction via lithium metal evaporation creates a Li2O2 layer at the surface of Li2.34NiZr0.28Ox. 
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According to the proposed reaction (EQ 4.1) and lithium diffusion in metal oxides,[193] it is 

expected that Li2O2 also exists in the bulk Li2.34NiZr0.28Ox film.  

 

 

Figure 4.3 (a) Cross-sectional TEM image for Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrode with 
annotated layer information, and the sample was prepared by focused ion beam with Pt 

protection; (b) Top-view SEM image for Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrode; (c) UV-Vis-
NIR spectra for Li2.34NiZr0.28Ox/LiAlF4 and Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrodes; and (d) 
XRD patterns for Li2.34NiZr0.28Ox/LiAlF4 and Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrodes with 

background corrected, and the electrodes were deposited on witness microscope glass substrates; 
the diffraction peak is originated from nickel oxide (111), JCPDS 65-2901. 

 

 The thicknesses of Li2.34NiZr0.28Ox and LiAlF4 are determined to be ca. 200 nm and ca. 50 nm, 

respectively (Figure 4.3a). SEM imaging shows that the LiAlF4-coated surface is rough and 

consists of ca. 150 nm agglomerations (Figure 4.3b). In addition, the deposition of Li2O2 
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increases the UV-Vis-NIR transmittance for the Li2.34NiZr0.28Ox/LiAlF4 film (Figure 4.3c), which 

is relevant to the decreased nickel oxidation state in bulk Li2.34NiZr0.28Ox film[107, 194] and 

consistent with  the bulk solid-state reaction mechanism (EQ 4.1). Furthermore, the crystallinity 

of nickel oxide in Li2.34NiZr0.28Ox/Li2O2/LiAlF4 is slightly decreased relative to that in 

Li2.34NiZr0.28Ox/LiAlF4, as indicated by the full width at half maximum of nickel oxide (111) 

peak. Therefore, it is confirmed that Li2O2 is also created in the bulk film and decreases the 

crystallite size of nickel oxide. According to the solid-state reaction mechanism, the amount of 

generated Li2O2 could be readily controlled with the amount of evaporated lithium and Ni3+ 

concentration in the film. Presumably, the penetration depth of the Li2O2 layer into the film is 

tunable with a similar process control. 

 Li2.34NiZr0.28Ox/LiAlF4 and Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrodes were evaluated by cyclic 

voltammetry (CV) and in situ transmittance measurements in a LiClO4 electrolyte dissolved in 

propylene carbonate (i.e., LiClO4-PC). As shown in Figure 4.4a, these electrodes are stable with 

extended CV cycles and exhibit activation periods in the first hundred cycles. In situ optical 

modulation (Figure 4.4a) and coloration efficiency (Figure 4.4b) of the 

Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrode are superior to those of the Li2.34NiZr0.28Ox/LiAlF4 

electrode. Bleaching kinetics (i.e., lithium/electron intercalation) was measured after the 

electrodes were operated for 500 CV cycles (Figure 4.4c), which shows that the 

Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrode is improved by 26% relative to Li2.34NiZr0.28Ox/LiAlF4. 

Bleaching kinetics was also investigated for the electrodes cycled from as-deposited states, as 

shown in Figure 4.4d. The films were tested for 200 CA cycles and kinetics was calculated every 

10 cycles. Both electrodes exhibit enhanced kinetics with cycle numbers owing to the activation 

process. Overall, Li2.34NiZr0.28Ox/Li2O2/LiAlF4  electrode exhibits faster bleaching kinetics than 
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Li2.34NiZr0.28Ox/LiAlF4 electrode, which strongly suggests that the interfacial Li2O2 layer reduces 

charge transfer resistance and facilitates lithium intercalation process. We could leverage our 

results with some recent theoretical studies.[154, 180, 181] For example, Hummelshøj et al. 

Shows that Li2O2 could exhibit metallic behavior when the concentration of lithium vacancies 

increases.[181] Radin et al. demonstrated that the surface of Li2O2 is metallic and provides a 

pathway for electron transport through the bulk.[180] Moreover, Dillon and coworkers recently 

reported p-type Li2O2 with suitable dopants.[154] Therefore, the present study provides 

experimental evidence that the continuous Li2O2 interfacial layer facilitates electron transport in 

the bulk Li2.34NiZr0.28Ox electrode and thereby enhances bleaching kinetics. The conductivity 

nature of the Li2O2 layer is not clear in the present study but suggested for future studies. 

 Dynamic smart windows should be capable of switching between high bleached state and 

deep dark state in order to allow tunable sunlight transmittance and solar heat gain coefficient. 

The deep dark state is achievable with the selection of materials composition, post-treatment and 

film thickness. On the contrary, the challenge remains for the high bleached state, which 

becomes worsened when each layer is assembled into a full stack device. In addition, inferior 

bleached states may lead to visually uncomfortable yellowish color.[95] Extensive efforts were 

made to improve the bleached-state transparency for a single electrochromic film[61, 95, 192] 

but very limited efforts were implemented for full-cell or half-cell devices. Bleached-state 

transparency is determined by the extent of neutralization of hole states in NiO6 octahedral unit 

by intercalated electrons from the external circuit. Internal conductive Li2O2 network in 

Li2.34NiZr0.28Ox could facilitate electron diffusion and yield a fast bleaching process. Here we 

show that the bleached-state transparency could be improved for a half-cell device with the Li2O2 

layer. Ex situ UV-Vis-NIR spectra is shown in Figure 4.5 for the Li2.34NiZr0.28Ox/LiAlF4  and 
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Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrodes cycled at 1.7 V vs. Li/Li+ for 5 min. UV-Vis 

transmittance is enhanced significantly for the Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrode. 

Specifically, the increased transmittance at the wavelength interval of 400-500 nm is beneficial 

for minimizing the uncomfortable yellowish color (i.e., increasing visual comfort).[61, 95, 192] 

It should be noted that the bleached-state transparency could be further improved with the 

increase of CA cycle numbers (data not shown).  

 

 

Figure 4.4 Performance evaluation for Li2.34NiZr0.28Ox/LiAlF4 and Li2.34NiZr0.28Ox/Li2O2/LiAlF4 
electrodes: (A) in situ transmittance modulation (at 670 nm) during CV cycling with a scan rate 

of 20 mV/s; (B) coloration efficiency calculated using the equation that was discussed in Chapter 
1; (C) bleaching kinetics tested after 500 CV cycles; and (D) bleaching kinetics for 

Li2.34NiZr0.28Ox/LiAlF4 and Li2.34NiZr0.28Ox/Li2O2/LiAlF4 electrodes that are cycled from as-
deposited states and recorded every 10 cycles. 
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Figure 4.5 UV-Vis-NIR spectra for the bleached Li2.34NiZr0.28Ox/LiAlF4  and 
Li2.34NiZr0.28Ox/Li2O2/LiAlF4  electrodes after 1.7 V–4.2 V–1.7 V vs. Li/Li+ continuous CA 

cycles, where each potential step was maintained for 5 min. 

 

4.2.2 Graphene as an Interfacial Layer between TCO and Electrochromic Film to Facilitate 

Charge Transfer and Activation Period 

 In order to evaluate the effects of graphene interfacial layer for electrochromic performance, 

we design four control samples, as shown in Scheme 4.6, where the anodic electrochromic film 

is the state-of-the-art Li2.34NiZr0.28Ox material discussed in Chapter 3. All electrochromic films 

were fabricated in the same period of time to eliminate systematic errors, and the film thickness 

remains constant for all the samples at ca. 200 nm. The thicknesses were confirmed with Dektak 

profilometer to be identical in all cases. These control experiments allow us to determine how 

electrochromic performance can be affected by the degree of graphene coverage. Figure 4.6 

shows that the number of graphene transfer (i.e., layer) determines the graphene coverage on 
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FTO. As indicated by the arrows, the area covered by graphene is increased as the number of 

transfer increases. The current profiles show that the conductivity of graphene-coated FTO is 

decreased relative to blank FTO. Importantly, the orientation of graphene is horizontally on the 

FTO substrate, which resembles the model in Scheme 4.4c. As proposed previously, this 

orientation is beneficial for the film/substrate adhesion thus enabling strong mechanical stability 

and electrochemical durability. 

 

 

Scheme 4.6 Experimental layout for the study of graphene interfacial layer: (a) a conventional 
Glass/TCO/Li2.34NiZr0.28Ox; (b), (c) and (d) are the electrodes with 1 transfer, 2 transfers and 4 

transfers of graphene layer prior to the coating of Li2.34NiZr0.28Ox. The framework of graphene is 
cited from Reference[195]. 
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Figure 4.6 AFM topographies and current profiles of graphene-coated FTO substrates: (a, b) 1 
graphene transfer, and (c, d) 2 graphene transfers. (a, c) and (b, d) are topography and current 

profiles, respectively. The arrows indicate the graphene sheets. 
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Figure 4.7 Switching kinetics of the resulting electrochromic films as a function of cycle number 
in the chronoamperometry (CA) mode: (a) bleaching kinetics, and (b) coloration kinetics. The 

electrochromic films were cycled from the as-deposited state. The number of layers indicates the 
number of transfers.  

 

 Electrochromic switching kinetics were measured and presented in Figure 4.7. Due to the 

different charge transfer mechanism, the bleaching and coloration kinetics experience different 

trends with the increase of cycle number. The bleaching kinetics are significantly facilitated with 

the increase of cycle number, while the coloration kinetics follow an opposite trend. Overall, the 

electrochromic film with 4 graphene transfers exhibits the fastest switching kinetics.  

 The long activation period of electrochromic films could increase the manufacturing cost, 

which becomes more challenging if the electrochromic films are prepared by physical deposition 

techniques, such as magnetron sputtering and to name a few, because physical deposition usually 
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leads to dense films and results in poor electrolyte infiltration. Long-term electrochromic 

measurement and in situ transmittance were performed using CV technique (Figure 4.8).  

 

 

Figure 4.8 In situ optical modulation (at 670 nm) during CV cycling with a scan rate of 20 mV/s, 
where the shadow region indicates the activation period. The curves at the lower and higher 
portions represent dark and bleached states, respectively. The number of layers indicates the 

number of transfers. 

 

 Similar to the bleaching kinetics (Figure 4.7a), the in situ optical modulation exhibits obvious 

activation period for the bleached-state transmittance. The longer activation period of bleached-

state transmittance is attributed to the poorer bleaching kinetics in the early stage of 

electrochemical cycling (Figure 4.7). The electrode with 2 graphene transfers presents minimal 

activation period of ~ 100 cycles, while other electrodes show much longer activation periods. It 

is noted that the dark state is independent on the graphene interfacial layer. Previous studies by 

Li et al. show that the transmittance of graphene-coated glass substrate is dependent on the 
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number of graphene transfer.[188] Generally, the transmittance state is compromised after the 

graphene transfer. Surprisingly, the bleached-state transparency of electrochromic films with 1 

and 2 graphene transfers is superior to that of the blank electrochromic film. Bleached-state 

transparency is determined by the degree of electron intercalation and neutralization of hole 

states in the NiO6 unit.[62] Therefore, the results demonstrate that graphene interfacial layer 

could facilitate the neutralization of hole states and therefore compensates the inhibiting factor of 

2 graphene layers. However, when the graphene coverage increases further (i.e., 4 layers), the 

activation period becomes longer than the blank electrochromic film, and no increase in 

bleached-state transparency is observed. Therefore, the activation period is associated with the 

ratio of graphene-covered and graphene-uncovered areas, which is due to the fact that 

electrochromic films need to be in contact with FTO to some extent in order to allow efficient 

electron intercalation.  

 Charge and discharge capacities represent the reversible charge intercalation and 

deintercalation during the electrochromic bleaching-coloration process. The capacities are 

important in term of maintaining charge balance between cathodic and anodic electrodes in the 

future full stack device operation. Due to the reduced electronic conductivity perpendicular to the 

substrate, charge and discharge capacities of the electrodes with graphene interfacial layer are 

inferior to the blank electrochromic film (Figure 4.9). However, their capacities experience 

activation periods, which is probably due to the activation or reconstruction of interfaces during 

the electrochemical cycling. High charge intercalation/deintercalation reversibility is required to 

prohibit charge accumulation in the electrochromic electrode. The reversibility was evaluated 

using the intercalation/deintercalation charge ratio. The reversibility remains extremely high (~ 

100%) for all the electrodes up to 500 cycles (Figure 4.10). 
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Figure 4.9 Charge (+) and discharge (-) capacities of electrochromic films during CV cycling 
with a scan rate of 20 mV/s. The number of layers indicates the number of transfers. 

 

 

Figure 4.10 Charge reversibility of electrochromic films during CV cycling with a scan rate of 20 
mV/s. The number of layers indicates the number of transfers. 
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 Coloration efficiency (CE) is a critical metric and is measured as the change in optical density 

(ΔOD) per unit of charge density (ΔQ) extracted from electrochromic films. High CE indicates 

that one can achieve large optical contrast with small charge intercalation thus enabling more 

efficient switching process. CE of electrodes with graphene interfacial layer is improved relative 

to the blank electrochromic film (Figure 4.11). Interestingly, CE also experiences an activation 

period in the first 30 cycles. Overall, the electrode with four graphene transfers exhibits the 

highest coloration efficiency, which is due to its inferior charge capacity (Figure 4.9). The exact 

mechanism between optical modulation, charge capacity and coloration efficiency is not very 

clear at this point and deserves future study. 

 

 

Figure 4.11 Coloration efficiencies for the electrochromic films calculated from CV cycling with 
a scan rate of 20 mV/s. The number of layers indicates the number of transfers. 
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Figure 4.12 Switching kinetics of electrochromic films after 500 CV cycles. The measurement 

was performed using chronoamperometry (CA) technique. 

 

 Switching kinetics after 500 CV cycles were also measured and shown in Figure 4.12. The 

coloration kinetics is independent on the number of graphene transfers, which is consistent with 

that observed in the electrodes cycled from the as-deposited state (Figure 4.7b). The best 

bleaching kinetics is observed in the electrode with two graphene transfers. The comparison of 

Figures 4.7a and 4.12 demonstrates that bleaching kinetics is highly reliant on the method of 

activation (e.g., CV or CA). The results also suggest that the switching kinetics of these 

electrochromic films is determined both by the cycling history and number of graphene transfers 

 The full-spectrum bleached-state transparency could be compromised, as extra interfacial 

layers are incorporate to electrochromic electrodes. Graphene coating is known to decrease 

optical transmittance of substrates.[188] The electrodes were cycled to bleached state and the 

results are shown in Figure 4.13. Surprisingly, the optical transmittance spectra are not affect 
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much by the interfacial graphene layer. The bleached films display extremely high transmittance 

in the near infrared region thus enabling high solar heat gain coefficient when used for smart 

windows. The photographs of the bleached films are shown in Figure 4.13b. The yellowish 

residual color is not observed in the films, which is critical for visual comfort. 

 

 

Figure 4.13 (a) UV-Vis-NIR spectra for the electrochromic films under the bleached states, and 
(b) the corresponding photographs, the transparent circles are the areas under test. 
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4.3 Conclusion 

 In this chapter, two methods of interface engineering were introduced. First, interfacial Li2O2 

layer that was created via a novel solid-state reaction and ist effects on the electrochromic 

performance  were investigated. The results demonstrated that this interfacial layer improved the 

performance for a half-cell device in terms of optical modulation, coloration efficiency, 

bleaching kinetics and bleached-state transparency. It is anticipated that the extent of Li2O2 

generation could be readily controlled with solid-state reaction parameters. To the best of our 

knowledge, this is the first reported one-step method to create a continuous interfacial Li2O2 

between electrode and electrolyte for lithium intercalation cells. It is expected this process to be 

applicable for general energy storage materials including lithium-ion batteries to enable fast 

charge/discharge rates. Second, graphene was used for the first time as an interfacial layer 

between FTO and electrochromic films. The AFM current profile studies showed that the 

electrical conductivity perpendicular to the substrate was significantly decreased after the 

graphene transfer. The resulting electrochromic electrodes were capable of reversibly cycling 

between dark and bleached states with charge reversibility of ~ 100%. The electrochromic 

evaluation showed that the activation period of anodic electrochromic films could be efficiently 

facilitated via the interface engineering by graphene. Bleaching kinetics (Li+/electron 

intercalation) was also accelerated with the graphene interface, but it is also found that the effects 

of graphene interface on bleaching kinetics are highly dependent on the cycling history of 

electrochromic films (e.g., CV or CA). Coloration efficiency was also improved with the 

graphene interface layer. Even though graphene was reported to decrease the optical 

transmittance of coated substrates,[188] the bleached-state transparency has not been decreased 
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in the present study thereby enabling efficient sunlight harness and solar heat gain in the 

bleached state. 

4.4 Perspectives and Future Work 

 The understanding of Li2O2 function is relatively clear and could be leveraged with several 

recent theoretical studies.[154, 180, 181] It is suggested that future work could focus on 

investigating how the thickness of Li2O2 affects electrochromic performance, and extending the 

solid-state reaction process for general energy storage materials, such as lithium-ion battery 

materials. Up to now, three techniques have been introduced to incorporate lithium into an 

electrochromic film, i.e., in situ lithiation, electrochemical lithium intercalation and lithium metal 

evaporation. It is worthy to conduct a thorough study to comprehensively compare their effects 

on electrochromic performance. Furthermore, it is known that the oxidation states of transition 

metals (e.g., nickel) could be modified with the incorporation of lithium, while materials 

syntheses and post-processing technique, such as substrate temperature, sputtering atmosphere 

and ozone exposure, could also be used to control the oxidation states. Therefore, it is 

meaningful to include these methods to tune the oxidation states of electrochromic materials. 

 It is known that graphene interfacial layer could be beneficial for electrochromic performance. 

However, the exact mechanism of the promoting effect of graphene is unclear at this point. 

Future study should be implemented to confirm that the graphene layer changes the growth 

behavior of the electrochromic films. It is likely that the film morphology is modified leading to 

the enhancement in electrochromic performance. The current graphene transfer process is time 

consuming and cost inefficient, so future work could leverage with some cost-effective 

deposition of transparent conductor, such as ultrasonic spray deposition.[196] Other carbon 
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materials, such as carbon nanotube and fullerene, could be potentially effective for similar 

interface engineering, and therefore worthy to study. 
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CHAPTER 5 ORIGIN OF ELECTROCHROMISM AND THE IMPLICATION FOR 

LITHIUM-AIR BATTERIES 

5.1 Background and Motivation 

 Lithium intercalation chemistry has intrigued tremendous interests in materials science 

research for the applications of energy storage, energy efficiency and semiconductor chemistry 

and physics. The intercalation of lithium ions and charge-compensating electrons could be 

interpreted as a doping process, as the intercalated ions and electrons could modify the electronic 

structure of the host. The unraveling of intercalation process in electrochromic materials could 

potentially provide alternative routes to dope semiconductors and to understand the 

electrochemical process of energy storage materials. As discussed in Chapter 1, the 

electrochromism of nickel oxide materials in proton electrolytes are well studied and essentially 

attributed to the reversible change of nickel oxidations states and crystal phases, for example, 

reversible switching between NiO and NiOOH.[14] However, the electrochromism remains 

challenging when nickel oxide materials are cycled in lithium-ion based electrolytes.[15] 

Furthermore, lithium is becoming an intensive research focus for modifying the electronic 

structure of semiconductive materials.[197] Therefore, unraveling the electrochromism could 

shed light on the understanding of lithium doping chemistry and physics.  

 If the electrochromism in lithium-ion electrolyte is indeed associated with the reversible 

oxidation state change of nickel ions, there should be other chemical reactions occurring to allow 

the charge balance of overall chemical reaction. In the Chapter 3, Li2O2 was reported to exist at 

the surface of a high performing Li-doped nickel oxide material. The switching kinetics 

suggested that Li2O2 could provide an efficient diffusion pathway for electrons. However, it is 

unknown whether or not the compound would experience any chemical reaction during the 
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electrochromic process. As is known from the Chapter 1 that irreversible deposition of Li2O2 

could be problematic for lithium-air batteries, because it could cause the clogging of air cathode 

materials and inhibit the transport of reactant gas, i.e., O2. Furthermore, it is recently found that 

Li2O2 could react with carbon materials resulting in the failure of cathode materials.[147] The 

voltage range of electrochromic cycling is similar to that in lithium-air batteries, therefore the 

understanding of Li2O2-related reactions in electrochromic materials could provide an alternative 

route for developing new electro-catalyst and cathode materials to enable reversible formation 

and decomposition of Li2O2 thus enabling long lifetime and reversibility for lithium-air batteries. 

 

5.2 Results and Discussion 

 In the Results and Discussion section, the electrochromism in lithium-ion electrolyte is 

discussed first and followed by the implication for lithium-air batteries. The efforts are mainly 

implemented at the Beamlines 10-1 and 6-2 of Stanford Synchrotron Radiation Lightsource at 

the SLAC National Accelerator Laboratory. 

 

5.2.1 Origin of Electrochromism 

 Li2.34NiZr0.28Ox and Li1.81NiW0.21Ox electrochromic films are used as the candidates to study 

the origin of electrochromism, while the Li1.81NiW0.21Ox electrochromic film is used for the 

study of electro-catalyst for lithium-air batteries. The reason that Li1.81NiW0.21Ox electrochromic 

film is used for lithium-air batteries is that in the pristine (as-prepared) Li1.81NiW0.21Ox, we 

observed limited amount of Li2O2 species on the surface therefore minimizing the 

“contamination” effects on the electrochemically induced Li2O2. Certainly, it is believed that the 

obtained understanding is equally applicable for Li2.34NiZr0.28Ox materials. 



  91 

 

Figure 5.1 X-ray absorption spectra for the Li2.34NiZr0.28Ox film: (a) Ni L-edge XAS of the as-
deposited, bleached and dark states for Li2.34NiZr0.28Ox; (b) Ni K-edge XAS of the as-deposited 
(black), bleached (green) and dark (red) states for Li2.34NiZr0.28Ox, where the insets display the 

magnifications for the pre-edge feature and absorption edge. 
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The electrochromic mechanism of nickel oxide-based materials in Li-ion electrolytes can be 

elucidated by X-ray absorption spectroscopic studies. In Figure 5.1, a Ni K-edge and Ni L-edge 

XAS study is provided to shed light on the electrochromism in Li2.34NiZr0.28Ox. As shown in 

Figure 5.1a, there is minimal difference between the Ni L-edge XAS spectra for the 

Li2.34NiZr0.28Ox dark-state and as-deposited Li2.34NiZr0.28Ox films.  The spectra are consistent with 

the presence of high valence state Ni species (i.e., high hole concentration).[160] The location of 

the hole states is described below. The Ni L-edge XAS spectrum for the Li2.34NiZr0.28Ox bleached 

state shows a significant decrease in the intensities of features b and e relative to the dark-state, 

indicating a loss of hole states (Figure 5.1a). We interpret these results as a neutralization of the 

initial hole states by electrons from the external circuit leading to the bleached nickel oxide film. 

The penetration depth of soft X-rays (i.e., Ni L-edge) is limited to ~5 nm. To probe the bulk 

electronic structure of nickel oxide in Li2.34NiZr0.28Ox throughout the entire film, Ni K-edge XAS 

was measured (Figure 5.1b). Shifts in the pre-edge feature and absorption edge in the Ni K-edge 

XAS can be associated with the holes introduced by doping nickel oxide with lithium oxide, as 

reported by Pickering et al.[198] The pre-edge feature and absorption edge both shift to higher 

energy as the Li2.34NiZr0.28Ox film is cycled from the bleached state to the dark state indicating an 

increase in holes in the NiO6 unit. The observed change in the nickel oxide electronic structure 

with cycling as observed with Ni K-edge XAS is consistent with the soft X-ray data in Figure 

5.1a. These XAS data further confirm that the electrochromic process can be associated with a 

reversible change in the Ni oxidation state, which is closely related to the well-known Bode 

mechanism.[14] An identical Ni K-edge and Ni L-edge XAS study on Li1.81NiW0.21Ox confirms 

that this mechanism is applicable for various nickel oxide-based anodic electrodes in Li-ion 

electrolytes (Figure 5.2).  
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Figure 5.2 X-ray absorption spectra for the Li1.81NiW0.21Ox film: (a) Ni L-edge XAS of the as-
deposited, bleached state and dark state Li1.81NiW0.21Ox films; (b) Ni K-edge XAS of the as-

deposited (black), bleached state (green) and dark state (red) Li1.81NiW0.21Ox films. 
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We note that although the XAS spectral changes (Figures 5.1 and 5.2) are consistent with a 

formal increase in the oxidation state of nickel, it has been shown that the Ni L-edge in Li doped 

NiO cannot simply be ascribed by a linear combination of Ni2+ and Ni3+ in an octahedral 

environment using crystal field theory.[160] Sawatzky and coworkers interpreted the Ni L-edge 

XAS spectra for Li doped NiO by accounting for the hybridization of the doped holes with the 

Ni 3d states and concluded that the doped holes must be delocalized over the oxygen sites on the 

NiO6 cluster.[160] This interpretation is supported by previous O K-edge XAS[165] and 

subsequent ab initio calculations.[199] However, a recent density functional calculation on Li 

doped NiO using both the HSE06 hybrid functional and density functional theory + U 

approaches showed that the system is better described with the hole localized on the nickel 

ion.[200] Although the exact nature of the hole states in lithium doped nickel oxides remains a 

topic of intense study, the presence of holes and the sensitivity of XAS to the changes in the 

electronic structure of nickel oxide is well supported. It is also noted that lithium intercalation 

during material preparation or during electrochemical cycling imposes different effects on the 

electronic structure of the NiO6 unit, which provides alternative opportunities for selectively 

synthesizing p-type or n-type doped semiconductors. 

 

5.2.2 Implication for Lithium-Air Batteries 

 Since the following discussion is surrounding the identification of lithium compounds during 

the charge and discharge process, such as Li2O, Li2CO3 and Li2O2, it is important to have precise 

techniques to identify these species. In addition, accurate monitoring of formation and 

decomposition of reaction products is vital to the optimization of lithium-air batteries.[201] The 
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identification of Li2CO3 is relatively straightforward with widely used X-ray techniques, e.g., 

XPS, as the interpretation of binding energy shifts of Li and O 1s spectra usually provide definite 

fingerprint for Li2CO3.[202] Solid-state NMR is also an informative technique to distinguish 

Li2O2 from Li2CO3.[201] X-ray Raman Scattering (XRS) is another important technique that 

could detect Li2CO3. XRS is similar to conventionally used optical Raman spectroscopy except 

the difference in the wavelengths of excitation sources. XRS utilizes the non-resonant inelastic 

X-ray scattering from deep core-level electrons via the excitation of core-level electrons to 

unoccupied states. Therefore, the data information is equally applicable to interpret X-ray 

absorption spectra. Weng and Nordlund have recently adopted XRS to identify Li2CO3 at the 

SLAC National Accelerator Laboratory, as shown in Figure 5.3.  

 

 

Figure 5.3 X-ray Raman Scattering (XRS) spectrum for Li2CO3 obtained at the Beamline 6-2 at 
the SLAC National Accelerator Laboratory. Data courtesy of Weng and Nordlund. 
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Scheme 5.1 Schematic illustration of Li2O crystal structure in the ball-stick model. The red and 
purple balls represent oxygen and lithium ions, respectively. The illustration is cited from 

Reference[203]. 

 

 There is strong debate on the oxygen reduction products in the air cathode in lithium-air 

batteries. Most studies identified Li2O2 as the main product while some studies suggested that 

Li2O is the major product. This debate is partially originated from the poor availability of 

detection techniques for differentiating Li2O2 and Li2O. The crystal structure of Li2O2 has been 

discussed in Chapter 4 (Scheme 4.2). Here, a brief discussion of the crystal structure of Li2O is 

presented. The schematic illustration of Li2O crystal structure is shown in Scheme 5.1. Li2O is in 

the antifluorite structure (Fm3m-225), where oxygen ions are packed in a face-centered cubic 

structure and lithium ions are located in the tetrahedral intersticies.[203, 204] 
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 FEFF simulation is the automatic ab initio calculation of XAS spectra and could be used to 

provide guidance for data interpretation. Figure 5.4 shows the calculated XAS spectra for Li2O2 

and Li2O using FEFF simulation. For Li2O2, we observe a characteristic peak around 532 eV that 

is originated from the O 1sπ* transition of Li2O2. This fingerprint feature could be used to 

distinguish Li2O2 from Li2O. Later, Weng and Nordlund performed XRS study and the results are 

shown in Figure 5.5. The experimental data is in good agreement with the simulation data shown 

in Figure 5.4. Furthermore, the spectra are distinct from that for Li2CO3 (Figure 5.3).  

 Up to now, the theoretical and experimental data for Li2CO3, Li2O2 and Li2O have been 

discussed, and we can utilize this understanding to identify the redox products in electrochromic 

materials. 

 

  

Figure 5.4 FEFF simulation of O K-edge XAS spectra of Li2O2 (blue) and Li2O (green). Data 
courtesy of Weng and Nordlund. 
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Figure 5.5 X-ray Raman Scattering (XRS) spectra for Li2O2 (blue) and Li2O (green) obtained at 
the Beamline 6-2 at the SLAC National Accelerator Laboratory. Data courtesy of Weng and 

Nordlund. 
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Figure 5.6 Comparison of O K-edge XAS experimental data (blue) with the theoretical spectra 
for Li2O2 (green) and Li2O (red). The Li1.81NiW0.21Ox electrochromic film was discharged (Li+/e- 

intercalation) for 2 min at 1.7 V vs. Li/Li+ in LiClO4-PC electrolyte. The measurement was 
performed in TEY mode. 

 

 The XAS experimental data for a discharged Li1.81NiW0.21Ox electrochromic film is shown in 

Figure 5.6, where the theoretical spectra for Li2O2 and Li2O are displayed as well for comparison. 

The experimental O K-edge XAS spectrum is in great agreement with theoretical O K-edge XAS 

spectrum of Li2O2 in term of the absorption edge (O 1sπ* transition). Post-edge feature (534-

550 eV) is not completely consistent with the theoretical data. Nevertheless, it should be noted 

that the post-edge feature is very sensitive to the local structure of Li2O2. Previous study by Chan 

et al. suggested that post-edge could be modified significantly depending on the crystal structure 

of Li2O2, i.e., Féher or Föppl structures.[166] It is most likely that the Li2O2 forming during the 
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electrochemical discharge is defective, non-stoichiometric or not purely crystalline. This 

interpretation is actually consistent with the XAS measurements, because in order to allow the 

X-ray excited electrons to be measured, the film must be conductive. No nickel oxide related O 

K-edge absorption (Figure 3.10) is observed in the discharged film, indicating that the electrode 

surface is completely covered with several nanometer thick Li2O2. The formation of Li2O2 in 

electrochromic film is in coincidence with the oxygen reduction product in the air cathode of 

lithium-air batteries. The next question is whether or not the Li2O2 is reversible.  

 

 

Scheme 5.2 Schematic illustration of sample preparation by CA cycling for XAS measurements, 
where the samples are switching between 1.7 V and 4.2 V vs. Li/Li+ in LiClO4-PC and each 

potential step is held for 2 min.  

 

 In order to investigate the reversibility of Li2O2, the Li1.81NiW0.21Ox electrochromic film was 

charged and discharged for 20 CA cycles, as schematically shown in Scheme 5.2. The XAS data 

were collected at the 1st and 20th cycles on both bleached and dark states (Figure 5.7). It is found 

that the reversibility of Li2O2 is independent on the cycle number. The Li2O2 fingerprint 

absorption peak is observed for the bleached states at 1st and 20th cycles, and disappears in the 

dark states in 1st and 20th cycles. Conversely, the pre-edge nickel oxide related O K-edge 

absorption peaks exhibit opposite trend upon the CA cycles. The results suggest that the 

Li1.81NiW0.21Ox electrochromic film possesses significantly different chemical environment at the 

surface depending on the coloration states. In detail, the surface is dominated by Li2O2 and nickel 

oxide related species in the bleached state and dark state, respectively. Finally, one can conclude 



  101 

that Li2O2 is highly reversible and could be completely decomposed in the coloration process 

under the CA cycle condition. 

 

 

Figure 5.7 O K-edge XAS spectra (TEY mode) for the Li1.81NiW0.21Ox electrochromic film in the 
bleached (upper, blue and black curves) and dark (lower, green and red curves) states. XAS 

samples were prepared according to the electrochemical technique presented in Scheme 5.2, and 
1st and 20th cycles were selected for the measurements. 

 
 In order to study the build-up process of Li2O2, the 1.7 V to 4.2 V to 1.7 V steps were broken 

down stepwise, as shown in Scheme 5.3. XAS measurements were taken at the end of each 

potential step. Ni L-edge XAS were performed first to confirm that the change of color state is 

consistent with the modification of nickel oxidation state. Ni L-edge XAS corresponds to dipole 

transitions from Ni 2p to Ni 3d states, including both the 2p3/2 (LIII) and 2p1/2 (LII) spin-orbit final 

states. Due to the direct dipole transition from 2p to 3d orbitals and the high resolution in the soft 
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x-ray regime, L-edge XAS of transition metals is sensitive not only to the valency of the metal, 

but also to the detailed energetics of the ligand-3d interactions governed in particular by 

symmetry, as well as spin and hybridization.[157] Although rigorous treatment of all possible 

final states can be complicated,[158] the most salient features of the transition metal L-edge can 

be captured by atomic calculations by the introduction of crystal field effects.[157] 

 

 

Scheme 5.3 Schematic illustration of sample preparation by CA cycling for XAS measurements, 
where the samples are switching step-wise from 1.7 V to 4.2 V to 1.7 V vs Li/Li+ in LiClO4-PC 
and each potential step is held for 2 min. The XAS measurements were taken at the end of each 

potential step and numbered from 1 to 13. 

 

 

Figure 5.8 Current profile for the sample cycled using the CA cycling shown in Scheme 5.3. 
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 Figure 5.8 displays the current profile of the sample cycled using the CA cycling shown in 

Scheme 5.3. Figure 5.9 shows the Ni L-edge XAS spectra for the samples cycled following the 

procedure in Scheme 5.3. The XAS spectra for the fully charged and discharged electrochromic 

films are used as references. These spectra are consistent with Figures 5.1a and 5.2a. We note 

that the XAS spectra for the charged and discharged electrochromic films closely resemble 

previously reported data for nickel oxide films. Here, the Ni L-edge spectra represent transitions 

from Ni (2p63d8) to Ni (2p53d9), where the final state as probed by XAS is well described by 

atomic multiplet calculations for a single Ni2+ in an octahedral coordination. The high-energy 

features of LIII and LII peaks are increased when the film is charged and decreased when the film 

is discharged, respectively. This is consistent with the origin of electrochromism in nickel oxide 

materials. We observed increases in absolute signal of Ni L-edge XAS as the film is cycled 

incrementally from 1.7 V to 4.2 V. The TEY mode in XAS experiments allows a detection 

thickness of several nanometers. Furthermore, the Ni L-edge signal is dependent of the thickness 

of Li2O2 on the surface of electrochromic film. Therefore, the change in the signal intensity is 

indicative of the thickness of Li2O2. 

 The thickness of Li2O2 is estimated using the mean free paths of electrons both in the TEY 

and AEY modes, as shown in Figure 5.10. Overall, a great agreement is observed in the 

thickness estimated by TEY and AEY modes. The Li2O2 layer is decomposed as the potential 

gradually increases from 1.7 V to 4.2 V. No significant change in Li2O2 thickness is observed as 

the potential is decreased from 4.2 V to 3.0 V. The Li2O2 starts growing significantly as the films 

is cycled from 3.0 V to 1.7 V. It is noted that small increments in anode voltage doesn't 

completely get rid of the Li2O2 surface layer, but large anode jumps (and held there for 5min vs 

2min) does eliminate the Li2O2 surface layer (Figure 5.11).  
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Figure 5.9 Ni L-edge XAS spectra (TEY) for the Li1.81NiW0.21Ox electrochromic film. The full 
charged (brown) and discharged (red) films are used as reference and provided in the inset. 

 

 

Figure 5.10 Estimation of surface Li2O2 layer thickness using TEY (black) and AEY (green) 
modes. The "Reference" samples are the bleached and dark samples from the single cycle data 
set. For the calculation of thickness from TEY, effective mean free path based on maximum 
probing depth TEY studies of a metal on different surfaces was used. For the calculation of 
thickness from AEY, mean free path was obtained from the “universal curve” with electron 

kinetic energy fixed at 800 eV. 
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 The next question is how Li2O2 is built up or decomposed in a single potential step. It has 

been mentioned that a large potential jump is able to remove the Li2O2 surface layer. Figure 5.11 

shows the formation and decomposition of Li2O2 in a potential step cycles from 1.7 V to 4.2 V. 

The data show that the rate of Li2O2 formation is faster than that of Li2O2 decomposition, namely, 

the discharging rate is faster than the charging rate, which should be associated with the 

difference between bleaching and coloration kinetics of the electrochromic film. This 

observation demonstrates that Li2O2 formation is indeed due to the lithium intercalation but not 

originated from the internal transformation of lithium compound (e.g., Li2O) in the 

electrochromic film. 

 

 

Figure 5.11 Formation and decomposition processes for the surface Li2O2 layer, where the 
electrochromic film was cycled between 1.7 and 4.2 V vs Li+/Li and held at the potential for 5 

min. XAS measurements were performed both in the intermediate and end states. 

 

 Based on the above discussion, one can conclude the reversible change in nickel oxidation 

state is directly correlated with the formation and decomposition of Li2O2. Nickel oxidation state 
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is increased as the Li2O2 is decomposed, and decreased as the Li2O2 is created. The observation 

has not been reported previously either for electrochromics or lithium-air batteries. We expect 

this observation is relevant to the development of both electrochromic materials and lithium-air 

battery materials.  

 

 

Scheme 5.4 Schematic illustrations for Li+/e- intercalation (a) and deintercalation (b) processes. 
The lithium counter electrodes are not presented in the schemes. 

 

 In the following discussion, the formation mechanism of Li2O2 is discussed. Electrochemical 

stoichiometric reaction is proposed here. The as-deposited materials exhibit complex 

stoichiometric information could be represented as [(Li2O)u·(Ni2O3)v·(NiO)x·(WO3)y]·(Li2O2)z, 
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where the stoichiometric information is denoted by u, v, x, y and z. According to the XAS 

studies in Chapter 3, it is known that Li dopant could enhance the p-type characteristics of nickel 

oxide materials, i.e., increase the nickel oxidation states, so here Li2O represents the Li ions that 

occupy nickel site in nickel oxide lattice and create Ni2O3. Li2O2 is the intrinsic species created 

by thin film fabrication process. During the Li+/e- intercalation process (Scheme 5.4a), electrons 

are intercalated into the NiO6 unit while Li+ occupy the interstitial site of nickel oxide lattice 

resulting in the reduction of nickel oxidation state (i.e., n-type dopant). Meanwhile, the 

intercalated Li ions gain oxygen from Ni2O3 to produce Li2O2, as shown in EQ 5.1. The 

simplified reaction equation is provided in EQ 5.2. Upon Li+/e- deintercalation, the reversed 

reaction occurs resulting in the decomposition of Li2O2. This mechanism may be too simplified 

but could perfectly explain the evolution of both nickel oxidation state and Li2O2. 

 

2[(Li2O)u·(Ni2O3)v·(NiO)x·(WO3)y]·(Li2O2)z + 2vLi+ +2ve‐  vLi2O2 + 

2[(Li2O)u·2(NiO)v·(NiO)x·(WO3)y]·(Li2O2)z             (5.1) 

 

2Ni2O3 + 2Li+ + 2e‐  4NiO + Li2O2             (5.2) 

 

 In order to use the electrochromic materials as the cathode materials for lithium-air batteries, 

Li2O2 need to be generated with the presence of O2 or air. Experiment was performed to expose 

the electrochromic film to air for 2 hours and O K-edge XAS was acquired. Figure 5.12 shows 

the O K-edge XAS spectra for as-deposited, bleached (discharged) and air-exposed 

Li1.81NiW0.21Ox electrochromic film. It is found that the Li1.81NiW0.21Ox could adsorb O2 from air 

and simultaneously creates Li2O2 on the surface. There is also a possibility that Li2O2 is 
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generated by the self-segregation of Li2O2 from the bulk electrochromic films. Regardless of the 

exact formation mechanism of Li2O2, the study suggests that the formation of Li2O2 could be 

enhanced when including the electrochromic materials in air cathode materials, which could 

potentially increase the charge capacity (i.e., energy density) for lithium-air batteries.  

 

 

Figure 5.12 O K-edge XAS spectra (TEY mode) for the Li1.81NiW0.21Ox electrochromic film in 
the as-deposited, bleached (discharged) and air-exposed states. 

 

 There are several pathways that could potentially transfer our understanding to lithium-air 

battery applications, as below. 

• Use electrochromic materials as oxygen source for lithium-oxygen batteries;  

• Use electrochromic materials as electro-catalyst on carbon air cathode for lithium-air 

batteries; 

• Use electrochromic materials directly as air cathode for lithium-air batteries; 

• Propose new concept of energy storage, such as electrochromic batteries. 
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5.3 Conclusion 

 In conclusion, electronically modified multicomponent and high-performing nickel oxide-

based electrochromic counter electrodes were first fabricated via a novel one-step RF magnetron 

co-sputtering technique. The electrochromic effect in multicomponent nickel oxide-based 

materials was found to arise from the reversible formation of hole states in the NiO6 cluster. This 

mechanistic representation was supported by XAS and is consistent with a formal change of Ni 

oxidation states. It is also found that Li2O2 could be reversibly formed and decomposed in the 

electrochromic films during the lithium intercalation and deintercalation processes, respectively. 

The evolution of Li2O2 during electrochemical cycling is in great agreement with the 

modification of nickel oxidation states, and explained by the proposed stoichiometric 

electrochemical reaction. Furthermore, the Li2O2 could be automatically created when the 

electrochromic film was exposed to air. The electrochemical and air exposure reactions could be 

leveraged with lithium-air batteries applications. Four possible ways of using the electrochromic 

films for lithium-air batteries were proposed.  

 

5.4 Perspectives and Future Work 

 The current XAS results were achieved from ex situ studies. Future work should be focused 

on the in situ study of lithium intercalation and deintercalation from the standpoint of both liquid 

electrolyte and solid-state electrolyte systems. As proposed in the Section 5.2, the future work 

should be surrounded with the four possibilities of utilizing electrochromic materials for lithium-

air batteries. The incorporation of these materials in practical lithium-air batteries is envisioned 

in the near future. The next step of materials revolution is also envisioned with our understanding 

of electrochromism and redox process during electrochemical cycling.  
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CHAPTER 6 CONCLUSION AND PERSPECTIVES 

 This thesis summarizes the PhD research efforts on using smart nickel oxide materials to 

study the lithium intercalation chemistry and physics for the applications of smart windows (i.e., 

energy efficiency) and lithium-air batteries (i.e., energy storage).  

 A multicomponent design was proposed to fabricate high performing electrochromic films, 

and the Li2.34NiZr0.28Ox was showcased to demonstrate the effectiveness of the multicomponent 

design. The electrochromic results demonstrated that we could obtain extremely high performing 

anodic electrochromic films that are much superior to the materials reported in the literature. The 

functionality of these high performing electrochromic materials is originated from modified 

electronic structure, nanoscale morphology and internal conductive network in the materials. 

One of the envisioned perspectives is to realize multicomponent electrochromic materials via 

wet-chemical synthesis routes and to build nanostructures for high performing electrochromic 

materials, such as nickel oxide and tungsten oxide materials.  

 The thesis also presents results on the investigation of the interface engineering for 

electrochromic devices. The modifications of interfaces by graphene layer and lithium peroxide 

layer were presented. The studies showed that interface engineering is necessary to facilitate the 

charge transfer across the interfaces, and electrochromic performance could be improved. The 

electrochromic mechanism and the implication for lithium-air batteries are studied with the aid 

of advanced synchrotron lightsource at the SLAC National Accelerator Laboratory. The 

electrochromic effect in multicomponent nickel oxide-based materials was found to arise from 

the reversible formation of hole states in the NiO6 cluster accompanying with the reversible 

formation of Li2O2. This study suggests that our electrochromic materials could be used as 
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cathodes for lithium-air batteries. Finally, some work in the PhD project is cited as references 

due to space constraints. 
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LIST OF ABBREVIATIONS 

AEY       Auger Electron Yield 

AFM       Atomic Force Microscopy 

CA       Chronoamperometry 

CE       Coloration Efficiency 

CV       Cyclic Voltammetry 

CVD       Chemical Vapor Deposition 

EDX       Energy Dispersive X-ray Spectroscopy 

EXAFS      Extended X-ray Absorption Fine Structure 

FESEM      Field Emission Scanning Electron Microscopy 

FTO       Fluorine-doped Tin Oxide 

FWHM      Full Width at Half Maximum 

HERFD      High Energy Fluorescence Resolution Detection 

HRTEM      High-resolution Transmission Electron Microscopy 

HTT       Heat Transfer Tape 

ICP-MS      Inductively Coupled Plasma Mass Spectrometry 

JCPDS      Joint Committee on Powder Diffraction Standards 

NMR       Nuclear Magnetic Resonance 

OD       Optical Density 

ORR       Oxygen Reduction Reaction 

PC       Propylene Carbonate 

Q        Charge Capacity 

RF       Radio Frequency 
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SEM       Scanning Electron Microscopy 

SHGC      Solar Heat Gain Coefficient 

TCO       Transparent Conductive Oxide 

TEM       Transmission Electron Microscopy 

TEY       Total Electron Yield 

TM       Transition Metal 

UV-VIS-NIR    Ultraviolet-Visible-Near Infrared 

XANES      X-ray Absorption Near-Edge Structure 

XAS       X-ray Absorption Spectroscopy 

XPS       X-ray Photoelectron Spectroscopy 

XRD       X-ray Diffraction 

XRS       X-ray Raman Scattering 
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