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Investigate Interfacial Electrochemical Processes in Lithium-Ion 

Batteries 

 

Matthew Robert Charlton, Ph.D. 
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Supervisor:  Keith Stevenson 

 

This dissertation describes the development of thin film electrodes with well-

defined structures and geometries (architectures) to aid in the assessment of complex 

charge transfer processes in lithium ion battery systems.  Titanium dioxide (TiO2) anodes 

and vanadium pentoxide (V2O5) cathodes are synthesized via atomic layer deposition 

(ALD) onto transparent and opaque carbon films and used as model interfacial systems to 

investigate the chemical and electrochemical properties of lithium ion (Li-ion) coupled 

electron transfer processes at the electrode/electrolyte interface.  The superior film quality 

and precise control over structure and chemistry afforded by ALD allow tuning of the 

electrode properties to facilitate coupling of analysis methods and provide new insights.  

A combination of analytical techniques, including cyclic voltammetry (CV), X-ray 

photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF 

SIMS), and ultraviolet-visible (UV-Vis) absorption spectrophotometry, is used to 

elucidate mechanistic information about charge storage processes.  Electrochemical 

investigations of TiO2 lithiation coupled with high-resolution, spatially resolved surface 

analytical techniques demonstrate that in situ formation of hydrofluoric acid (HF) during 

cycling can alter the lithiation process and introduce partial lithiation by conversion 
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reaction as a result of HF co-intercalation.  The relationship between electrode material 

length scale (thickness) and the balance between charge storage via bulk intercalation 

versus surface pseudocapacitance is also determined for TiO2.  Combined CV and UV-

Vis absorption spectrophotometry are used to investigate optical and electronic 

transitions in transparent V2O5 cathodes as a function of lithiation.  

 



 viii 

Table of Contents 

List of Tables ...........................................................................................................x	  

List of Figures ........................................................................................................ xi	  

Chapter 1:  Introduction ...........................................................................................1	  
Energy Storage and Technology .....................................................................1	  
Lithium Ion Batteries and Surface Reactions .................................................3	  
Enhanced Li-Ion Battery Electrode Materials ................................................5	  
Atomic Layer Deposition ................................................................................8	  
Dissertation Overview ..................................................................................10	  

Chapter 2:  Synthesis of Planar TiO2 Electrodes Via Atomic Layer Deposition as 
Anodes for Li-Ion Batteries ..........................................................................12	  
Introduction ...................................................................................................12	  
Experimental .................................................................................................14	  
Results and Discussion .................................................................................16	  

Electrode Synthesis ..............................................................................16	  
Film Characterization ...........................................................................17	  
Electrochemical Cycling ......................................................................24	  

Conclusions ...................................................................................................28	  

Chapter 3:  High Resolution Spectroscopic Analysis of Chemical Transitions in TiO2 
Anodes During Lithiation .............................................................................29	  
Introduction ...................................................................................................29	  
Experimental .................................................................................................31	  
Results and Discussion .................................................................................32	  

Cyclic Voltammetry .............................................................................32	  
Surface Spectroscopic Chemical Analysis ...........................................37	  
Proposed Conversion Reaction ............................................................47	  

Conclusions ...................................................................................................47	  



 ix 

Chapter 4:  Geometric and Kinetic Influences on Lithiation Mechanisms in TiO249	  
Introduction ...................................................................................................49	  
Experimental .................................................................................................50	  
Results and Discussion .................................................................................51	  

Bulk Versus Surface Lithiation ............................................................51	  
Electrochemical Impedance Spectroscopy ..........................................55	  

Conclusions ...................................................................................................59	  

Chapter 5:  Synthesis of Thin Film V2O5 Cathodes for Application in Li-Ion Batteries 
Via Atomic Layer Deposition .......................................................................61	  
Introduction ...................................................................................................61	  
Experimental .................................................................................................62	  
Results and Discussion .................................................................................63	  

Film Synthesis ......................................................................................63	  
Effects of Thermal Processing .............................................................65	  
Spectroelectrochemistry .......................................................................69	  

Conclusions ...................................................................................................73	  

Chapter 6: Covalent Molecular Modification of Oxide Surfaces by Electrochemical 
Means ............................................................................................................74	  
Introduction ...................................................................................................74	  
Experimental .................................................................................................76	  
Results and Discussion .................................................................................79	  
Conclusions ...................................................................................................94	  

Appendix A: Peak Fitting of XPS Spectra of Lithiated TiO2 Anodes ...................96	  

Appendix B: Supplemental Information for the Investigation of the Geometric 
Influences on the Mechanism of Lithiation in TiO2 ...................................100	  

Appendix C:  Supplemental Information for the Covalent Molecular Modification of 
Indium Tin Oxide Surfaces by Electrochemical Means .............................101	  

Bibliography ........................................................................................................105	  



 x 
 

List of Tables 

Table 3.1.  Summary of surface compositions of TiO2 electrodes before and after 

lithium cycling by CV in each of three electrolyte mixes, as determined 

by XPS analysis.  Components are reported as atomic percentages (at%).

...........................................................................................................42	  

Table 4.1.  Power Law coefficients (b-values) calculated for each electrode.  Values 

were calculated using both the lithiation and delithiation peak currents.

...........................................................................................................53	  

Table 4.2.  Percentage contributions to current from surface-confined 

pseudocapacitive charge transfer during lithiation of TiO2 electrodes of 

varying thicknesses.  Calculations were based on equation 4.2. ......54	  

Table 4.3.  Charge transfer resistances determined by EIS for electrodes  of 12 nm, 

19 nm, and 25 nm thicknesses at different lithiation states.  Results 

reported in kΩ. ..................................................................................59	  

Table 6.1. Electrochemical Impedance: Resistance and Capacitance Values .......92	  



 xi 

List of Figures 

Figure 1.1.  Ragone plot comparing the energy and power densities of selected 

electrochemical energy storage devices with that of internal combustion 

engines. ...............................................................................................2	  

Figure 1.2.  Schematic Diagram of operation of the first commercial Li-ion battery.  

Electron flow during discharge is indicated by the arrows. ................3	  

Figure 1.3.  Energy diagram for a schematic Li-ion battery cell illustrating electrolyte 

reduction at the anode surface (1) and oxidation at the cathode surface 

(2). .......................................................................................................5	  

Figure 1.4.  Schematic of the ALD process.  The first cycle of a deposition is shown.

.............................................................................................................9	  

Figure 2.1.  Image comparing the optical transparency of transparent (left) and 

opaque (right) PPF substrates prior to ALD.  Transparent PPFs are 50% 

transparent in the visible and near-UV range. ..................................17	  

Figure 2.2.  Raman spectra of TiO2 films of varying thicknesses deposited onto OPPF 

substrates.  Bottom: spectra from as deposited films, top: spectra from 

annealed films.  Green, red, and blue lines represent 6 nm, 12 nm, and 

19 nm films, respectively.  A and R denote peaks associated with 

anatase and rutile polymorphs of TiO2, respectively. .......................18	  

Figure 2.3.  XRD pattern of a 37.5 nm thick annealed TiO2 film.  The red lines 

indicate the standard XRD pattern for anatase TiO2 with associated 

crystal orientations noted. .................................................................19	  



 xii 

Figure 2.4.  A screenshot from the WVASE spectroscopic ellipsometry modeling 

software of the parameters input into the Lorentz oscillator model layer 

used in to simulate PPF substrate optical properties when determining 

the thicknesses of TiO2 films deposited by ALD. .............................21	  

Figure 2.5.  Average thicknesses of ALD TiO2 films as a function of number of ALD 

cycles performed during deposition.  The error bars represent the 

standard deviations calculated over multiple samples.  The red dashed 

linear regression line indicates that the system GPC = 0.5 Å. ..........22	  

Figure 2.6.  XPS spectra of the Ti 2p (top) and O 1s (bottom) transitions of a pristine 

25 nm thick TiO2 film.  The inset of (b) shows the bulk TiO2 (red) and 

surface species (blue) components. ...................................................23	  

Figure 2.7.  XPS spectra of the C 1s (top) and F 1s (bottom) transitions of a pristine 

25 nm thick TiO2 film.  Components have been fit for individual 

chemical constituents. .......................................................................24	  

Figure 2.8.  CV of five cycles (light to dark traces) of TPPF in 1 M LiPF6 in EC:DEC 

electrolyte.  Scan rate is 10 mVs-1. ....................................................25	  

Figure 2.9.  CVs of 12 nm thick TiO2 films on OPPF as-deposited (a) and after 

annealing at 400°C for 1 hour (b).  Cycles 1, 2, 5, and 10 are shown 

(light to dark traces). .........................................................................26	  

Figure 3.1.  CV from electrochemical conditioning of 25 nm thick TIO2 films on 

TPPF prior to XPS analysis.  Films were cycled in electrolyte containing 

LiPF6 (a), LiPF6 with TBA added (b), and LiClO4 (c).  Cycles 1, 2, and 

3 are marked in black, red, and blue, respectively.  Third cycle scans 

from Sets 1, 2, and 3 are overlaid (d) and labeled in orange, purple, and 

green, respectively.  Scan rates were 5 mVs-1. ..................................35	  



 xiii 

Figure 3.2.  Ten CV cycles (light to dark traces) of 25 nm TiO2 on TPPF with LiPF6 

in EC:DEC. Scan rate was 5 mVs-1. ..................................................36	  

Figure 3.3.  Ti 2p spectra from TiO2 anodes lithiated and delithiated (dark and light 

lines, respectively) in electrolyte containing LiPF6 (Set 1), LiPF6 with 

TBA (Set 2), and LiClO4 (Set 3) (a).  Spectra normalized by max 

intensity are shown for Set 2 (b) and Set 3 (c) to better illustrate 

reduction of Ti4+ to Ti3+ in those systems upon lithiation. ................38	  

Figure 3.4.  O 1s and F 1s XPS spectra of electrodes cycled in electrolytes containing 

LiPF6 without 2000 ppm TBA.  TiO2 in both the delithiated (left 

column) and lithiated (right column) states were tested. ..................40	  

Figure 3.5.  O 1s and F 1s XPS spectra of electrodes cycled in LiPF6-based 

electrolytes with 2000 ppm TBA added.  TiO2 in both the delithiated 

(left column) and lithiated (right column) states were tested. ..........41	  

Figure 3.6.  ToF SIMS depth profile of a pristine 25 nm thick TiO2 film deposited 

onto TPPF.  Sputtering time is analogous to depth from the electrode 

surface. ..............................................................................................44	  

Figure 3.7.  ToF SIMS depth profiles of 25 nm thick TiO2 electrodes after being 

delithiated and lithiated in different electrolytes, respectively.  

Sputtering time is analogous to depth from the electrode surface. ...45	  

Figure 3.8.  ToF SIMS depth traces of selected ions detected in 25 nm thick TiO2 

electrodes after delithiation and lithiation in LiPF6 electrolyte without 

(top) and with (bottom) TBA.  Note the different time scale in the top 

right figure. .......................................................................................46	  



 xiv 

Figure 4.1.  CVs taken at scan rates varying from 0.5 mVs-1 (darkest) to 50 mVs-1 

(lightest) of TiO2 thin film electrodes with thicknesses of 12 nm (a), 19 

nm (b), 25 nm (c), and 100 nm (d). ...................................................52	  

Figure 4.2.  Nyquist plots taken at five different potentials during a single 

lithiation/delithiation cycle of a) 12 nm, b) 19 nm, and c) 25 nm thick 

TiO2 electrodes.  The colors of the plots correlate with the scan number 

and potential in the inset of Figure a. ................................................56	  

Figure 4.3.  a) Ideal Nyquist plot illustrating how RS and RCT were calculated from 

the data collected with TiO2 electrodes, and b) Randles equivalent circuit 

representing the configuration of impedance components in the 

electrochemical cell. .........................................................................57	  

Figure 5.1.  Linear regression fitting (red dashed line) of thickness data of V2O5 thin 

films deposited on carbon substrates using different numbers of ALD 

cycles.  By the slope of the fit line, the average GPC rate was 

determined to be 0.43 Å. ...................................................................64	  

Figure 5.2.  Photograph of V2O5 films ALD deposited onto PPF taken after annealing 

at 400°C in air.  The underlying carbon substrate of the three thicker 

films completely oxidized during annealing, while the thinnest film, 

deposited using 125 ALD cycles, protected the carbon from oxidation.

...........................................................................................................65	  

Figure 5.3.  Structural characterization of V2O5 thin films as-deposited (black), after 

annealing in 5% hydrogen gas (red), and after annealing in air (blue):  

XRD patterns of 22 nm films on Si (a) and Raman spectra of 11 nm 

films on PPF (b). ...............................................................................66	  



 xv 

Figure 5.4.  XPS spectra of V2O5 films as-deposited (black), after annealing in air 

(blue), and after annealing in 5% hydrogen gas (red).  Spectra contain 

the O 1s and V 2p transitions. ...........................................................68	  

Figure 5.5.  CV of as-deposited (a) and annealed (b) V2O5 electrodes (16 nm thick) in 

1 M LiPF6 in EC:DEC.  Scan rate was 10 mVs-1, second cycles shown.

...........................................................................................................69	  

Figure 5.6.  UV-Vis absorption spectrum of 11 nm thick annealed V2O5 electrode 

prior to cycling (a) and absorption spectra taken during lithiation cycling 

after 0.5 (orange), 1.0 (red), 9.5 (teal), and 10 (blue) cycles (b).  

Absorption in the spectra in (b) indicates change from the initial state of 

the electrochemical cell measured before cycling. ...........................70	  

Figure 5.7.  Time traces of absorption changes at specific wavelengths recorded 

during 10 lithiation cycles of V2O5.  The duration of a single CV cycle 

was 400 s. ..........................................................................................71	  

Figure 5.8.  Comparison of CV and dA/dE of a V2O5 electrode measured at 310 nm 

during lithiation cycle two. ...............................................................73	  

Figure 6.1.  Proposed grafting mechanism of NO2Ph onto ITO.  Step 1: 

Electrochemical one-electron reduction of DNP.  Step 2: Dissociation of 

DNP into 1-iodo-4-nitrobenzene and a 4-nitrophenyl radical.  Step 3: 

The radical covalently bonds to the surface hydroxide sites (red) (vide 

infra).  The bulk ITO (blue) and oxygen vacancy sites (white) are also 

shown. ...............................................................................................80	  



 xvi 

Figure 6.2. Proposed hydrogen abstraction method for attachment.  Step 3a: Surface 

hydroxide hydrogen abstraction by a 4-nitrophenyl radical.  Step 3b: 

Bond formation between a second 4-nitrophenyl radical and a surface 

oxygen radical. ..................................................................................80	  

Figure 6.3. Ten CV grafting scans of ITO in a 0.6 mM DNP/electrolyte solution.81	  

Figure 6.4. A) NO2 reduction CVs (2nd scans) of ITO previously grafted (2 CV scans) 

with a range of DNP concentrations (0.1 – 4.0 mM) in an electrolyte 

solution.  B) Graph of surface coverage, based on the NO2 reduction 

peak, as a function of grafting DNP concentration.  The error bars 

represent the average standard deviation over multiple measurements at 

various concentrations. .....................................................................84	  

Figure 6.5. CVs (2nd scans) of unmodified and grafted ITO in a 0.5 mM 

ferrocene/electrolyte solution. ...........................................................86	  

Figure 6.6. A) N 1s XPS spectra of the electrochemically modified electrodes.  B) O 

1s spectra of the modified electrodes compared to unmodified ITO.  C) 

Individual components of the O 1s spectrum of unmodified ITO.  D) 

Individual components of the O 1s spectrum of 0.6 mM DNP modified 

ITO (same legend as in C). ...............................................................87	  

Figure 6.7.  A) and B) Nyquist plots comparing the electrochemical impedance in 

0.5 mM and 5.0 mM ferrocene/electrolyte, respectively.  C) Bode plot of 

ITO modified with 0.6 mM DNP and tested in 0.5 mM 

ferrocene/electrolyte illustrating the methods used to calculate RS, RCT, 

and Cdl. ..............................................................................................91	  



 xvii 

Figure 6.8.  First CV grafting scans of 0.6 mM DNP with TiO2 electrodes with 

different active TiO2 and conductive PPF layers.  Thin and thick TiO2 

refer to 12 nm and 25 nm films, respectively.  Thin PPF (10 nm) is 

optically transparent, while thick PPF (250 nm) is opaque. .............93	  

Figure 6.9.  A) N 1s and B) O 1s XPS spectra from TiO2 electrodes grafted with 0.2 

mM DNP and 0.6 mM DNP electrolyte solutions. ...........................94	  

Figure A.1.  Ti 2p XPS spectra for all electrodes cycled in LiPF6 (top), LiPF6 with 

TBA (middle), and LiClO4 (bottom) electrolytes.  Spectra in the left 

column are from electrodes tested in the delithiated state.  Those in the 

right column are from electrodes in the lithiated state. .....................96	  

Figure A.2.  O 1s XPS spectra for all electrodes cycled in LiPF6 (top), LiPF6 with 

TBA (middle), and LiClO4 (bottom) electrolytes.  Spectra in the left 

column are from electrodes tested in the delithiated state.  Those in the 

right column are from electrodes in the lithiated state. .....................97	  

Figure A.3.  C 1s XPS spectra for all electrodes cycled in LiPF6 (top), LiPF6 with 

TBA (middle), and LiClO4 (bottom) electrolytes.  Spectra in the left 

column are from electrodes tested in the delithiated state.  Those in the 

right column are from electrodes in the lithiated state. .....................98	  

Figure A.4.  F 1s XPS spectra for all electrodes cycled in LiPF6 electrolytes without 

(top) and with 2000 ppm TBA (middle) electrolytes, and Cl 2p spectra 

for electrodes cycled in LiClO4 electrolyte (bottom).  Spectra in the left 

column are from electrodes tested in the delithiated state.  Those in the 

right column are from electrodes in the lithiated state. .....................99	  



 xviii 

Figure B.1.  Ten conditioning CV cycles (colored light to dark) of TiO2 electrodes of 

12 nm (a), 19 nm (b), 25 nm (c), and 100 nm (d) thicknesses performed 

prior to variable scan rate studies.  Scan rate was 5 mVs-1. ............100	  

Figure C.1. Cyclic voltammetry of DNP grafting onto ITO (2 scans) at 

concentrations of 0.2 mM (A), 0.4 mM (B), 0.8 mM (C), and 4.0 mM 

(D).  As the concentration increases, the reduction peak current increases 

as does the passivation of the second scan. .....................................102	  

Figure C.2. Graph of surface coverage, based on the NO2 oxidation peak, as a 

function of grafting DNP concentration.  The integrations of the 

oxidation peaks yield larger calculated surface coverage values than for 

the reduction peaks as they also include the oxidation of the species 

reduced just prior to the CV scan reversal. .....................................103	  

Figure C.3.  XPS spectra of In 3d (A) and Sn 3d (B) of the unmodified and modified 

ITO electrodes. ................................................................................104	  

  

 
 



 1 

Chapter 1:  Introduction 

ENERGY STORAGE AND TECHNOLOGY 

As society continues to integrate modern technology into all aspects of every day 

life, global energy consumption has continued to increase at a staggering rate.  World 

energy consumption has doubled since 1971.  According to the International Energy 

Agency, total electricity use has increased by more than 350%, and power by renewable 

energy (including solar, wind, geothermal, etc.) has gone up four-fold.1  It is estimated 

that by the year 2050, 16% of the world’s electricity needs will be met by solar 

photovoltaic generation alone.2   

While integration of renewables in most parts of the world has progressed in 

response to environmental concerns regarding the impact of burning fossil fuels, many 

renewable power generation technologies, like photovoltaics and wind, are also ideal for 

isolated populations and areas in the developing world because they are local generation 

methods that don’t require an external fuel source or a power transmission infrastructure.  

As a result, reliance on renewable energy has increased dramatically in many key areas of 

the developing world.  Certain countries in Africa have achieved greater than three-fold 

increase in the fraction of renewables in their total fuel mix in the last decade, and in 

Afghanistan they have increased their contribution by four.3  The biggest drawback is the 

intermittent nature of most renewable technologies.  Therefore, development of cheap 

portable energy storage is a requirement for continued progress in these areas.   

Additionally, portability is now a primary requirement for many recent 

technological developments.  Personal electronics, such as smart phones, portable media 

devices, laptops, and electronic tablets, have become everyday comforts to billions of 

people.  On a larger scale, electric (EVs) and partial hybrid electric (PHEVs) vehicles 



 2 

have recently been commercialized in order to reduce society’s reliance on fossil fuels 

and address concerns about climate change.4  As a result, development of efficient 

electrochemical energy storage has been necessary to support development of these 

devices.5–7  Of the available options, lithium-ion (Li-ion) batteries have shown to be some 

the most effective and versatile energy storage methods to date.  Figure 1.1 compares the 

energy and power densities of various energy storage technologies.  The combination of 

moderately high energy and power densities exhibited by Li-ion batteries makes them 

ideal for most portable electronics as well as larger applications. 

 

Figure 1.1.  Ragone plot comparing the energy and power densities of selected 
electrochemical energy storage devices with that of internal combustion 
engines. 

Modern research into next generation Li-ion batteries continues to push the red 

curve up and to the right, and progress since the invention of the Li-ion cell in the mid 

1980’s8 has been impressive.  Improvements still need to be made, though, in order to 

achieve the EV and renewable energy industries’ goals.   
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LITHIUM ION BATTERIES AND SURFACE REACTIONS 

Li-ion batteries are a class of electrochemical energy storage systems that take 

advantage of electrons and Li+ ions shuttling back and forth between two electrodes.  The 

electrodes are connected via an ionically conductive but electronically insulating 

electrolyte within the cell and an external circuit that allows e— flow through the 

electrical load.9  A schematic of such a cell can be found in Figure 1.2.  In the diagram, 

graphite represents the anode, or negative electrode, and LiCoO2 is used as the cathode, or 

positive electrode, and they are connected to copper and aluminum current collectors, 

respectively.   

 

Figure 1.2.  Schematic Diagram of operation of the first commercial Li-ion battery.  
Electron flow during discharge is indicated by the arrows. 

During electrolytic charging of the cell, Li+ ion flow is induced from the cathode 

into the anode material through the electrolyte by application of an overpotential between 

the electrodes greater than the open circuit potential (VOC) of the cell.  The VOC of the cell 

is the difference between the electrochemical potentials of the cathode (μC) and anode 

(μA).10  Current flows through the circuit to maintain charge balance.  This leaves the cell 

in an electrochemically charged state.  During discharge, Li+ ions spontaneously move 

charge 

discharge 

V 
e–# e–#
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back from the anode to the cathode to re-equilibrate in the low energy state, and 

electronic current (i) flows through the applied load.  The power, P, to the load is equal to 

the product of the current and cell voltage (minus cell losses due to polarization or 

internal resistances), P = i*VOC.   

The VOC, determined by choice of cathode and anode, is a primary contributing 

factor to the output of an electrochemical cell.  In theory, higher VOC translates into 

higher power.  However, electrochemical compatibility between the electrodes and 

electrolyte also plays an important role.  Figure 1.3 presents an energy diagram for a 

simplified Li-ion battery cell.  In general, the electrochemical stability window of the 

electrolyte (Eg) is the limiting factor for a stable cell.  The electrochemical potentials of 

both the cathode and anode must be within that window, otherwise the electrolyte will 

begin to react at the respective electrode surface.  If the lithiation potential of a cathode is 

too high, the electrolyte will start to oxidize and form a passivating layer on the cathode, 

termed a surface electrolyte interphase (SEI). Similarly, an anode with a lithiation 

potential too low will cause electrolyte reduction and SEI formation as well.10  SEI 

formation can stabilize the reaction and allow lithiation to proceed, but stability often 

with negative implications, such as reduced conductivity, capacity loss, and electrode 

degradation.11   
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Figure 1.3.  Energy diagram for a schematic Li-ion battery cell illustrating electrolyte 
reduction at the anode surface (1) and oxidation at the cathode surface (2). 

There are multiple methods of Li+ insertion and charge storage into different 

materials: bulk intercalation, surface pseudocapacitance, chemical conversion reactions, 

and alloying reactions.  During lithiation and delithiation, the electrodes undergo 

reduction and oxidation in order to accommodate the positive ionic charge.  For example, 

the graphite and LiCoO2 shown in Fig 1.2 are examples of two intercalation materials.  

The interlayers in the layered crystal structures of these materials provide excellent Li+ 

diffusion channels and space to interstitially insert.  The electrochemical redox reactions 

that graphite and LiCoO2 undergo during cell cycling are written in equations 1.1 and 1.2, 

respectively. 

𝐶! + 𝐿𝑖! + 𝑒! ↔ 𝐿𝑖𝐶!    (1.1) 

𝐿𝑖𝐶𝑜𝑂! + 𝑥𝐿𝑖! + 𝑥𝑒! ↔ 𝐿𝑖!!!𝐶𝑜𝑂!  (1.2) 

Other lithiation mechanisms follow different chemical principles.  

ENHANCED LI-ION BATTERY ELECTRODE MATERIALS 

Since graphite and LiCoO2, countless new materials have been developed for use 

in Li-ion batteries.  The main concerns that drive new innovation are specific capacity, 
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cycle life, charge and discharge rates, safety, and cost.12  Several strategies have been 

investigated to improve battery performance.  Many of them include composites,13–26 

materials that exhibit non-intercalative or mixed-mechanism lithiation processes,19,25,27–31 

and nanostructures that take advantage of fast rate surface chemistry.13,27–40   

An example of the advantages of compositing materials can be seen in the mixed 

transition metal oxide cathode.  While LiCoO2 is the basis for many commercial Li-ion 

batteries, it has two main drawbacks.  First, cobalt is a relatively expensive metal, driving 

the cost of production up.  Other transition metals, such as manganese and iron, are 

cheaper options.  The second challenge with LiCoO2 is that it undergoes an atomic 

restructuring once more than half of the lithium is extracted, which hinders reversibility 

of the cell and ultimately cuts its maximum capacity in half.41  This phenomenon is 

unique to Co-based oxide materials.  To overcome the structural challenge while 

maintaining superior cycling properties, mixed transition metal cathodes have been 

investigated in detail.20–26  Yoshizawa and coworkers synthesized mixed 

LiCo1/3Mn1/3Ni1/3O2 and found that it had a higher charge capacity (185 mAhg-1) than pure 

LiCoO2 (140 mAhg-1), and that it was thermally stable to higher temperatures.24   

Mixing materials, while good for performance, also complicates the structural 

aspects of the material.  SEM imaging of LiCoO2 / LiNi1/3Mn1/3Co1/3O2 reported by Liu 

and coworkers illustrates the structurally complex nature of the electrode. The 

commercial electrodes used were composed of micron-sized particles of active material 

mixed with conductive carbon and binder, resulting in a chemically heterogeneous 

surface.  

Nanostructuring is also becoming a popular area of research for battery 

materials.42  Improvements in capacity and charge/discharge rates can be achieved by 

engineering structures that increase electrode surface areas and take advantage of 
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kinetically fast surface charge transfer processes.  Some of the more prevalent 

nanostructured materials systems investigated as battery materials include graphene,34 

carbon nanotubes (CNTs),13,35,37,39 silicon nanowires,27,33,40 and nanoporous silicon.32  

Though not strictly nanostructured, mesoporous materials have also exhibited improved 

capacities through incorporation of surface pseudocapacitive charge storage as well.28,29,36   

Single walled CNTs used as Li-ion anodes show a considerable improvement in 

capacity over graphite counterparts.  The reversible capacity of the CNT system indicated 

lithiation to achieve Li1.7C6 before further modification.  Ball milling further enhanced the 

CNTs’ ability to accept Li+, and reached Li2.7C6.  The improvement in capacity after ball 

milling was attributed to increased surface defect densities that can hold surface charge 

and shortening of the average CNT length to facilitate faster Li+.43   

Graphite has a relatively low specific capacity since it only intercalates one Li+ 

per six C atoms.  Si, Ge, and Sn electrodes are being considered as alternatives because 

they can potentially provide an order of magnitude improvement in specific capacity 

through alloying reactions with Li.44  For example, lithiation of silicon anodes can form 

Li22Si5 reach 4200 mAhg-1.13  Alloying reactions are generally accompanied by massive 

volume changes to accommodate such high capacities (>300% for Si).  Nanostructuring 

can help reduce the strain built up from expansion and contraction during cycling and 

result in improved cycle life in these materials.   

As previously stated, the surface chemistry at electrode/electrolyte interfaces 

plays a vital role in the performance of battery materials.  Increasing the surface areas of 

these materials serves to amplify the influence of surface chemistry.  Many of these 

structures hinder high-resolution analytical techniques.  In order to fully understand the 

chemical and electrochemical processes occurring in these new complex battery systems, 

model interfacial architectures that are chemically and structurally similar to high 
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performance analogs but facilitate high-resolution, spatially resolved analytical 

techniques are needed.   

ATOMIC LAYER DEPOSITION 

Atomic layer deposition (ALD) is a vapor deposition technique that relies on 

vapor-surface chemical reactions, in contrast to chemical vapor deposition, in which 

chemical reactions all occur in gas phase.  It is a low temperature technique, generally 

with deposition chamber temperatures from room temperature to 300°C.45  The main 

advantage of ALD over other deposition techniques is that it deposits material one atom 

layer at a time, hence the name.  The general principle illustrated in the schematic in 

Figure 1.4, states that two or more individual chemical precursors are used in an 

alternating fashion, and that each precursor molecule can only react with its complement 

but not itself.  Therefore, as a substrate is exposed to each precursor in an alternating 

fashion, an individual exposure, termed a pulse, can only deposit a single saturated layer 

on the surface.  That layer changes the functionalization of the terminations on the 

surface, and a new layer can form when the second precursor is pulsed into the deposition 

chamber.  A completed round of exposures is called a cycle.   
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Figure 1.4.  Schematic of the ALD process.  The first cycle of a deposition is shown. 

Since ALD films are grown one layer at a time, this technique exhibits excellent 

control over film uniformity, surface quality, and stoichiometry.  It is not a line-of-sight 

technique, which enables structures with complicated geometries to be uniformly coated.  

All chemical reactions are surface catalyzed, so high temperatures are not required to 

provide thermal activation energy for molecular decomposition in the vapor phase.  

Being a low temperature process, ALD is compatible with many more materials than its 

higher temperature counterparts, including organics.  One drawback is that ALD can be a 

slow process, especially if 100 nm or thicker films are desired.   

ALD recipes have been developed for a wide variety of materials, including 

mostly oxides with some nitrides, sulfides, and other material categories.45  In the battery 

field, it has been utilized to coat electrode surfaces and particles with functional layers, to 
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form electrodes with complex 3D geometries, and to fabricate all-solid-state batteries.46,47  

ALD would be an ideal synthesis technique for the development of model electrode 

architectures to investigate interfacial charge transfer processes.   

DISSERTATION OVERVIEW 

This dissertation is organized into six chapters.  This first chapter provides an 

introduction into battery research, including motivation, basic battery operation, current 

trends in new materials development, and application of ALD related to batteries. 

Chapter 2 discusses the synthesis by ALD and characterization of TiO2 anodes.  

Structural characterization identified the deposited films as anatase TiO2. Electrochemical 

studies compared lithiation cycling properties in as-deposited (X-ray amorphous) and 

annealed (nanocrystalline) TiO2 films.  Chapter 3 expands on the electrochemical 

characterization of TiO2 thin film anodes.  The influence of fluorine in electrolytes on 

lithiation mechanics and system stability are considered.  Combined electrochemical and 

surface spectroscopic techniques are used to enhance understanding of the relationship 

between chemical reactions at the electrode/electrolyte interface and electrochemical 

charge transfer.  In Chapter 4, the relationship between electrode geometry (film 

thickness) and surface charge storage are investigated.  Anodes of varying thickness are 

subjected to CVs of a range of scan rates, and the resulting peak currents are used to 

determine the portion of charge storage related to surface pseudocapacitance, as opposed 

to bulk intercalation.   

Chapter 5 discusses electrochemical investigations of V2O5 cathodes also 

fabricated using ALD in order to test the applicability of this synthesis scheme to a 

variety of Li-ion battery related materials.  The influence of oxygen content of the films 

on structural properties and Li+ cycling behavior is a major point of emphasis.  Chapter 6 
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explores the ability to electrochemically modify indium tin oxide and TiO2 surfaces to 

add functionality to the electrode system.  Development of this ability would have future 

application to battery systems, possibly in efforts to engineer specific SEI components or 

create chemically protective coatings. 
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Chapter 2:  Synthesis of Planar TiO2 Electrodes Via Atomic Layer 
Deposition as Anodes for Li-Ion Batteries 

INTRODUCTION 

Since the invention of the Lithium-ion (Li-ion) battery in 1985,8 graphite has been 

the material of choice for commercial anodes.  Its Li+ intercalation kinetics, material 

abundance, low electrochemical potential, and improved safety over Li metal anodes48 

have made it an attractive option.  However, there are several drawbacks to using carbons 

in a Li-ion battery cell.  Graphite has only a moderate theoretical gravimetric capacity of 

372 mAhg-1 given a lithiation stoichiometry of LiC6, which is often difficult to achieve 

and maintain.49  Chemical compatibility is also an issue.  Graphite exfoliation has been 

observed during cycling due to solvent co-intercalation in certain organic electrolytes, 

such propylene carbonate.50–53  Recently, the challenge attracting the most scientific study 

has been the formation of a solid electrolyte interphase (SEI) on the surface of the 

anode.54,55   

SEI formation occurs as a result of electrochemical incompatibility between the 

electrode and electrolyte.  Most organic electrolytes have an electrochemical stability 

window spanning from about 1.5 V to 4.5 V versus Li+/Li, while Li+ intercalation into 

carbon occurs below 0.5 V.  In order to accommodate this mismatch, organic and 

inorganic compounds, products from salt and solvent decomposition, deposit on the 

surface of the electrode to form a passivating SEI layer with generally detrimental effects.  

Organic surface films increase the overall electronic and ionic resistance of the system, 

and inorganic components, such as LiF and LiOx, trap charge shuttling Li+ ions, 

effectively reducing the total capacity of the system, often leading to failure.   

Alternative materials are being developed to mitigate this issue.  One such 

material, TiO2, is an excellent candidate due to its intercalation potential of 1.4 – 1.8 V.  
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While the theoretical gravimetric capacity of anatase TiO2 is less than that of graphite at 

168 mAhg-1 (0.5 Li+ per TiO2 unit), the potential improvements in stability and cyclability 

from minimal SEI buildup make it an attractive alternative to study.  Through 

nanostructuring, the practical capacity of TiO2 electrodes has also been shown to exceed 

theoretical capacity through the ability to accept up to 1.0 Li+ per TiO2.56  The benefits of 

nanostructuring come largely from increases in surface-to-volume ratios in the system, 

effectively providing faster reaction pathways and minimizing the effects of slow solid-

state diffusion.  Since surface SEI formation is not expected to be minimal with higher 

voltage TiO2, increasing electrode surface is not likely to become a significant issue. 

In order to properly study the geometric effects of nanostructuring on the cycling 

performance of TiO2, precise control over the physical as well as chemical properties of 

the electrode is necessary.  Atomic layer deposition (ALD) is a film synthesis technique 

that provides such control.  Through self-limiting vapor-surface reactions, ALD builds 

material one atom layer at a time, meaning that film thickness can be tuned on the sub-

nanometer scale.  ALD of TiO2 materials was first developed in 1991,57 and has been 

developed for application in the electronics industry.  It has also been used in the battery 

field to form protective coatings on electrode surfaces, coat particle electrodes, and to 

form complex 3D structures of various oxide materials.47 

This work investigates the synthesis and the structural and basic electrochemical 

properties of layered anatase TiO2 electrodes formed on the surface of carbon substrates 

via ALD.  The lithiation properties of amorphous and nanocrystalline films have been 

compared, and the effects of atomic structure are discussed. 
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EXPERIMENTAL 

Opaque pyrolyzed photoresist films (OPPFs) were deposited onto 1” sq x 1 mm 

thick quartz slides, following Kostecki and coworkers.58  To clean the quartz prior to 

deposition, the slides were heated in air to 800°C and cooled before being soaked 

overnight in Piranha etch.  The slides were then rinsed thoroughly in nanoPure water and 

dried under nitrogen gas.  Photoresist films were deposited using a spincoater and AZ 

1518 photoresist (Clariant Corporation) in a clean room environment.  Films were spun at 

6000 rpm for 60 sec at max acceleration.  OPPs were spincoated using 100% photoresist, 

while transparent PPFs (TPPFs) were spincoated using a 1:3 mix of photoresist to 1-

methoxy-2-propanol acetate solvent.59  Following spincoating, films were pyrolyzed in a 

tube furnace for 1 hour at 1000°C after being heated at 5°C/min from room 

temperature.  Heating and pyrolysis took place under regen gas flow (5% H2 in 

N2).  Films were left to naturally cool back to room temperature then stored in air a 

minimum of 3 days before subsequent ALD to consistently achieve equilibrium surface 

oxidation.59   

ALD was performed in a Savannah S100 system (Cambridge NanoTech).  

Immediately before deposition, the PPF surface was subjected to a 15 second exposure to 

air plasma (Harrick Plasma Cleaner, PDC-32G, Ithaca, NY) in order to further oxygenate 

the surface and promote oxide film nucleation.60  TiO2 was deposited, following a recipe 

provided by Cambridge NanoTech, at 200°C using tetrakis dimethylamido titanium 

(TDMAT) kept at 75°C and room temperature water vapor (H2O) as the Ti- and O-

containing precursors, respectively, with high purity N2 as the both the purge and carrier 

gas.  Each ALD cycle consisted of a 0.1 sec TDMAT pulse and a 0.015 sec H2O pulse, 

with 10 sec N2 purges between each pulse.  After ALD, the layered electrodes were 
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annealed in air at 400°C for 1 hour, with a 5°C/min thermal ramp rate then slow cooled 

back to room temperature.  

Raman microscopy was performed with a Renishaw In Via microscope system 

using the backscattering configuration. A 514.5 nm Ar laser was used as the excitation 

source.  The beam was focused using a 50× aperture resulting in an approximately 2 μm 

diameter sampling cross section.  Grazing incidence X-ray diffraction (GI-XRD) (Bruker 

Nokius AXS D8 Advance) was performed on a TiO2 electrode (deposited with 750 ALD 

cycles) using a Cu Kα radiation source (1.54 A ̊) at an angle of incidence of 0.5°.  Spectra 

were background subtracted using Eva software (Bruker Corporation).  Spectroscopic 

ellipsometry (J. A. Woolham M3000 Spectroscopic Ellipsometer) was performed from 

45°—80° angle of incidence in 5° increments.  Five sets of measurements were taken 

from each electrode and averaged.  Modeling of the optical data was performed using 

WVASE ellipsometry analysis software (J. A. Woolham Co.).   

All XPS measurements were taken using a Kratos Axis Ultra DLD XPS system 

with an Al K-α source.  Survey scans of each sample were collected from 0-1200 eV 

binding energy with 1.0 eV resolution, followed by high-resolution scans of the carbon 

1s, oxygen 1s, fluorine 1s, and titanium 3d regions at 0.1 eV resolution and 1000 ms 

dwell time.  All spectra were charge corrected relative to the aromatic C 1s component at 

284.7 eV binding energy.  Analysis of XPS spectra was performed with CasaXPS 

software (version 2.3.15, Casa Software Ltd.).  Spectra from high-resolution scans were 

used to estimate atomic composition of the electrode.  Fits of decoupled components 

were made using the sum of multiple Voigt functions composed of 30% Lorentzian and 

70% Gaussian profiles optimized using the Simplex method. 

Prior to electrochemical analysis, airtight electrochemical cells were prepared in 

an Ar filled glovebox (MBraun).  The O2 and H2O content in the glovebox were 
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maintained below 10 ppm.  All cyclic voltammetric (CV) scans were performed (CH 

Instruments CHI 440 Potentiostat) on the benchtop with 1 M lithium 

hexafluorophosphate (LiPF6) in 1:1 ethylene carbonate:diethyl carbonate (EC:DEC) 

electrolyte at 10 mVs-1 scan rate.  Lithium metal was used as the counter and quasi-

reference electrodes.  Electrodes were CV cycled from 3.4 V to 1.0 V versus Li+/Li.  The 

PPF underwent five cycles, while the TiO2 electrodes underwent ten cycles.  All 

potentials reported are versus Li+/Li. 

RESULTS AND DISCUSSION 

Electrode Synthesis 

PPFs were chosen as the ALD substrate and current collecting layer of the 

electrode because of their moderate electronic conductivity, electrochemical inertness, 

low surface roughness, and relative ease of synthesis. Another advantage of using PPFs is 

their optical tunability.  Spincoating and pyrolysis with 100% photoresist provides 

“thick” films that are opaque, while diluting the photoresist in solvent to 25% by vol. 

produces roughly 10 nm thick films that are 50% transparent in the visible and near-

ultraviolet (near-UV) range.59  Figure 2.1 shows a photograph showing the difference 

between the transparent (TPPF) and opaque (OPPF) films.  This tunability provides extra 

utility in the composite electrodes with regard to analytical capabilities.  TPPF substrates 

can be used for spectrophotometry and when thin layers are optimal, and OPPF substrates 

are better suited for electrochemical investigations that require higher conductivity for 

sensitivity.  Four-point probe analysis determined that the sheet resistance of the optically 

opaque PPFs (OPPFs) and transparent PPFs (TPPFs) were 106 ± 3 Ω and 1860 ± 80 Ω, 

respectively.  Conductive tip AFM measured OPPF RMS surface roughness of 3.9 ± 0.1 

Å.   
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Figure 2.1.  Image comparing the optical transparency of transparent (left) and opaque 
(right) PPF substrates prior to ALD.  Transparent PPFs are 50% transparent 
in the visible and near-UV range. 

High quality TiO2 electrodes were produced using ALD.  During initial 

electrochemical studies, Li cycling of the electrodes resulted in delamination of the TiO2 

electrodes upon exposure to air.  To remedy this, a pre-ALD air plasma treatment was 

added to the synthesis process.  This artificially increased the surface hydroxide 

termination population and promoted better adhesion of the first few ALD layers to the 

carbon surface.   

Film Characterization 

Different polymorphs of TiO2 have different electrochemical characteristics, so it 

was important to determine the specific crystal structure of the films prior to 

electrochemical analysis.  Raman spectroscopy was used to determine the local bonding 

structure.  The Raman spectra of three electrodes with thicknesses of 6 nm, 12 nm, and 

19 nm, respectively both before and after annealing at 400°C are shown in Figure 2.2.  

The Raman modes at 150 cm-1, 205 cm-1, 403 cm-1, 514 cm-1, and 636 cm-1 are consistent 

with the characteristic peaks for anatase TiO2.61,62  The two primary peaks for the rutile 

phase appeared in the two thicker as-deposited films at 435 cm-1 and 610 cm-1, but these 

samples were completely converted into anatase during annealing.   
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Figure 2.2.  Raman spectra of TiO2 films of varying thicknesses deposited onto OPPF 
substrates.  Bottom: spectra from as deposited films, top: spectra from 
annealed films.  Green, red, and blue lines represent 6 nm, 12 nm, and 19 
nm films, respectively.  A and R denote peaks associated with anatase and 
rutile polymorphs of TiO2, respectively. 

GI-XRD was used to determine the crystallinity of the films.  While all as-

deposited films were X-ray amorphous, spectra from the annealed samples, shown in 

Figure 2.3 confirmed the anatase crystal structure in the processed electrodes.63,64  From 
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the diffraction peaks, the average crystallite sizes of the films can be calculated using the 

Scherrer equation:65,66 
𝐷 = !"

!"#$%
  (2.1) 

where D is the crystallite size in nm, k is a shape factor (k = 0.90), λ is the wavelength of 

the X-rays (λ = 0.1541 nm), β is the FWHM of the diffraction peak in radians, and θ is 

the Bragg angle of the peak in radians.  The average crystallite sizes were calculated to be 

14 ± 3 nm for all films tested.  A variety of crystal orientations were evident in the 

diffraction profile, so no preferential growth direction was identified.   

 

Figure 2.3.  XRD pattern of a 37.5 nm thick annealed TiO2 film.  The red lines indicate 
the standard XRD pattern for anatase TiO2 with associated crystal 
orientations noted. 

Spectroscopic ellipsometry was chosen as the preferred method for determining 

film thickness.  Optical profilometry and AFM mapping were also considered, but it was 
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determined that complications from the film compositions either made the results 

unreliable or accurate measurements were not feasible.  Because ALD is not a line-of-

sight type deposition technique, it was impossible to partially mask a substrate and form 

an oxide edge or shelf over which to measure a height difference.  ALD has been shown 

to conformally coat high aspect ratio features,67 and deposition occurred even underneath 

any type of rigid mask.  Kapton tape was also used as a mask, but the adhesive damaged 

the underlying PPF, leading to a poor surface for analysis.  Additionally, the presence of 

the adhesive in the deposition chamber also minor carbon contamination in the TiO2 film 

as it grew.  A scratch test would be difficult to accurately perform because TiO2 is a 

robust and hard material while the underlying PPF is comparatively softer.    

The thicknesses of ALD TiO2 films deposited on OPPF using from 125 to 750 

cycles were measured using spectroscopic ellipsometry both prior to and after annealing.  

Thermal processing did not significantly change the thicknesses of the films.  Modeling 

software was used to interpret the optical data and calculate thicknesses.  A specific 

model to represent the TiO2 layer for fitting the optical data was readily available.  A 

Lorentz oscillator model was ultimately chosen to simulate the optical properties of the 

PPF layer.  While a Cauchy model is often used for amorphous, poorly defined materials, 

the Lorentz oscillator is particularly suited for optically opaque materials with specular 

surfaces.68  

In order to accurately measure the TiO2 layer thicknesses, the OPPF was first 

characterized separately.  The goal was to find a set of parameters that accurately fit the 

data and would provide a reliable mathematical description of the OPPF so accurate 

measurements the TiO2 were possible.  A physical description of the optical properties 

was not necessary to achieve this goal.  An oscillator model with three terms was chosen.  

Ten different measurements were taken across multiple OPPF samples, and parameters 
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were independently optimized to ensure good repeatability.  Once optimal parameters 

were empirically determined, they were held constant during fitting of the TiO2 layers.  A 

screenshot from the WVASE software is shown in Figure 2.4 to illustrate final OPPF 

optical settings.  Results of ellipsometric measurements are shown in Figure 2.5 with a 

line of best fit showing a constant growth per cycle (GPC) rate of 0.5 Å for the ALD 

process. 

 

Figure 2.4.  A screenshot from the WVASE spectroscopic ellipsometry modeling 
software of the parameters input into the Lorentz oscillator model layer used 
in to simulate PPF substrate optical properties when determining the 
thicknesses of TiO2 films deposited by ALD.   
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Figure 2.5.  Average thicknesses of ALD TiO2 films as a function of number of ALD 
cycles performed during deposition.  The error bars represent the standard 
deviations calculated over multiple samples.  The red dashed linear 
regression line indicates that the system GPC = 0.5 Å. 

XPS of a pristine 25 nm thick electrodes confirmed that the annealed ALD TiO2 is 

composed almost entirely of Ti4+,69–71 with an O:Ti atomic ratio of 2.00:1.  High-

resolution spectra of the Ti 2p and O 1s transitions are shown in Figure 2.6.  Spectra also 

indicated an adventitious layer composed of 71.0 at%, 23.8 at%, and 5.2 at% carbon, 

oxygen, and fluorine, respectively on the surface of the electrodes, which is typical of 

materials stored in air.  Deconvolved C 1s and F 1s spectra can be found in Figure 2.7.  

The underlying carbon substrate did not contribute to the analysis results, which is as 

expected since XPS typically has an analysis depth of 5 – 10 nm, depending on the 

material.  The binding energy of the TiO2 oxygen was centered at 529.9 eV,70,71 while that 
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of the oxygen from the surface contamination and surface hydroxide was shifted up by 

more than 1.2 eV and is easily neglected when calculating the O:Ti ratio.  Deconvolved 

components of the O 1s spectrum can be seen in the inset of Figure 2.6 (right), relating to 

the TiO2 and surface contamination, respectively.  Ar sputtering to clean the surface was 

not performed as it was found that incorporation of Ar+ cations in the film artificially 

reduces the Ti4+ to Ti3+ and complicates interpretation of the results.   

           

Figure 2.6.  XPS spectra of the Ti 2p (top) and O 1s (bottom) transitions of a pristine 25 
nm thick TiO2 film.  The inset of (b) shows the bulk TiO2 (red) and surface 
species (blue) components. 
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Figure 2.7.  XPS spectra of the C 1s (top) and F 1s (bottom) transitions of a pristine 25 
nm thick TiO2 film.  Components have been fit for individual chemical 
constituents.   

Electrochemical Cycling 

The structure of the underlying PPF is similar to that of glassy carbon, which has 

shown to be inert to electrochemical lithiation due to its structural disorder.  Furthermore, 

the electrodes were not cycled below 1.0 V versus Li+/Li, while graphite generally 

lithiates between 0.5-0.1 V.72–74  Therefore, lithiation of these electrodes should be 

confined to the top TiO2 layer.  In order to ensure that the carbon layer played no 

electrochemical role during lithiation, bare PPF was CV cycled in LiPF6 electrolyte as a 

control.  The CV, shown in Figure 2.8, exhibited only an irreversible reduction at around 

2.3 V.  This feature was observed in all samples and consistently decayed over the first 

three to five cycles.   
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Figure 2.8.  CV of five cycles (light to dark traces) of TPPF in 1 M LiPF6 in EC:DEC 
electrolyte.  Scan rate is 10 mVs-1. 

Figure 2.9 shows CVs of as-deposited and annealed TiO2 electrodes.  Lithiation 

and delithiation (electrode reduction and oxidation, respectively) of the as-deposited TiO2 

occurred over a wide potential range, leading to broad current peaks in the CVs shown in 

Figure 2.9a.  Broad peaks are consistent with an amorphous structure containing 

individual lithiation sites with a variety of local bonding environments.  During the first 

cycle, lithiation occurred at an average potential of 1.6 V, within the expected range for 

anatase of about 1.4 – 1.8 V.64,75–77 
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Figure 2.9.  CVs of 12 nm thick TiO2 films on OPPF as-deposited (a) and after annealing 
at 400°C for 1 hour (b).  Cycles 1, 2, 5, and 10 are shown (light to dark 
traces).   

Extraction, however, was at a much higher potential than expected, at 3.0 V, 

which was close to open circuit.  As cycling progressed, repeated insertion and extraction 

chemically transformed the film into a somewhat more ordered structure.  The initial 

delithiation peak at 3.0 V diminished, but a much more prominent peak grew in at about 
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1.6 V.  The coupling of both oxidation and reduction at 1.6 V suggests that the primary 

charge storage mechanism at higher cycles is a more related to pseudocapacitive effects, 

rather than more traditional intercalation, though the large asymmetrical background 

current, possibly from electrolyte decomposition at low potentials and resistive effects 

from the underlying PPF, confuses the determination. 

The annealed electrodes exhibited more typical lithiation behavior, as illustrated 

by the CV in Figure 2.9b.  Again, the pre-lithiation reduction was seen at about 2.1 V, but 

was completely suppressed after two cycles.  A sharp lithiation peak at 1.6 V in the first 

cycle is evidence of a more ordered insertion than in the as-deposited sample. As Li+ ions 

insert into the anatase electrode, they fill up the octahedral sites in the lattice and cause 

minor distortions in the lattice.  Once half of the octahedral sites are filled, the lattice 

undergoes a phase change from the native tetragonal structure to orthorhombic Li0.5TiO2, 

which can occur at about 0.4 V more negative potential than the initial lithiation.  The 

second smaller peak at 1.2 V seen in the reduction scan of Figure 2.9b is likely the result 

of this phase transition in the electrode.75,78 

Upon scan reversal, the electrodes exhibit two distinct delithiation potentials.  

During the initial scan, the first delithiation peak at 2.35 V is the smaller of the two, while 

the main peak is found at 2.8 V.  This second peak, though, shifts much more positive to 

2.95 V during the second scan.  At the same time, from cycles three to ten, the higher 

potential peak shifts downward, stabilizing at 2.7 V, and both peaks grow to about equal 

magnitude.  The growth of these two peaks does not correlate with growth in the 

corresponding lithiation peaks, but with a general flattening of the lithiation potential 

region as cycling progressed.  Broad features were seen in the as-deposited sample CVs 

and were considered an indication of structural disorder.  In the case of the annealed 

sample, which started as a nano-crystalline film, broadening suggests that irreversible 
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chemical restructuring occurs at low potentials, and lithiation is not solely achieved 

through an intercalation mechanism.  The data suggest that new process is becoming 

dominant with each successive cycle and is coupled to the increasing delithiation at 2.35 

V. 

CONCLUSIONS 

Anatase TiO2 electrodes were successfully deposited onto carbon substrates using 

ALD, with a GPC of 0.5 Å.  Films were XRD amorphous in the as-deposited state, but 

annealing at 400°C in air caused crystallites of 14 nm diameter to form.  Carbon 

substrates were electrochemically inactive in the potential range tested.  The amorphous 

TiO2 lithiated over a broad potential range, while the nanocrystalline electrode exhibited 

sharp lithiation peaks.  Instability during delithiation suggests that additional 

electrochemical processes are occurring cycling to condition the electrode.   
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Chapter 3:  High Resolution Spectroscopic Analysis of Chemical 
Transitions in TiO2 Anodes During Lithiation 

INTRODUCTION 

Electrolyte chemistry plays an important role in the functioning of a lithium-ion 

(Li-ion) battery cell.  Typically, Li-ion battery electrolyte is composed of an organic 

solvent, a Li salt, and sometimes additives to improve overall performance.  Common 

solvents include ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate 

(DEC), and dimethyl carbonate (DMC), or a mixture of two or more.79,80  PC is less 

common in cells with graphitic anode materials, as it has shown to lead to carbonate co-

intercalation and results in graphite exfoliation at low potential.49,81 

Lithium hexafluorophosphate (LiPF6) is the most popular salt in commercial cells 

due to its safety and high solubility in organic electrolyte80. Lithium perchlorate (LiClO4) 

and lithium hexafluoroarsenate (LiAsF6) are also used in Li-ion battery research, but 

carry a potential risk for explosion from violent decomposition.9,79,80  Many additives are 

designed to promote the formation of a solid-electrolyte interphase (SEI) favorable to cell 

performance.82  SEI formation is a phenomenon studied extensively in many battery 

systems and usually occurs as the result of electrochemical decomposition of electrolyte 

components, mainly solvent, and subsequent deposition of the organic and inorganic 

products on the surface of the electrode as the cell potential moves outside the electrolyte 

stability window.   

Li-ion cells are complicated chemical systems, and other unintended reactions can 

occur as well.  Recently, in situ formation of hydrofluoric acid (HF) has been identified 

as a potential failure mechanism in systems containing oxide electrodes and LiPF6 salt.  

In the presence of contaminant water, PF6
- can thermally decompose to form HF in 

solution following equation 3.1.83 
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𝐿𝑖𝑃𝐹! + 𝐻!𝑂 → 𝐿𝑖𝐹 + 𝑃𝑂𝐹! + 2𝐻𝐹   (3.1) 

The HF can then degrade the electrode leading to overall capacity fade.  This process has 

been identified in the V2O5 cathode system, where self-catalytic formation of HF led to a 

conversion reaction in the V2O5 during cycling.30  One potential method to address this 

concern has been to add thin sacrificial layers of oxide that preferentially react with the 

HF and protect the active material, which Xiong and coworkers demonstrated using V2O5 

coatings on LiNiO2 cathodes.84  However, the question still remains as to how the 

presence of HF affects the lithiation of these oxide materials from a mechanistic 

standpoint.   

Investigating the effects of the chemical processes involving HF on the 

electrochemical response of a Li-ion system would require a combination of techniques.  

Utilizing high-resolution spectroscopic techniques, such as X-ray photoelectron 

spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF SIMS) 

coupled with electrochemical data would provide a more complete understanding of the 

underlying processes governing lithiation of electrode materials.  This technique has 

already been successfully applied to Si anodes to investigate complex chemical processes 

leading to SEI formation.85,86   

To address the effect of HF on oxide electrodes using this methodology, a model 

material architecture is necessary to achieve the spatial resolution required to properly 

combine and interpret the data.  Atomic layer deposition (ALD) can be used to produce 

planar electrodes with chemical and structural control sufficient to facilitate such an 

analysis.  In the following work, TiO2 thin film electrodes deposited via ALD have been 

used in a combined electrochemical and spectroscopic investigation to identify the 

governing charge transfer processes in the oxide during lithiation in the presence and in 

the absence of HF.  XPS and ToF SIMS have been combined with cyclic voltammetry 
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(CV) to determine specifically whether lithiation progresses strictly as an intercalation 

process or if chemical degradation during lithiation initiates a chemical conversion 

reaction in the system.   

EXPERIMENTAL 

TiO2 electrodes were prepared using the method described in Chapter 2.  

Electrochemical cycling was performed (CH Instruments CH660D Potentiostat) inside an 

Ar filled glovebox (MBraun) in a teflon open-air flood cell.  Electrolytes used for Sets 1, 

2, and 3 were prepared as follows: 1 M LiPF6 in 1:1 EC:DEC (BASF), 50 μL (Sigma 

Aldrich) tributylamine (TBA) added to 1 M LiPF6 in 1:1 EC:DEC, and 2.624 g LiClO4 

(Sigma Aldrich) added to 25 mL EC:DEC (BASF).  Lithium metal was used as the 

counter and quasi-reference electrodes.  CV cycling was performed at 5 mVs-1.  Each 

electrode designated “delithiated” underwent 3 cycles from 3.4 V—1.0 V (ending at 3.4 

V), then was poised at 3.4 V and rinsed three times in fresh EC:DEC.  Each electrode 

designated “lithiated” underwent 3.5 cycles from 3.4 V—1.0 V (ending at 1.0 V), then 

was poised at 1.0 V and rinsed three times in fresh EC:DEC.  All electrodes underwent a 

10 minute soft bake immediately after rinsing at 40°C. 

All samples were transferred from the glovebox to the XPS and ToF SIMS 

analysis chambers using a reduced oxidation (RoX) interface built at the Surface Analysis 

Laboratory of the Texas Materials Institute at UT-Austin. The interface prevents sample 

exposure to ambient air oxygen and moisture in the air during transport.  All XPS 

measurements were taken using a Kratos Axis Ultra DLD XPS system with an Al K-α 

source.  Survey scans of each sample were collected from 0-1200 eV binding energy with 

1.0 eV resolution, followed by high-resolution scans of the carbon 1s, oxygen 1s, fluorine 

1s, and titanium 2p regions at 0.1 eV resolution and 1000 ms dwell time.  High-resolution 
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scans of the nitrogen 1s region were taken of samples cycled with TBA-containing 

electrolyte.  High-resolution scans were also taken of the Cl 2p region of the samples 

cycled in LiClO4 electrolyte. All spectra were charge corrected relative to the aromatic C 

1s component at 284.7 eV binding energy.  Analysis of XPS spectra was performed with 

CasaXPS software (version 2.3.15, Casa Software Ltd.).  Spectra from high-resolution 

scans were used to estimate atomic composition of the electrode.  Fits of decoupled 

components were made using the sum of multiple Voigt functions composed of 30% 

Lorentzian and 70% Gaussian profiles optimized using the Simplex method. 

ToF SIMS analysis was performed using a TOF.SIMS 5 by ION-TOF GmbH 

(Germany), with a mass resolution better than 8000 (m/Δm). Bi3
2+ (0.9 pA) accelerated at 

30 keV and Cs+ (65 nA) accelerated at 1 keV were used as the primary analysis gun and 

the secondary sputtering gun, respectively. The depth profiling of the TiO2 electrodes was 

performed in static mode where the sputtering gun was engaged for 1.0 s over a 

300 × 300 μm2 area.  The analysis gun then rastered over 100 × 100 μm2 area centered in 

the sputtered square.  Profiling proceeded into the sample until a strong signal from the 

Si— ion was detected. Negative ion mode was used to detect secondary ions.  Analysis of 

ToF SIMS spectra was performed using proprietary ION-TOF software (version 6.3).   

RESULTS AND DISCUSSION 

Cyclic Voltammetry 

To compare the effects of the different electrolyte chemistries on the lithiation 

properties of these TiO2 electrodes, mainly the negative aspects of hydrofluoric acid 

formation, electrodes were cycled three different electrolyte mixes.  LiPF6 in EC:DEC 

was chosen as the standard electrolyte due to its common use in commercial batteries and 

other experimental investigations.  Electrodes were also cycled in a second electrolyte 
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containing 2000 ppm of TBA added to the standard as a HF scavenger.  Previously, the 

presence of TBA in solution has been shown to decrease the F concentration by almost 

half.30  The third electrolyte, containing LiClO4 salt in place of LiPF6, was chosen as a 

non-fluorine containing control.  In preparation for the XPS and ToF SIMS analysis, 

discussed below, a total of four electrode samples were cycled in each electrolyte, with 

excellent repeatability.  Samples cycled in electrolyte containing LiPF6 alone, LiPF6 with 

TBA, and LiClO4, will henceforth be referred to as Set 1, Set 2, and Set 3, respectively.  

Figure 3.1 shows the resulting CVs taken from one sample from each set.  Generally, the 

lithiation peak can be seen at about 1.6 V, while the delithiation peak is found between 

2.3-3.0 V, depending on the sample.   
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Figure 3.1.  CV from electrochemical conditioning of 25 nm thick TIO2 films on TPPF 
prior to XPS analysis.  Films were cycled in electrolyte containing LiPF6 
(a), LiPF6 with TBA added (b), and LiClO4 (c).  Cycles 1, 2, and 3 are 
marked in black, red, and blue, respectively.  Third cycle scans from Sets 1, 
2, and 3 are overlaid (d) and labeled in orange, purple, and green, 
respectively.  Scan rates were 5 mVs-1. 

Of the three mixes, Set 1 exhibited the most unique electrochemical behavior.  

Two distinct delithiation potentials were observed, the first at 2.6 V and the second at 2.9 
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V.  As cycling progressed, both peaks shifted more positive by about 0.1 V, suggesting 

an increase in the charge transfer resistance of the system, possibly the result of a 

structural change in the electrode interface.  Further progression of these electrochemical 

changes can be seen in Figure 3.2, illustrating lithiation up to ten cycles.  The background 

current at the low potential limit began to increase during each progressive cycle after the 

fifth.  After the fifth cycle, the extent of lithiation also improved slightly cycle over cycle.  

The lithiation peak at 1.55 V and first oxidation peak at 2.6 V increased per cycle above 

five cycles, while the second oxidation peak at 2.9 V stayed relatively constant.   

 

Figure 3.2.  Ten CV cycles (light to dark traces) of 25 nm TiO2 on TPPF with LiPF6 in 
EC:DEC. Scan rate was 5 mVs-1. 

Compared with the LiPF6 samples, Sets 2 and 3 exhibited strikingly similar 

results, shown in Figures 3.1b and 3.1c, respectively.  The lithiation and delithiation 

potentials at 1.6 V and 2.3 V, respectively, were statistically indistinguishable between 

the two sample sets.  Additionally, both exhibited a prominent secondary reduction peak 

at 1.25 V, which may be an indicator of the local concentration of lithium at the surface 
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of the electrode.  Previous studies have shown a peak at about 0.4 V lower than the 

primary lithiation peak during intercalation can be associated with the phase transition 

from tetragonal TiO2 to orthorhombic in order to accommodate Li0.5TiO2 stoichiometry as 

lithiation progresses.19  

Direct comparison of the three sets, shown in Figure 3.1d, reveals that cycling in 

LiPF6 alone results in increased peak splitting as well as wider lithiation peaks, 

suggesting that the kinetics are slowed in that case (slower Li+ ion diffusion).  Given the 

similarities in electrolyte chemistry between Sets 1 and 2, the matching lithiation 

response in the two alternative electrolytes may be surprising.  These results suggest that 

the most significant chemical contribution to the more complex lithiation behavior in Set 

1 is the presence of HF.   

Surface Spectroscopic Chemical Analysis 

Figure 3.3a shows the Ti 2p spectra of the six samples cycled in three electrolytes.  

Spectra taken of electrodes from sample Sets 1, 2, and 3 are shown in the top, middle, 

and bottom pairs, respectively, with dark-colored lines representing the lithiated samples 

and light-colored lines representing the delithiated samples.  The peaks centered at 458.6 

eV and 464.4 eV are consistent with the Ti 2p3/2 and Ti 2p1/2 of titanium in the Ti4+ 

oxidation state, respectively.69–71  A downward shift of 2.1 eV from these positions is 

associated with reduction to Ti3+.70  Fitting of these peaks has indicated that all three 

delithiated samples are at least 96% in the Ti4+ state, comparable to that of the pristine 

electrode at 97.6%.   
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Figure 3.3.  Ti 2p spectra from TiO2 anodes lithiated and delithiated (dark and light lines, 
respectively) in electrolyte containing LiPF6 (Set 1), LiPF6 with TBA (Set 
2), and LiClO4 (Set 3) (a).  Spectra normalized by max intensity are shown 
for Set 2 (b) and Set 3 (c) to better illustrate reduction of Ti4+ to Ti3+ in those 
systems upon lithiation. 

Results from the lithiated samples showed that the electrode cycled in LiPF6 alone 

showed no significant Ti reduction, while the electrodes from the Set 2 and Set 3 trials 

showed a 20.4% and 31.3% Ti reduction, respectively. Spectra normalized by maximum 
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intensity are presented in Figures 3.3b and 3.3c for emphasis.  When cycling was 

terminated at the low potential end, as was the case for the samples analyzed in the 

lithiated state, a thin organic SEI film was expected on the electrode surface.  This film, 

discussed below, significantly affected X-ray penetration and electron extraction from the 

bulk TiO2 layer, causing the Ti 2p signal attenuation in these samples.   

In traditional intercalation of Li+ ions into an oxide lattice, the transition metal 

accepts an electron and is reduced to accommodate the insertion of a positive charge into 

the structure, as described in 3.2 for TiO2: 

𝑥𝐿𝑖 + 𝑇𝑖𝑂! → 𝐿𝑖!𝑇𝑖𝑂!  (3.2) 

While results from tests with the two alternative electrolyte mixes yields the 

expected results, the apparent lack of reduction in Set 1 suggests that an alternative 

insertion method might play a role.  This is consistent with the CV data discussed earlier 

and previously in chapter 2.   

Figures 3.4 and 3.5 show the O 1s and F 1s spectra taken of Sets 1 and 2, 

respectively.  Ti 2p, C 1s, O 1s, F 1s, and Cl 2p spectra showing fits for individual 

chemical components for all samples can be found in Appendix A Figures A1–4.  These 

data were used to calculate atomic ratios for all main elemental constituents of the 

surfaces of the samples, summarized in Table 3.1.  In order to calculate the O:Ti ratios of 

the films themselves, only the O 1s component centered at 529.8 eV,70,71 associated with 

the bulk TiO2, was compared with the Ti signal.  While the pristine material was 

stoichiometric at 2.00 to 1, and the Set 2 samples were close at 1.95 and 1.97 to 1 for the 

delithiated and lithiated, respectively, Set 1 samples were oxygen deficient at 1.72 and 

1.87 to 1, respectively.  The ratio for the delithiated sample in Set 3 also was close to that 

of the pristine at 1.94 to 1.  The sample lithiated in LiClO4, however developed a thick, 
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organic film containing a high level of salt-related species (533.3 eV),87 making the 

measurement of the bulk oxygen component unreliable. 

 

Figure 3.4.  O 1s and F 1s XPS spectra of electrodes cycled in electrolytes containing 
LiPF6 without 2000 ppm TBA.  TiO2 in both the delithiated (left column) 
and lithiated (right column) states were tested.   
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Figure 3.5.  O 1s and F 1s XPS spectra of electrodes cycled in LiPF6-based electrolytes 
with 2000 ppm TBA added.  TiO2 in both the delithiated (left column) and 
lithiated (right column) states were tested.   
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Table 3.1.  Summary of surface compositions of TiO2 electrodes before and after lithium 
cycling by CV in each of three electrolyte mixes, as determined by XPS 
analysis.  Components are reported as atomic percentages (at%). 

Sample Ti O Li C F Cl 

Pristine 23.14 53.92 – 21.37 1.57 – 

Delithiated, LiPF6 3.14 20.88 22.02 24.43 29.55 – 

Lithiated, LiPF6 1.78 17.52 23.90 29.07 27.73 – 

Delithiated, LiPF6+TBA 7.29 27.41 4.08 52.70 8.51 – 

Lithiated, LiPF6+TBA 2.62 19.73 11.75 56.93 8.97 – 

Delithiated, LiClO4 8.74 31.55 6.74 52.72 – 0.23 

Lithiated, LiClO4 1.07 31.64 9.87 53.78 – 3.63 

In addition to the TiO2 peak at 529.8 eV, three other components were 

consistently present in the four LiPF6-containing samples.  The two peaks identified 

above 532 eV have been attributed to various organic functionalities, including 

carbonates, esters, ethers, and ketones often found as oligomeric decomposition products 

of organic electrolytes deposited onto the surface of battery anodes.11,85,88  Previous work 

performed by researchers, including the Aurbach,48,89–91 Kostecki,54,92 Peled,51,93 and 

Winter92,94–96 groups, have detailed the formation of these surface electrolyte interphase 

layers (SEI) in organic battery systems, so a thorough analysis will not be included in this 

work beyond the presentation of the individual components of the O 1s and C 1s spectra 

formed in the TiO2 system, found in Appendix B.  The binding energy of the third peak at 

531.2 eV, however, is too low to originate from one of these organics.  Previous work has 

identified certain titanium oxy-fluoride species to be within this range.97 
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Though Li is expected to be a major component of these systems, it is often 

difficult to detect at depth in XPS due to its low photoelectric cross-section of analysis.  

In this study, Li was primarily found in the form of LiF, a surface product and common 

inorganic component of SEI, with a Li 1s binding energy of about 55.8 eV.98  The only 

sample that exhibited Li in another form was the lithiated sample in Set 2.  It exhibited a 

second small constituent (about 20% of total) centered at 54.5 eV, likely from inserted Li 

in the TiO2 lattice.   

The strong peaks in the F 1s spectra at 685.0 eV support LiF formation.  In the 

absence of TBA, cycling in LiPF6 resulted in an almost 30% contribution of F to the total 

composition of the samples.  Yet, adding 2000 ppm of TBA reduced F incorporation by 

more than two thirds.  Small amounts (less than 8% of total fluorine) of fluorocarbon 

compounds, likely polyvinylidene fluoride, were detected on the surfaces of the 

electrodes, represented in the F 1s spectra by components centered around 688.1 eV.11,99  

Two other major components were detected, centered at 685.8 eV and 686.5 eV, 

identified as substitutional fluorine in the TiO2 leading to TiOxFy, and TiF2 formed at the 

surface of the electrode, respectively. 

ToF SIMS was used to further interrogate the chemical nature of the surfaces of 

the electrodes.  Figure 3.6 shows the depth profile of the major constituents of a pristine 

electrode.  The horizontal axis, representing sputter time, is analogous to depth from the 

surface, while the vertical axis is normalized (by maximum value) ion intensity.  The 

layered electrodes exhibited excellent structural order, with each material interface being 

coherent and ordered, as illustrated by the sharp transitions from the surface organic 

layer, down through the TiO2 electrode, the carbon conductive layer, and finally into the 

quartz substrate.  Trace levels of contamination from common elements, such as F, Na, 
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N, and Cl were detected at each interface as well, stemming from exposure to air between 

each processing step.   

     

Figure 3.6.  ToF SIMS depth profile of a pristine 25 nm thick TiO2 film deposited onto 
TPPF.  Sputtering time is analogous to depth from the electrode surface. 

Depth profiles for each cycled electrode can be found in Figure 3.7.  In Set 1 and 

Set 2 samples, significant F— (teal line) penetration into the TiO2 layer from the surface 

was detected.  The intensity of Li— at the surface in Set 2 were about 20% that of the 

corresponding samples in Set 1, reflecting the reduced presence of LiF in those samples 

(F— in all samples saturated the detector at max counts at the surface).  Results from Set 3 

confirmed that Cl— was confined to the surface.   
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Figure 3.7.  ToF SIMS depth profiles of 25 nm thick TiO2 electrodes after being 
delithiated and lithiated in different electrolytes, respectively.  Sputtering 
time is analogous to depth from the electrode surface. 

Figure 3.8 presents a more detailed look at some of the prevalent anions found at 

the surface, specifically Li—, LiF—, and TiOF—, which elucidated some key differences 

between Sets 1 and 2.  The lithiated sample cycled in standard LiPF6 electrolyte exhibits 
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two regions of concentrated Li: at the surface in the LiF layer, and deeper in the top layer 

of the TiO2.  The latter region is not found in the delithiated state.  Additionally, a layer 

of TiOxFy material was detected at a distinctly different depth from the LiF surface in 

both samples of Set 2.  It provided evidence of that the surface of the TiO2 was 

fluorinated upon cycling.  The Li—, LiF—, and TiOF— profiles of the samples of Set 2 

tracked together, suggesting the formation of a thinner SEI and surface TiOxFy formation 

was confined to the top few atomic layers of the TiO2, which would be expected for a 

system with a lower concentration of HF available to attack the electrode surface.     

 

Figure 3.8.  ToF SIMS depth traces of selected ions detected in 25 nm thick TiO2 
electrodes after delithiation and lithiation in LiPF6 electrolyte without (top) 
and with (bottom) TBA.  Note the different time scale in the top right figure.   
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Proposed Conversion Reaction 

Electrochemical data indicates that the electrodes in Set 1 underwent different 

lithiation chemistry than those in Sets 2 and 3.  ToF SIMS analysis showed that fluorine 

has penetrated into the TiO2 electrode in those samples and that a layer of TiOxFy exists at 

the surface of the TiO2 beneath the SEI.  XPS spectra showed evidence that TiOF and 

TiF2 are present.  It is reasonable to deduce that a conversion reaction is occurring in 

tandem with traditional intercalation.  It has been proven that HF can form in LiPF6 

electrolytes100, and while F— is not likely to enter the electrode at reducing potential, HF 

can freely diffuse.  If HF and Li+ co-intercalation occurs, then the acid can react with the 

TiO2, consequently releasing oxygen.  O2— replacement with F— can provide a charge 

balance to accommodate insertion of the Li+ without reduction of the Ti4+ (not seen in 

XPS).  The released O2— can then react with the free protons to reform water molecules in 

a self-catalyzing manner.  This phenomenon can be summarized in the following three 

chemical reactions:  

𝑇𝑖𝑂𝑂𝐻 + 𝑛𝐻𝐹 → 𝑇𝑖𝑂𝐹! +
!
!
𝐻!𝑂    (3.3) 

𝑇𝑖𝑂𝐹! + 𝑥𝐻!𝑂 → 𝑇𝑖𝑂𝐹!!!(𝑂𝐻)! + 𝑥𝐻𝐹   (3.4) 

𝑇𝑖𝑂! + 2𝐻𝐹 + 𝑒! + 𝐿𝑖! → 𝐿𝑖𝑇𝑖𝑂𝐹! + 𝐻!𝑂   (3.5) 

Equation 3.5 is a summary of the entire conversion process.  A similar phenomenon has 

been seen in V2O5 systems.30  It is likely that TiO2 in LiPF6 /EC:DEC is an example of a 

system with altered lithiation chemistry from mixed mechanisms.   

CONCLUSIONS 

TiO2 electrodes were cycled in three different electrolytes followed by high-

resolution surface chemical analysis.  Lithiation in an electrolyte containing LiPF6 salt 

exhibits a self-catalyzing partial conversion charge storage mechanism related to in situ 

formation of HF and subsequent attack of the electrode material.  The oxide layer 



 48 

exhibits chemical indications of substitutional fluorination.  Addition of 2000 ppm TBA 

as an HF scavenger is sufficient to suppress the effect of HF formation.   
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Chapter 4:  Geometric and Kinetic Influences on Lithiation 
Mechanisms in TiO2 

INTRODUCTION 

Efficient electrochemical energy storage is a requirement for renewable energy 

sources to become fully realized as a viable alternative to fossil fuels for energy 

production.  The lithium-ion (Li-ion) battery has recently become a leading candidate 

fulfill energy storage requirements for portable power applications on all scales, from 

microelectromechanical devices to electric vehicles.  The attractiveness of the technology 

is related to its relatively high energy and power density compared to other battery 

schemes.  Still, the demand for more powerful higher capacity devices is always 

increasing.  While many strategies have been and are currently under investigation, one 

popular method to improve performance and properties is to shrink components to the 

nanoscale.   

The power output of many current Li-ion battery systems is limited by mass 

diffusion of ions from the active material surface into the bulk.  The use of nanoscale 

geometries limits the distance through which Li+ ions are required to travel by increasing 

the surface-to-volume ratios of the electrodes and the electrolyte volume, thereby 

improving the speed at which reactions can occur.  Carbon nanotubes were some of the 

first nanostructured anode materials Wu and coworkers found that graphitic carbon 

nanotubes exhibited 640 mAhg-1, compared to 282 mAhg-1 for bulk graphite in the first 

cycle, and the nanotubes maintained 91.5% of their initial capacity after 20 cycles.101   

TiO2(B) nanowires and mesoporous nanoparticles have exhibited 305 mAhg-1 and 

230 mAhg-1 first-cycle capacities, respectively, much higher than expected for bulk 

TiO2(B) anodes.  The improvement was attributed to significant pseudocapacitive 

charging.29,102  Charging due to pseudocapacitance in these systems also improves the 
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electrode rate capability.  In addition to TiO2(B), the anatase polymorph is also an 

attractive anode material for Li-ion batteries.  Atomic Layer Deposition of TiO2 has 

proven to be a facile method of thin film synthesis with nanometer-scale thickness 

control and provides uniformly smooth surfaces.   

In the following work, anatase TiO2 films of four different thicknesses were 

synthesized and tested using cyclic voltammetry (CV).  The surface pseudocapacitive 

contribution to the total charge capacity was calculated for each thickness, and the length-

scale, or geometric effect on lithiation kinetics is discussed. 

EXPERIMENTAL 

TiO2 electrodes were prepared following the method outlined in Chapter 2.  Films 

of 12 nm, 19 nm, 25 nm, and 100 nm were deposited using 250, 375, 500, and 2000 ALD 

cycles, respectively.  The 100 nm electrode was deposited at 250°C, and each N2 purge 

was only 5 s long, due to time constraints.  All electrodes in this study contained opaque 

carbon as the current conducting layer to ensure the highest conductivity.  Airtight 

electrochemical cells were prepared in an Ar filled glovebox (MBraun) prior to CV 

cycling.  Cycling was performed (CH Instruments CHI 440 Potentiostat) on the benchtop 

with 1 M lithium hexafluorophosphate (LiPF6) in 1:1 ethylene carbonate:diethyl 

carbonate (EC:DEC) electrolyte with 2000 ppm TBA added (see Chapter 3 

experimental).  Lithium metal was used as the counter and quasi-reference electrodes.  

Electrodes were CV cycled from 3.4 V to 1.0 V versus Li+/Li.  All potentials reported are 

versus Li+/Li.  Each electrode first underwent 10 conditioning cycles at 5 mVs-1.  Then a 

single scan at 4 mVs-1, 3 mVs-1, 2 mVs-1, 1 mVs-1, 0.5 mVs-1, 5 mVs-1, 6 mVs-1, 8 mVs-1, 

10 mVs-1, 20 mVs-1, 50 mVs-1, and 5 mVs-1
 each was performed.  Extra scans at 5 mVs-1 

were compared to ensure electrode stability throughout the study.   
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Electrochemical impedance spectroscopy (EIS) was performed on TiO2 films of 

12 nm, 19 nm, and 25 nm thicknesses using an Autolab PGSTAT100 electrochemical 

workstation and FRA impedance analysis software (MetrOhm).  Airtight electrochemical 

cells were prepared in a glovebox in the same fashion as described above for CV studies.  

All EIS measurements were taken using a Faraday cage.  Each electrode was CV cycled 

multiple times prior to EIS measurements to ensure stable surface chemistry.  Frequency 

scans were taken sequentially at nominal potentials of 3.4 V, 2.1 V, 1.0 V, 1.8 V, and 3.4 

V using a potential amplitude of 10 mV.  Conditioning time was 300 s after stepping to 

each new potential, and 50 datapoints were taken at frequencies from 50 mHz to 300 

kHz. 

RESULTS AND DISCUSSION 

Bulk Versus Surface Lithiation 

TiO2 films of four different thicknesses were tested in a CV scan rate dependence 

study to determine geometric effects on current contributions associated with bulk 

intercalation and surface pseudocapacitance charge storage mechanisms. Intercalation is a 

mass transport-related process that is governed by Li+ diffusion through the TiO2 crystal 

lattice, so intercalation current generally scales to the square root of scan rate, i α ν1/2.  In 

contrast, since pseudocapacitive charging only requires diffusion to the to the 

electrode/electrolyte interface for electrode reduction, it is governed by electron transfer 

kinetics and current scales directly with scan rate, i α ν.  Fitting a power law curve to i vs 

ν data taken of a system at a range of scan rates should yield power coefficients (b, in 

𝑦 = 𝑎 ∗ 𝑥!) somewhere between 0.5 and 1.0, representing the mix between intercalation 

and surface pseudocapacitance exhibited by the system.   
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Films of 12 nm, 19 nm, 25 nm, and 100 nm were prepared and cycled in organic 

electrolyte containing 1 M LiPF6 salt and 2000 ppm TBA additive to prevent chemical 

contamination from HF formation, as previously discussed in chapter 3.  Each electrode 

underwent ten conditioning cycles at 5 mVs-1 to ensure electrode stability prior to the 

scan rate dependence study, CVs shown in Appendix B Figure B.1.  CVs taken at scan 

rates from 0.5 mVs-1 to 50 mVs-1 for each electrode can be found in Figure 4.1.  

Lithiation and delithiation potentials of 1.65 V and 2.25 V were consistent throughout the 

scans for all electrodes.  

 

Figure 4.1.  CVs taken at scan rates varying from 0.5 mVs-1 (darkest) to 50 mVs-1 
(lightest) of TiO2 thin film electrodes with thicknesses of 12 nm (a), 19 nm 
(b), 25 nm (c), and 100 nm (d). 

During calculation of the power law coefficient, b, data from scan rates greater 

than 10 mVs-1 were ignored because the systems were not in the semi-infinite linear 

diffusion regime at such high rates. Table 4.1 below summarizes the coefficients 
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calculated for each electrode.  While there is a general trend downward with increasing 

thickness, indicating increased intercalation contribution, the changes are subtle.  The b-

values from the 19 nm sample are outliers in both the delithiated and lithiated state, 

suggesting poor fitting of the power law to the data for that sample.  Additionally, 

coefficients below 0.5 suggest that this simplistic model is neglecting a key component.  

Table 4.1.  Power Law coefficients (b-values) calculated for each electrode.  Values were 
calculated using both the lithiation and delithiation peak currents. 

Electrode Thickness b, lithiation b, delithiation 

12 nm 0.59 0.52 

19 nm 0.60 0.48 

25 nm 0.55 0.50 

100 nm 0.54 0.44 

In order to better understand these trends, a second model was applied to these 

data.  Following work by Wang and coworkers31, a mathematical model combining 

description of the pseudocapacitance and intercalation relationships with current was 

implemented.  If the total current, Itotal, is considered a combination of the 

pseudocapacitive and intercalation currents, then the system can be described by the 

following equation:  

𝐼!"!#$ = 𝑘!𝜈 + 𝑘!𝜈!/!  (4.1) 

where k1 and k2 are coefficients, and k1ν and k2ν1/2 represent the fraction of charge 

accumulation from pseudocapacitive and intercalative processes at a given potential.  

Rearrangement yields a linear equation in the form of 𝑦 = 𝑚 ∗ 𝑥 + 𝑏: 
!!"!#$
!!/!

= 𝑘!𝜈!/! + 𝑘!  (4.2) 
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By assuming standard lithiation and delithiation potentials and fitting a linear 

regression to 𝐼!"#$ 𝜈!/! versus ν1/2, k1 and k2 can be found for the peak currents.  They 

can then be used to estimate percentage pseudocapacitive and intercalative current, 

respectively during the electrochemical processes.  Results of this analysis can be found 

in Table 4.2.  Two trends can be seen.  First, in all samples, as scan rate increases, so 

does the contribution from pseudocapacitance.  This is in agreement with kinetics 

models, as surface processes are kinetically dominant at high scan rates.  Second, there is 

a more obvious direct correlation between thickness and intercalation dominance.  There 

is little change between the 12 nm, 19 nm, and 25 nm films, which is likely an indication 

that even at 25 nm, the film is not yet thick enough to exhibit discrete surface and bulk 

components to its structure.  However, the 100 nm thick film only exhibits a small 

surface pseudocapacitance (8% at the fastest scan rate) indicating that it has sufficient 

thickness to exhibit traditional Li+ intercalation behavior. 

Table 4.2.  Percentage contributions to current from surface-confined pseudocapacitive 
charge transfer during lithiation of TiO2 electrodes of varying thicknesses.  
Calculations were based on equation 4.2. 

Scan Rate 12 nm 19 nm 25 nm 100 nm 

2 mVs-1 27% 26% 26% 4% 

3 mVs-1 31% 30% 30% 5% 

4 mVs-1 34% 33% 33% 5% 

5 mVs-1 37% 36% 36% 6% 

6 mVs-1 39% 38% 38% 7% 

8 mVs-1 42% 41% 41% 8% 

10 mVs-1 45% 44% 44% 8% 
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Electrochemical Impedance Spectroscopy 

The data taken at higher scan rates exhibited peak shifts of up to 0.25 V, likely 

due to polarization losses.  IR compensation was considered for these data to make the 

analysis more accurate.  To determine the significant impedances in the electrode system, 

EIS was performed at five potentials in sequence following a single CV cycle (shown in 

the inset of Figure 4.2a). A small amplitude (10 mV) AC potential input signal centered 

at each nominal potential results in a small current output without significantly moving 

the electrochemical system out of equilibrium.  The input potential and measured current 

are linearly related, and the type and magnitude of impedance can be determined from 

analysis of this signal.   

Figure 4.2 shows Nyquist plots for each of the five scans performed on three 

electrodes.  The real, or in phase, impedance (Z’) is plotted along the horizontal, and the 

imaginary, or 90° out of phase, component (Z’’) is plotted along the vertical axis for each 

datapoint collected during the AC frequency (f) sweep.   
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Figure 4.2.  Nyquist plots taken at five different potentials during a single 
lithiation/delithiation cycle of a) 12 nm, b) 19 nm, and c) 25 nm thick TiO2 
electrodes.  The colors of the plots correlate with the scan number and 
potential in the inset of Figure a.   
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Ideally, the plots would follow a semicircular shape with a 45° angled Warburg 

line extending out from the horizontal intercept at low frequency, illustrated in Figure 

4.3a.  The solution resistance (RS) dictates the position of the high frequency intercept, 

and the charge transfer resistance (RCT) determines the diameter of the semicircle.  The 

impedance of electrochemical cells are often analyzed modeled using equivalent 

electrical circuits, where each physical impedance component is represented by a circuit 

element.  While the Nyquist plots do not exhibit a full semicircle, they do contain 

characteristic features of a simple Randles-type cell.  The impedance response at f > 20 

kHz is relatively constant with a phase angle (θ) close to zero for all tests.  The traces of 

the plots below 20 kHz follow a semicircular shape down to 50 mHz.  The TiO2 

electrodes exhibited behavior following a Randles equivalent circuit, shown in Figure 

4.3b.   

     

Figure 4.3.  a) Ideal Nyquist plot illustrating how RS and RCT were calculated from the 
data collected with TiO2 electrodes, and b) Randles equivalent circuit 
representing the configuration of impedance components in the 
electrochemical cell.   

The Randles circuit includes RS in series with a combination of RCT and double 

layer capacitance, Cdl, connected in parallel.  The Warburg impedance element, labeled 

W, comes from a component 45° out of phase with the AC potential related to diffusion 
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effects that become significant as the frequency approaches 0 Hz.  The physical 

interpretation of the circuit states that (Li+) charge travels through the electrolyte solution 

and either contributes to the electrochemical double layer formation on the surface or 

transfers charge to the TiO2 and inserts during electrode reduction. As expected, the 

solution resistance remains relatively constant and provides a small contribution to the 

total cell resistance.  RS was calculated to be 366 ± 2 Ω, 517 ± 3 Ω, and 403 ± 2Ω for the 

12 nm, 19 nm, and 25 nm films, respectively.  Changes in RS from can be attributed to 

small variations in electrode separation from sample to sample during cell preparation.  

The low standard deviations confirm that the electrolyte does not significantly change 

during cycling.   

The charge transfer resistance, determined by manual fitting of the Nyquist plots 

to a semicircular function, was found to be by far the dominant component in the system.  

RS only accounted for 0.03% – 0.3% of the total system resistance.  Each set of Z’’ versus 

Z’ data was fitted with the mathematical function in equation 4.3, and the parameters 

were optimized using a least squares method to yield the most reasonable value for RCT.   

𝑍! − 𝑅! +
!
!
𝑅!"

!
+ 𝑍′′! = !

!
𝑅!"

!
  (4.3) 

In some cases, the low frequency data was omitted from the fitting if indications of 

deviation due to diffusive effects (i.e. presence of a linear Warburg region) were detected.  

A summary of the results is shown in Chart 4.3.   
  



 59 

Table 4.3.  Charge transfer resistances determined by EIS for electrodes  of 12 nm, 19 
nm, and 25 nm thicknesses at different lithiation states.  Results reported in 
kΩ. 

Nominal Potential 12 nm 19 nm 25 nm 

3.4 V 940 1800 1600 

2.1 V 490 640 900 

1.0 V 150 380 400 

1.8 V 320 240 240 

3.4 V 940 1400 1500 

 

Lithiation of the films reduced the RCT by a factor of about five in all cases, and 

based on the results of the intermediate potential scans, RCT is a function of extent of 

lithiation and not purely of potential. Overall, the thinnest electrode exhibits the lowest 

resistance at all potentials except at 1.8 V, just before delithiation occurs.  Formation of 

organic films on the surface of the electrodes is expected to increase the resistance of the 

system, so it is unlikely that the surface deposits are the cause of the change.  

Electrochemical reduction of the Ti to form LixTiO2 (0 < x < 1) yields more metallic 

character in the oxide film, leading to higher conductivity.  The change in resistivity is 

reversible upon delithiation, with all three samples returning to nearly their original 

values, supporting reversible reduction of the oxide film.  

CONCLUSIONS 

TiO2 electrodes of varying thicknesses were CV cycled at a series of scan rates.  

CV stability was good over a total of 22 cycles.  Analysis of the lithiation peak currents 

compared to scan rates was used to determine the relative charge storage contributions 

from bulk intercalation and pseudocapacitance.  Results indicated that roughly 35% of 
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the total stored charge is surface bound for electrodes less than 25 nm thick.  For 100 nm 

thick electrodes, only about 95% of the charge storage is in the bulk.  Electrochemical 

impedance spectroscopy indicated that the charge transfer resistance of thin TiO2 films is 

on the order of 106 Ω in the delithiated state, but reduces by a factor of five upon 

lithiation.  The increased conductivity in the lithiated state is due to the more metallic 

nature of reduced LixTiO2.   
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Chapter 5:  Synthesis of Thin Film V2O5 Cathodes for Application in Li-
Ion Batteries Via Atomic Layer Deposition 

INTRODUCTION 

As the popularity of electric vehicles has begun to rise in the past several years as 

a response to concerns with global CO2 emissions and climate change, there has been 

renewed interest in developing high capacity lithium-ion battery cathode and anode 

materials.  Polyvalent materials are attractive options because of their ability to accept 

more than one Li+ ion through a series of reduction steps, which results in higher 

gravimetric capacities.  V2O5 has the capability of accepting up to 3 Li+ per V2O5 unit, 

yielding a gravimetric capacity of up to 440 mAhg-1. Vanadium can hold oxidation states 

from V5+ down to the V2+, and its layered structure is well suited to accommodate the 

extra interstitial sites.   

V2O5 for electrochemical storage has been synthesized using various methods, 

many of which are intended to yield porous structures.  Sol-gel based synthesis routes to 

xerogels in particular have shown very promising.  Park and coworkers demonstrated that 

V2O5 xerogel cycled in propylene carbonate with 1 M LiClO4 can successfully intercalate 

up to 3.3 Li+ per V2O5 unit.103  These high surface area structures also gain a capacity 

improvement because of the wide capacitive envelope exhibited in the cyclic 

voltammograms (CVs).103–106  Thin film methods are also popular, including DC and RF 

magnetron sputtering,107,108 electron beam evaporation,109 pulsed-laser deposition,110–112 

chemical vapor deposition,113 and atomic layer deposition (ALD).114–118  ALD has been 

performed using a combination various metalorganic compounds and both ozone (O3) 

and water (H2O).   
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EXPERIMENTAL 

Transparent pyrolyzed photoresist films (TPPFs) used as substrates for ALD of 

V2O5 cathodes was performed as reported in Chapter 2.  The procedure for ALD of V2O5 

electrodes was developed in-house. Films were deposited at 175°C using vanadium 

triisopropoxide (VTIP) held at 45°C and Ozone as the V- and O-containing precursors, 

respectively.  Each V2O5 cycle consisted of a 0.5 sec VTIP pulse and a 0.01 sec Ozone 

pulse, separated by 20 sec N2 purges.  The V2O5 electrodes were then annealed in either 

regen gas (5% H2/N2) flow or ambient air at 400°C for 1 hour (5°C/min ramp 

rate).  Spectroscopic ellipsometry (J. A. Woolham M3000 Spectroscopic Ellipsometer) 

was performed from 45°—80° angle of incidence in 5° increments.  Five sets of 

measurements were taken from each electrode and averaged.  Modeling of the optical 

data was performed using WVASE ellipsometry analysis software (J. A. Woolham Co.). 

Grazing incidence X-ray diffraction (GI-XRD) (Bruker Nokius AXS D8 

Advance) was performed on V2O5 films deposited onto Si wafer using a Cu Kα radiation 

source (1.54 A ̊) at an angle of incidence of 0.5°.  Spectra were background subtracted 

using Eva software (Bruker Corporation).  Raman microscopy was performed on 11 nm 

thick V2O5 on TPPF with a Renishaw In Via microscope system using the backscattering 

configuration. A 514.5 nm Ar laser was used as the excitation source.  The beam was 

focused using a 50× aperture resulting in an approximately 2 μm diameter sampling cross 

section.  Spectra were taken at 5% power for a total of 900 s.   

All XPS measurements were taken using a Kratos Axis Ultra DLD XPS system 

with an Al K-α source.  Survey scans of each sample were collected from 0-1200 eV 

binding energy with 1.0 eV resolution, followed by high-resolution scans of the 

combined oxygen 1s and V 2p regions at 0.1 eV resolution and 1000 ms dwell time.  All 

spectra were charge corrected relative to the aromatic O 1s main component at 530 eV 
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binding energy.  Analysis of XPS spectra was performed with CasaXPS software 

(version 2.3.15, Casa Software Ltd.).  Spectra from high-resolution scans were used to 

estimate atomic composition of the electrode.   

Prior to electrochemical analysis, airtight spectroelectrochemical cells with quartz 

top windows were prepared in an Ar filled glovebox (MBraun).  The O2 and H2O content 

in the glovebox were maintained below 10 ppm.  All cyclic voltammetric (CV) scans 

were performed (CH Instruments CHI 440 Potentiostat) on the benchtop with 1 M 

lithium hexafluorophosphate (LiPF6) in 1:1 ethylene carbonate:diethyl carbonate 

(EC:DEC) electrolyte at 10 mVs-1 scan rate.  Lithium metal was used as the counter and 

quasi-reference electrodes.  Electrodes were CV cycled from 4.0 V to 2.0 V versus Li+/Li 

for 10 cycles.  All potentials reported are versus Li+/Li.  At the same time, ultraviolet-

visible (UV-Vis) absorption spectra were measured every 5 seconds using an Agilent 

Instruments 8453 UV−visible spectrometer with a photodiode array detector. 

RESULTS AND DISCUSSION 

Film Synthesis 

The ALD method used to deposit the V2O5 electrodes was a modification of a 

process reported by Chen and coworkers,116 where the vanadium and oxygen precursors 

were VTIP and oxone, respectively.  Ranging from 170°C – 185°C, the thermal 

processing window of this chemistry is relatively narrow compared to most recipes,45 and 

system pressures were critical to proper deposition.  Target pressure spikes for the VTIP 

were 0.4 Torr over base pressure (0.45 Torr), while the ozone pulse time was set to the 

system minimum, which provided excess gas for saturation.  Three thicknesses were 

measured via ellipsometry, and a GPC of 0.43 Å was determined for this system, 

illustrated in Figure 5.1. 
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Figure 5.1.  Linear regression fitting (red dashed line) of thickness data of V2O5 thin 
films deposited on carbon substrates using different numbers of ALD cycles.  
By the slope of the fit line, the average GPC rate was determined to be 
0.43 Å.  

Initial attempts to anneal the films at 400°C in air caused the underlying PPF to be 

removed, which was not seen in previous studies with TiO2. Oxygen diffusion through 

the V2O5 lattice was sufficient at that temperature to facilitate complete oxidation of the 

carbon layer.  The results of annealing in air can be seen in the photograph in Figure 5.2.  

The four films in the image were V2O5 deposited onto opaque PPF using 125, 250, 375, 

and 500 ALD cycles, respectively from left to right.  The carbon layer of the film on the 

left did not oxidize as the others did, and it is believed that the V2O5 layer on top was not 

thick enough to form an ordered structure to allow normal oxygen diffusion.  Results 

from earlier work with ALD of TiO2 electrodes also suggested that a minimum thickness 
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is required to form an ordered structure.  While deposition was successful to form a 6 nm 

thick TiO2 film, the films were of completely amorphous nature, which can be seen in the 

Raman results in Figure 2.2.  Annealing did not successfully crystalize the film possibly 

because of residual thermal stresses and surface tension.  Subsequent annealing of the 

V2O5 films was performed in reducing gas flow in order to prevent PPF combustion.  

However, the structure and properties of VOx materials are highly dependent on oxygen 

content, and film stoichiometry must be considered. 

 

Figure 5.2.  Photograph of V2O5 films ALD deposited onto PPF taken after annealing at 
400°C in air.  The underlying carbon substrate of the three thicker films 
completely oxidized during annealing, while the thinnest film, deposited 
using 125 ALD cycles, protected the carbon from oxidation.   

Effects of Thermal Processing 

The structures of the films were determined using GI-XRD, Raman microscopy, 

and XPS analysis.  Figure 5.3 shows the XRD profiles and Raman spectra taken of V2O5 

films on Si and PPF, respectively.  XRD samples were deposited onto Si substrates 

instead of PPF in order to fully examine the effects of annealing conditions on the crystal 

structures of the films.  Based on XRD results, it is most likely that the films were 

deposited as V2O5,119 and annealing in both air and reducing atmosphere resulted in the 

125 ALD cycles 

500 ALD cycles 
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formation of more oxygen deficient films.  The film annealed in air was mostly V2O5 

with some V3O7
120 and small quantities from other intermediate phases.  The film 

annealed in hydrogen exhibited a transformation to a mix of VO2
121 and V6O11.122   

 

Figure 5.3.  Structural characterization of V2O5 thin films as-deposited (black), after 
annealing in 5% hydrogen gas (red), and after annealing in air (blue):  XRD 
patterns of 22 nm films on Si (a) and Raman spectra of 11 nm films on PPF 
(b).   
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The as-deposited film on Si (black line in Figure 5.3a) exhibited an intense 

diffraction peak at 20.3°, which is characteristic of the (001) orientation of an 

orthorhombic V2O5 crystal structure.  This is likely an indication of the preferential 

growth direction.  Small peaks at 2-theta higher than 50° were attributed to small regions 

of oxygen deficient VOx.  Annealing in air (blue line) further intensified the 

characteristic peaks at 20.3° and generated a wide peak in the range from 53° – 57° that 

can be attributed to the presence of a series of oxygen deficient phases possibly including 

V3O7, V7O13, V6O11, V5O9, and V4O7.120,122–125  The sample annealed in reducing 

atmosphere (red line) did not exhibit the main V2O5, and two peaks grew in at 14.7° 

(VO2) and 29.4° (mixed stoichiometry phases ranging from VO2 to V7O13).  Further 

confirmation of deposited V2O5 films can be seen in the Raman spectrum shown in 

Figure 5.3b, which matches previously published results.126 

Figure 5.4 shows XPS spectra containing the O 1s and V 2p transitions for three 

samples of V2O5 on PPF.  Detailed characterization of the V 2p and O 1s transitions of 

various forms of VOx films has been documented in the literature.127–130  The binding 

energy of oxygen in vanadates is typically 530 eV regardless of the oxidation state of 

vanadium, hence it acts as a good standard for comparing the binding energies of the 

vanadium spectra.  In the V5+ state, the V 2p3/2 transition is expected at 517 eV for V2O5.  

The primary peaks for the as-deposited film and air-annealed film are very close at 517.1 

eV.  A small shoulder on the low end indicates that a fraction of the vanadium is reduced 

to V4+.  In the hydrogen-annealed film, the reduced state (found at 515.7 eV) composes a 

much higher percentage of the film, in agreement with the XRD data.  The percent of 

vanadium V4+ was calculated to be 9.0%, 7.5%, and 77.6% for the as-deposited, air-

annealed, and hydrogen-annealed sample, respectively.  The associated total oxygen-to-

vanadium ratios are 2.4, 3.6, and 2.6, respectively.   
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Figure 5.4.  XPS spectra of V2O5 films as-deposited (black), after annealing in air (blue), 
and after annealing in 5% hydrogen gas (red).  Spectra contain the O 1s and 
V 2p transitions. 

The air-annealed sample exhibits much higher relative oxygen content due to a 

second main oxygen state, illustrated by the peak found at 532.3 eV.  Since the C 1s 

spectra don’t vary significantly from sample to sample, it is not likely that this peak is 

related to organic surface contamination.  However, it is possible that silica 

contamination and incorporation at the surface, forming SiV4O12, altered the structure and 

binding energies of Si-adjacent O atoms. While the two other films were silicon free, 13 

at% Si was detected on the surface of this electrode.  Occelli and coworkers previously 
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reported that forming divanadium hexaoxides with alkaline-earth metals upshifts the 

oxygen binding energy by about 2.4 eV.131 

Spectroelectrochemistry 

While lithiation and delithiation of the as-deposited films appeared to be a more 

systematic process with multiple defined reduction and oxidation potentials, the annealed 

films exhibited more repeatable response with less capacity loss cycle over cycle.  CVs of 

lithiation in 16 nm thick as-deposited and hydrogen annealed films are presented in 

Figures 5.5a and 5.5b, respectively.  Three distinct lithiation potentials were observed 

from the as-deposited film.  The first two peaks at 3.36 V and 3.18 V form as lithium is 

inserted into the V2O5 and V5+ is reduced to V4+, forming the LiV2O5 phase.  These are 

coupled with associated oxidation/delithiation peaks at 3.42 V and 3.22 V, respectively.  

The third lithiation peak at 2.26 V indicates further insertion and reduction from V4+ to 

V3+.   

 

Figure 5.5.  CV of as-deposited (a) and annealed (b) V2O5 electrodes (16 nm thick) in 1 
M LiPF6 in EC:DEC.  Scan rate was 10 mVs-1, second cycles shown.   

Since the annealed electrode was thermally reduced before cycling, the first two 

peaks are suppressed.  A broad peak is observed near 2.8 V may represent reduction of 

the roughly 23% V5+ shifted negatively because of structural disorder in the film and is 

likely coupled to a similarly broad oxidation peak observed at 3.3 V.  Primary lithiation 
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in this film occurred below 2.5 V, with a coupled delithiation peak at 2.6 V.  The initially 

broad asymetrical peak at 2.4 V resolved after the second cycle to two peaks at 2.45 V 

and 2.25 V.  The formation of two distinct peaks, along with overall increased peak 

current as cycling progressed suggests structural ordering as the films were cycled.   

A spectroelectrochemical study was performed on an 11 nm thick annealed film 

to investigate the optical changes in the films as a result of lithiation.  UV-Vis absorption 

of the electrode by itself was measured prior to cycling and can be seen in Figure 5.6a.  

V2O5 reportedly has a band has a band gap of 2.3 to 2.7 eV.132–134  The oxide films 

exhibited an absorption edge at 460 nm, denoting an optical band gap of 2.7 eV.  

Quantum confinement in the 11 nm films is likely increasing the band gap compared to 

the normal bulk , so 2.7 eV is a reasonable band gap value.  The reduced phase VO2 

exhibits a small gap of 0.5 eV,135 so even if somewhat oxygen deficient the electrodes 

still exhibit an electronic structure of V2O5.   

 

Figure 5.6.  UV-Vis absorption spectrum of 11 nm thick annealed V2O5 electrode prior to 
cycling (a) and absorption spectra taken during lithiation cycling after 0.5 
(orange), 1.0 (red), 9.5 (teal), and 10 (blue) cycles (b).  Absorption in the 
spectra in (b) indicates change from the initial state of the electrochemical 
cell measured before cycling.   

Changes in the UV-Vis absorption of the films were monitored through ten CV 

lithiation cycles, and selected absorption spectra are presented in Figure 5.6b.  Two 
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phenomena were observed.  First, an absorption peak centered at 265 nm grew 

consistently from cycle to cycle throughout the experiment, suggesting the formation and 

growth of an organic film on the surface as a result of interactions with the electrolyte.  

Second, the absorbance of the film below 400 nm was reversibly reduced as a result of 

lithiation, which correlates with the absorbance edge of the films seen in Figure 5.6a, 

indicating lowering the oxidation state of the V5+ to V4+ and V3+ by lithiation increases the 

optical band gap of the film and pushes absorption further into the UV range.  Time 

traces of absorption changes at selected wavelengths are presented in Figure 5.7 to further 

illustrate the changes in absorption during cycling.   

 

Figure 5.7.  Time traces of absorption changes at specific wavelengths recorded during 
10 lithiation cycles of V2O5.  The duration of a single CV cycle was 400 s.   
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To ensure that the reversible change was due to the electrochemical reduction of 

the films, derivative plots of absorbance change as a function of potential were compared 

with corresponding CV data.  From the Beer-Lambert Law, the flux of electroactive 

species (Φ) can be used to correlate the change in potential (dE), the change in 

absorbance at a given wavelength (dAλ), and current (i) through the following 

relationship:136 
𝛷 = !!!

!"!!"
= !!"!

!"!!"
= !

!"#
  (5.1) 

where Δελ is the extinction coefficient difference between the LixV2O5 and V2O5 states, ν 

is the scan rate, n is the charge on the Li+ (n = 1), S is the area (S = 36 mm2), and F is 

Faraday’s constant.  The close correlation between dA/dE at 310 nm (not affected by the 

peak at 265 nm) and the CV recorded concurrently, shown in Figure 5.8, provides further 

evidence that the oscillation in absorption in the ultraviolet region is due to the insertion 

of Li+ and reduction of the films rather than another possible process.  
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Figure 5.8.  Comparison of CV and dA/dE of a V2O5 electrode measured at 310 nm 
during lithiation cycle two.   

CONCLUSIONS 

V2O5 films were deposited via ALD onto silicon and carbon substrates.  The as-

deposited films were nano-crystalline in nature, while annealing films resulted in oxygen 

deficient electrodes.  Impurity phases of lower oxygen content were detected in the 

annealed films, but they still exhibited electronic and electrochemical behavior of V2O5 

films.  Reduction of the V2O5 electrodes by lithiation resulted in reversible suppression of 

the films’ absorption in the UV range (less than 400 nm).  
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Chapter 6: Covalent Molecular Modification of Oxide Surfaces by 
Electrochemical Means1 

INTRODUCTION 

Indium tin oxide (ITO), a transparent conducting oxide material, and TiO2, a 

photoactive semiconductor, are used for electrodes in many electronic applications 

including photovoltaics,137–143 light-emitting diodes,144–148  and sensors.149–151  These 

materials are particularly suited for hybrid organic/inorganic solar cell devices, where  

TiO2 acts as the electron acceptor, conjugated polymers are used as the electron donor 

layer, and ITO is used as the current collecting layers.152  The performance of these 

devices depends upon the electronic band structure across these layers. A variety of 

surface functionalization strategies involving polymer films,144,145,149,151 organometallic 

moieties,153 phosphonic acid derivatization140,154,155 and self-assembled 

monolayers137,139,140,155 have been investigated to improve interfacial compatibility.  

Unfortunately, these approaches often require lengthy, expensive processing steps at high 

temperatures or low pressures and could produce thick films with irregular surface 

coverages.156  

The method of electrochemically controlled free radical grafting, which can 

deposit uniform, molecularly thin films at room temperature and pressure, has been 

widely explored for modifying metals,157–159 semiconductors,159–161 and carbon-based 

surfaces.159,162–165  While grafting via reduction of diazonium salts has been developed 

over the past few decades, electrochemical modification via iodonium salts is a relatively 

new field.  The first report of modification by aryl and alkynyl iodonium salts was on 

                                                
1 Portions of this chapter were published in Charlton, M. R.; Suhr, K. J.; Holliday, B. J.; Stevenson, K. J. 

Langmuir 2015, 31, 695–702. 
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glassy carbon by Vase and coworkers in 2005.166  In the years following, electroreduction 

of various aryl iodonium salts has been used to functionalize carbon surfaces.167–171  In 

2008, Kanoufi and coworkers expanded the field by successfully pattering the surface of 

gold through this method.172  Free radical grafting onto ITO has been investigated, to a 

lesser extent, using aryl diazonium salts.156  However, due to the higher reactivity of 

diazonium salts over their iodonium counterparts, formation of undesired nitrogen-based 

linkages to the surface and azo-linked multilayers can occur from direct diazonium cation 

attachment.156,173  Breton and coworkers explained that the major drawback of diazonium 

salts is a general lack of control over film thickness and organization.174  They mentioned 

many ways to avoid multilayer formation and obtain controlled film growth, however 

they involve adding sterically hindered protecting groups on the diazonium or using 

radical scavengers in the grafting solution.174  Furthermore, spontaneous grafting can 

occur on metal and semiconductor surfaces during aryl diazonium functionalization, 

leading to loss of control over the reaction rate and extent of coverage.175  

Aryl iodonium salts have inherently more negative reduction potentials than 

related diazonium salts, providing better control over the deposition rate.166,169  

Spontaneous grafting is a function of the chemical potential of the electrode.  If the open 

circuit potential is sufficiently low, as can be the case for carbon,176–178 metals,177–180 and 

certain semiconductors and oxides,175,181 then diazonium radicals can readily be formed 

and attach to the surface.  However, to date, spontaneous reduction and grafting of an 

iodonium salt has not yet been observed, nor has it been observed with diazonium salts 

on ITO.  

Electrochemical reduction and subsequent dissociation of aryl iodonium salts 

results in the grafting of an electrically insulating layer of the aryl moiety onto the 

substrate surface.  As shown previously, free radical grafting can form C–C covalent 
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bonds between aryl moieties and graphene or glassy carbon electrodes.163–165,169,182  

Currently, the type and surface site of aryl radical bonding on ITO is unknown.  

Stevenson and coworkers suggested that the aryl films may be regarded as strongly 

physisorbed to the ITO surface, since X-ray photoelectron spectroscopy (XPS) did not 

display a significant shift in the In 3d or Sn 3d signals and the complex O 1s spectra 

transition did not definitively exhibit evidence of covalent bonding of the grafted 

moieties to the surface.156  

This chapter discusses the grafting of 4-nitrophenyl (NO2Ph) radicals, formed via 

the reduction of di(4-nitrophenyl) iodonium tetrafluoroborate (DNP), onto ITO and TiO2 

using cyclic voltammetry (CV).  This work is the first time iodonium salts have been 

used to functionalize a metal oxide surface.  The iodonium salt DNP was chosen for this 

study to enhance the electrochemical and spectroscopic analysis.  Molecular surface 

coverage was determined through electrochemical reduction of the nitro groups.  XPS 

was used to further confirm species concentration and investigate the process of radical 

attachment to the surface. Additionally, we report the charge transfer resistance before 

and after grafting on ITO, determined by electrochemical impedance spectroscopy (EIS).  

Preliminary results of grafting onto TiO2 are also reported, focusing on the effectiveness 

of grafting on electrodes with different thicknesses.   

EXPERIMENTAL 

HPLC-grade acetonitrile (ACN) was dried and stored over activated molecular 

sieves.  All chemicals were used as received from commercial suppliers.  DNP 

[(NO2Ph)2I+BF4
–] was prepared using a one-pot synthesis method described by Stevenson 

and coworkers.171  Commercially available unpolished float glass slides (7 x 50 x 0.7 

mm) coated on one side with indium tin oxide (ITO) with a resistance of 70 – 100 Ω/sq 
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(Delta Technologies, Limited) were sonicated sequentially in water, ethanol, acetone, and 

dichloromethane (5 min. each) before experimental use.   TiO2 electrodes deposited on 

conductive carbon pyrolyzed photoresist films (PPFs) were synthesized as described in 

Chapter 2 and cut into 7 mm wide strips.  Electrodes of 12 and 25 nm TiO2 thicknesses 

were deposited onto optically transparent and opaque carbon films, resulting in four 

different electrode configurations.   

All electrochemical experiments were completed under nitrogen in a dry-box 

using Eco Chemie B. V. software and an Autolab PGSTAT30 Potentiostat.  CV and 

chronoamperometry experiments were completed using GPES software, while FRA 

software was used for impedance experiments.  The electrolyte used was 0.1 M 

tetrabutylammonium hexafluorophosphate [(n-Bu)4N][PF6] (TBAPF6) in dry ACN.  The 

electrolyte was purified through three recrystallizations from hot ethanol before drying 

under active vacuum for three days at 100 ºC.  All electrochemical experiments were 

carried out in a 20 mL electrochemical vial using an ITO or TiO2 working electrode, a 

Ag/AgNO3 (0.01 M AgNO3 and 0.1 M TBAPF6 in dry ACN) non-aqueous reference 

electrode, and a Pt wire coil counter electrode.  All potentials were reported relative to 

the ferrocene/ferrocenium couple (Fc/Fc+), unless otherwise noted, which was used as an 

external standard to calibrate the reference electrode.  Ferrocene was purified by 

sublimation at 95 ºC.  

For all electrochemical experiments, the working electrodes were positioned 

vertically, with the bottom edge of the slide touching the bottom of the electrochemical 

vial containing 5 mL of solution.  With this setup, a consistent area of the electrode (0.84 

cm2) was submerged in solution.  Electrochemical modification was carried out in an 

anhydrous electrolyte solution containing DNP (0.1 – 4.0 mM).  In general, grafting was 

performed by CV cycling ITO between 0 and -1.3 V vs. Ag/Ag+ and TiO2 between 0 and 
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-2.5 V vs. Ag/Ag+for two scans at 50 mVs-1.  The electrochemical cell was refreshed 

with DNP/electrolyte solution after grafting one to two samples.  After modification, the 

electrodes were rinsed three times with dry ACN.  To observe increased surface coverage 

and passivation, the grafting of select concentrations was repeated using 10 CV scans.  

NO2 reduction voltammograms of the grafted, rinsed electrodes were completed in fresh 

electrolyte solution by cycling between 0 and -2.0 V vs. Ag/Ag+ for two scans at a scan 

rate of 100 mVs-1.  Molecular surface coverages were calculated from the integrated NO2 

reduction and oxidation peak currents after polynomial background subtraction.  For the 

reduction currents, only the area associated with the NO2 peak at approximately -1.65 V 

vs. Fc/Fc+ was integrated.  The contribution from the small pre-peak at approximately -

1.30 V was not included.  To determine the electrochemical passivation, CV of the ITO 

electrodes before and after grafting was carried out in a 0.5 mM ferrocene/electrolyte 

solution by cycling between 1.2 and -0.8 V vs. Ag/Ag+ for two scans at 100 mVs-1.  

Percent passivation was calculated by dividing the difference between the ferrocene 

oxidation peak current (from the 2nd scans) of the unmodified and grafted ITO by that of 

the unmodified ITO. 

EIS measurements were performed on unmodified and modified ITO electrodes in 

0.5 and 5.0 mM ferrocene/electrolyte solutions at 0 V vs. Fc/Fc+.  A 10 mV sine-wave 

amplitude was used to maintain a linear response, while the frequency was swept from 

100 kHz to 50 mHz, with 7 data points taken per decade.  

All XPS measurements were taken using a Kratos Axis Ultra DLD XPS system 

with an Al K-α source.  Survey scans of each sample were collected from 0-1200 eV 

binding energy with 1.0 eV resolution, followed by high-resolution scans of the carbon 

1s, nitrogen 1s, oxygen 1s, indium 3d, and tin 3d regions on ITO and of the carbon 1s, 

nitrogen 1s, oxygen 1s, and titanium 2p at 0.1 eV resolution and 1000 ms dwell time.  A 
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charge neutralizer was used and all spectra were charge corrected relative to the aromatic 

C 1s component at 284.7 eV binding energy.  Analysis of XPS spectra was performed 

with CasaXPS software (version 2.3.15, Casa Software Ltd.).  Spectra from high-

resolution scans were used to estimate atomic compositions of the modified surfaces.  

Fits of decoupled components were made using the sum of multiple Voigt functions 

composed of 30% Lorentzian and 70% Gaussian profiles optimized using the Simplex 

method. 

RESULTS AND DISCUSSION 

ITO was chosen as a model system for aryl iodonium grafting because it is readily 

available and provides a well-defined surface whose properties have already been well 

documented in previous literature.  A proposed reaction pathway, adapted from studies 

by Chan and coworkers of iodonium salts on graphene is shown in Figure 6.1.169  The 

ITO surface components are based on ITO characterization work by Donley and 

coworkers.183  Modification of ITO was achieved through a one-electron reduction and 

dissociation of DNP dissolved in the electrolyte.  The DNP molecule dissociates into 1-

iodo-4-nitrobenzene and a 4-nitrophenyl (NO2Ph) radical, which may attach to the ITO 

surface through the proposed hydrogen abstraction mechanism, shown in Figure 6.2.  
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Figure 6.1.  Proposed grafting mechanism of NO2Ph onto ITO.  Step 1: Electrochemical 
one-electron reduction of DNP.  Step 2: Dissociation of DNP into 1-iodo-4-
nitrobenzene and a 4-nitrophenyl radical.  Step 3: The radical covalently 
bonds to the surface hydroxide sites (red) (vide infra).  The bulk ITO (blue) 
and oxygen vacancy sites (white) are also shown. 

 

 

Figure 6.2. Proposed hydrogen abstraction method for attachment.  Step 3a: Surface 
hydroxide hydrogen abstraction by a 4-nitrophenyl radical.  Step 3b: Bond 
formation between a second 4-nitrophenyl radical and a surface oxygen 
radical.  

A representative cyclic voltammogram (showing 10 grafting scans) of ITO in 0.6 

mM DNP/electrolyte is shown in Figure 6.3.  The first CV scan exhibits an irreversible 

reduction peak at -0.86 V vs. Fc/Fc+, corresponding to the formation of the 4-nitrophenyl 

radical from DNP.  In the subsequent CV scans, the current is drastically diminished and 

a large overpotential appears, shifting the DNP reduction process more negative and 

outside of the electrochemical window of stability.  This response is consistent with 
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typical grafting CVs of iodonium salts throughout the literature.167,168  These results 

indicate reduction in the rate of electron transfer by an electrically insulating layer 

containing NO2Ph moieties.  DNP grafting studies were continued using two CV scans 

with DNP concentrations ranging from 0.1 to 4.0 mM.  As the DNP concentration was 

increased, the initial reduction peak grew larger and the overpotential of the second scan 

increased, suggesting increased surface coverages and slower electron transfer rates at 

higher concentrations (Appendix C Figure C.1).  

                                              

 

Figure 6.3. Ten CV grafting scans of ITO in a 0.6 mM DNP/electrolyte solution. 

Chan and coworkers have previously shown that the integrated current (charge) of 

the grafting reduction peak can be used to calculate the surface coverage of the 

electrochemically activated species.169  However, this method may overestimate the 

surface coverage because it assumes that 100% of the reduced iodonium salts lead to 

bound NO2Ph moieties.  In the case of DNP, the nitro groups are electrochemically 

active.  CV of the modified samples and integration of the NO2 reduction peak provides a 

more precise calculation of the surface density of only the grafted NO2Ph moieties.  As 

expected, the charge measured for the reversible NO2 reduction peak increases with the 

DNP concentration (Figure 6.4A), suggesting that under the same electrochemical 
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conditions, a higher concentration of DNP yields a larger number of grafted NO2Ph 

moieties.  

A graph of surface coverage, based on the NO2 reduction peak, as a function of 

grafting DNP concentration is shown in Figure 6.4B.  The integrated area under the NO2 

reductive peak was used to calculate the surface coverage.  The surface coverage after 

two CV scans displays a linear dependence with concentration from 0.2 up to 0.8 mM 

DNP.  The NO2 reduction peak was not observable at a concentration of 0.1 mM DNP.  

Grafting at these lower concentrations in the linear portion of the curve results in sub-

monolayer surface coverages.  The end of the linear region (0.8 mM) suggests near-

monolayer coverage of the ITO. This same trend of a linear, sub-monolayer region up to 

0.8 mM has been shown before by our group while grafting DNP on glassy carbon.171  

However, note that stating monolayer coverage at this point does not imply that the 

surface coverage is at or near the theoretical close-packed limit for a 4-nitrophenyl 

monolayer, as calculated by McCreery and coworkers (vide infra).164  At higher 

concentrations (1.0 – 3.0 mM DNP), the slope, or change in surface coverage, drastically 

decreases from that of the linear region, showing partial blocking of the electrode surface 

by the insulating film.  The increase in surface coverage at 4.0 mM DNP will be 

discussed below.  Here it must be noted that this CV technique to calculate the surface 

coverage is an accurate method for determining sub-monolayer, monolayer, and 

multilayer transitions.  However, it cannot be used to accurately observe multilayer 

surface coverages, as this technique is limited by diffusion through the insulating film. 

When the same graph in Figure 6.4B is plotted using the integration of the NO2 

oxidative peak, the relationship is still linear up to 0.8 mM DNP (Appendix C Figure 

C.2).  In this linear region, reversible CV responses during the NO2 scan are consistent 

with those demonstrated for near-monolayer coverages of 4-nitrophenyl films on glassy 
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carbon.164  Again, the linear region was followed by a substantial decrease in the slope, 

but Figure C.2 displays a decreased calculated “surface coverage” at 3.0 and 4.0 mM 

DNP.  At these concentrations, the electron transfer of the nitro groups becomes quasi-

reversible and suggests that not all of the NO2Ph moieties are in direct contact with the 

substrate, as they can no longer all be reoxidized.  This electrochemical behavior is 

consistent with that reported by Stevenson and coworkers on ITO and Bélanger and 

coworkers on glassy carbon for multilayer coverages formed from 4-nitrophenyl 

diazonium salts.156,163  At these high concentrations, reduction of the DNP iodonium salt 

can result in carbon-carbon bond formation to produce multilayers at the ortho positions 

of previously grafted phenyl modifiers.184  The potential multilayer coverages were not 

further explored in this study because multilayer formation was undesired, as it would 

hinder our electrochemical and spectroscopic analysis of the grafted NO2 groups.  The 

subsequent studies herein are focused on sub-monolayer and monolayer surface 

coverages. 

                                              



 84 

 

Figure 6.4. A) NO2 reduction CVs (2nd scans) of ITO previously grafted (2 CV scans) 
with a range of DNP concentrations (0.1 – 4.0 mM) in an electrolyte 
solution.  B) Graph of surface coverage, based on the NO2 reduction peak, 
as a function of grafting DNP concentration.  The error bars represent the 
average standard deviation over multiple measurements at various 
concentrations. 

The calculated surface coverages from the NO2 reduction peak, based on the 

geometric electrode area, ranged from 0.77 to 6.98 x 1014 molecules/cm2 (0.2 and 4.0 mM 

DNP, respectively) using two CV grafting scans.  Grafting with 0.8 mM DNP yields a 

surface coverage of 4.95 x 1014 molecules/cm2, which represents 69% of an ideal close-

packed monolayer of 4-nitrophenyl moieties (7.23 x 1014 molecules/cm2), as determined 

by McCreery and coworkers.164  It is interesting to note that even the 4.0 mM sample, 

which shows multilayer characteristics, has a slightly lower surface coverage than an 

ideal close-packed monolayer of NO2Ph.  This anomaly is similar to results from 
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Downard and coworkers, who observed multilayer formation, on pyrolyzed photoresist 

films using a 4-nitrophenyl diazonium salt, far before the original monolayer approached 

the theoretical surface coverage of a close-packed monolayer.185  Using a combination of 

CV surface coverage data and atomic force microscopy scratching film thickness data 

they determined that even though their film was 4 layers thick, the surface coverage at the 

thickness of an NO2Ph monolayer was only 21% of an ideal close-packed monolayer 

(1.51 x 1014 molecules/cm2).  McCreery and coworkers also reported NO2Ph monolayers 

deposited on glassy carbon electrodes with surface coverages of 3.91 x 1014 

molecules/cm2, which is 54% of the theoretical close-packed monolayer.164  Our studies, 

along with these literature examples, agree with Downard and coworkers that film 

formation becomes self-limiting at surface coverages significantly less than the 

theoretical close-packed monolayer value.165,185  In fact, there are many sources that show 

that this theoretical NO2Ph close-packed monolayer is not easily approachable.159,160,165,185  

Note that, in general, comparisons of surface coverages between different studies are 

difficult due to different grafting methods and conditions, substrate properties, and 

surface coverage analysis techniques.  

The diminished current on the second CV grafting scan in Figure 6.3 prompted 

further investigation of DNP grafted ITO with an electroactive redox couple, 

ferrocene/ferrocenium (Fc/Fc+).  CVs of unmodified, 0.2 and 0.6 mM DNP grafted ITO 

(2 and 10 grafting scans) in a 0.5 mM ferrocene/electrolyte solution are shown in Figure 

6.5.  Passivation of the ITO electrodes by the grafted insulating films diminishes the 

electrochemical response of ferrocene, resulting in smaller peak currents and increased 

peak separation.  To clarify, percent passivation refers to the percentage that the oxidative 

peak current of ferrocene is diminished after grafting.  The percent of surface passivation 

of the electroactive ITO increases with higher DNP grafting concentrations (2 CV scans: 
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0.2 mM DNP = 8.7%, 0.6 mM DNP = 28.6%) and with a larger number of CV grafting 

scans (10 CV scans: 0.2 mM DNP = 61.2%, 0.6 mM DNP = 73.3%).  It should be noted 

that as the surface coverage increases and the resulting electrode blocking effect causes 

quasi-reversible behavior, the current response is affected by slower electron transfer 

kinetics in addition to the presence of the insulating film.  Therefore, larger surface 

passivation percentages are inherently less accurate.                                              

 

Figure 6.5. CVs (2nd scans) of unmodified and grafted ITO in a 0.5 mM 
ferrocene/electrolyte solution. 

XPS analyses were completed to further confirm that NO2Ph moieties have been 

grafted to the ITO surface and to ascertain to which ITO surface sites the NO2Ph radical 

preferentially attaches.  The N 1s spectra of 0.2 and 0.6 mM DNP grafted ITO samples 

are shown in Figure 6.6A.  While nitrogen is not observed on the pristine ITO surface, 

the N 1s spectra of the modified electrodes indicate that nitrogen-containing species have 

been deposited onto the ITO surface during grafting.  Higher DNP concentration (0.6 

mM) resulted in larger N 1s peaks, corresponding to higher coverage of modifiers on the 

surface.  The N:In atomic ratios normalized by ITO In 3d intensity (method described in 

the Appendix C) for the 0.2 and 0.6 mM DNP samples are 0.20:1 and 0.36:1, 

respectively.  
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Figure 6.6. A) N 1s XPS spectra of the electrochemically modified electrodes.  B) O 1s 
spectra of the modified electrodes compared to unmodified ITO.  C) 
Individual components of the O 1s spectrum of unmodified ITO.  D) 
Individual components of the O 1s spectrum of 0.6 mM DNP modified ITO 
(same legend as in C).   

The modified samples exhibit multiple nitrogen peaks, which have also been seen 

in similar studies regarding diazonium and iodonium-based NO2Ph 

modification.156,161,163,166,182,186  The peak at 405.6 eV can be attributed to the NO2 

groups,156,158 while the second main peak at 399.3 eV is consistent with reduced NO2 

species, likely primary amine moieties.88,161  Studies grafting with diazonium salts also 

attributed a N 1s peak around 400.0 eV to the formation of azo-linked multilayers, 

however this bond structure is not feasible for iodonium salts.  A third component 

comprising less than 10% of the total signal can also be identified at 402.0 eV, which 

matches the reduced species hydroxylamine (–NHOH).182  Hydroxylamines are 

intermediate species to the formation of amines, supporting the formation of NH2 upon 

reduction of the grafted NO2Ph moieties.182  While the origin of the NO2 reduction has not 

yet been definitively identified, potential sources have been discussed in detail 
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elsewhere.156,163,182  In this case, the most likely chemical sources are reactions with 

protons released from the hydroxyl-terminated ITO surface during grafting or from 

exposure to contaminant water in the ACN solvent during the NO2 reduction 

scans.  Garrido and coworkers have also shown that, given enough time, up to 85% 

reduction of nitro-functionalized molecular layers can occur during XPS analysis.187  The 

samples in our study were exposed for 30 minutes in total, so reduction of the films by 

30-35% could be considered reasonable, based on previous literature values.186  Since the 

NO2 to NH2 peak ratios are closer to 50%, at least some of the grafted NO2Ph must be 

reduced prior to XPS analysis.  Further investigation is currently underway to elucidate 

the specific reduction mechanism. 

Grafting also had a significant effect on the O 1s XPS signal (Figure 6.6B).  The 

bulk ITO oxygen component in the modified sample spectra centered at 529.6 eV183 

decreased relative to that of unmodified ITO, which is consistent with the reduction in 

overall signal seen in the In 3d and Sn 3d spectra after grafting (Appendix C Figure 

C.3).  Deconvoluted spectra of the oxygen signals of pristine ITO and 0.6 mM DNP 

grafted ITO samples are shown in Figures 6.6C and 6.6D, respectively.  In the pristine 

ITO, components relating to bulk ITO oxygen sites, vacancy adjacent oxygen sites, and 

surface hydroxide species are all identified.  These assignments match the positions 

determined by Donley and coworkers.183  

The second major peak (532.7 eV, orange in Figure 6.6D), which scales with 

DNP grafting concentration, is attributed to NO2 groups on the grafted molecules.161,187  In 

the O 1s spectra, the NO2 component of the modified samples can be identified and fit by 

maintaining a ratio of 15% between the vacancy adjacent oxygen (530.8 eV) and normal 

bulk oxygen (529.6 eV) found in the pristine ITO, while maintaining consistent positions 

and peak widths for all major components.  In doing so, it was found that the nitro 
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component comprises 13.2% and 40.8% of the O 1s signal from the 0.2 and 0.6 mM DNP 

grafted ITO samples, respectively.  The presence of the In-O-Ph bonding environment in 

the O 1s spectrum would confirm covalent bonding of the phenyl radicals to the ITO 

surface.   However, M-O-Ph bonds have been reported around 533.0 eV, too close to the 

NO2 peak to resolve.161,173  

As the surface coverage and O 1s intensity of NO2 (possibly combined with In-O-

Ph) increases, the amount of surface hydroxides, shown in green in Figure 6.6C and 

6.6D, decreases from 58.4% of the total oxygen of the pristine ITO to 33.5% of that of 

the modified electrode.  This supports the hypothesis that grafting occurs on the surface 

oxygen sites, replacing the hydroxide terminations, as illustrated in Figure 6.2 

above.  The maximum number of oxygen surface sites on planar ITO, calculated for the 

bixbyite structure with a lattice parameter of 10.117 Å,188 is on the order of 1015 oxygen 

sites/cm2, an order of magnitude higher than the close-packed 4-nitrophenyl density 

calculated by McCreery.164  This is likely the reason for the high concentration of surface 

hydroxyl groups still present after grafting at 0.6 mM DNP. No shifting in binding energy 

of the In 3d or Sn 3d spectra was observed upon grafting (Figure C.3), suggesting that 

grafting does not occur on the metal sites.  This means that the NO2Ph moieties must 

either bind to the surface hydroxyl groups or NO2-containing molecules must be 

physisorbed onto the ITO surface.  

To check for physisorption, a modified film was rinsed with copious amounts of 

ACN and ultrasonicated in ACN for 10 minutes.  Ultrasonication is a generally accepted 

method for the removal of physisorbed species from grafted surfaces.162,173,179,189–191  

Comparison of the subsequent NO2 reduction CV scans between the ultrasonicated film 

and a replicate film soaked in ACN for 10 minutes only showed about a 10% decrease in 

surface coverage after ultrasonication, equivalent to just over one standard deviation 



 90 

difference, calculated from data represented in Figure 6.4B.  This slight decrease can be 

attributed to physisorbed molecules on the ITO surface, while the remaining 90% of the 

calculated surface coverage corresponds to either covalently bound NO2Ph moieties or 

strongly physisorbed NO2-containing molecules.  Furthermore, to check for spontaneous 

grafting, an NO2 reduction scan was completed on a sample of ITO that was allowed to 

soak in a 0.6 mM DNP/electrolyte solution for 10 minutes.  The CV scan showed no 

observable NO2 reduction peak, indicating that spontaneous grafting did not occur. 

EIS was used to investigate the electron transfer properties of the ITO after 

grafting.  The impedance response of unmodified ITO was compared to those of 0.2 and 

0.6 mM DNP grafted ITO using both 0.5 and 5.0 mM ferrocene as the electroactive 

probe, shown in the Nyquist plots in Figures 6.7A and 6.7B, respectively.  Both the 

modified and unmodified electrodes exhibited relatively similar behavior, resulting in a 

semicircular trace in the complex impedance plane at higher frequencies, eventually 

leading to a 45° Warburg line at sufficiently low frequencies, due to ion diffusion.  
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Figure 6.7.  A) and B) Nyquist plots comparing the electrochemical impedance in 
0.5 mM and 5.0 mM ferrocene/electrolyte, respectively.  C) Bode plot of 
ITO modified with 0.6 mM DNP and tested in 0.5 mM ferrocene/electrolyte 
illustrating the methods used to calculate RS, RCT, and Cdl.   

These characteristic features indicate that, in this frequency range, a Randles 

equivalent circuit can be used to model the system properties.163  Figure 6.7C shows a 

representative Bode plot, taken of a 0.6 mM DNP modified electrode in 0.5 mM 

ferrocene, illustrating how the solution resistance (RS), charge transfer resistance (RCT), 

and interfacial or double layer capacitance (Cdl) were calculated for each sample.  The 

methods used to determine these resistance and capacitance values are described in 

Appendix C.  
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Table 6.1. Electrochemical Impedance: Resistance and Capacitance Values  

Sample RS (Ω) RCT (Ω) Cdl (µF/cm2) 

0.5 mM Ferrocene/electrolyte 

ITO 465 710 3.97 

0.2 mM DNP 471 1630 3.43 

0.6 mM DNP 487 8910 2.48 

5.0 mM Ferrocene/electrolyte 

ITO 452 58 3.12 

0.2 mM DNP 459 154 2.33 

0.6 mM DNP 477 450 2.23 

The results of EIS measurements are summarized in Table 6.1. RS were consistent 

at 469 ± 12 Ω.  Slight variation occurred from sample to sample as a result of small 

deviations in electrode placement during testing.  Modification of the ITO electrodes 

significantly changed the RCT and Cdl.  The concentration of ferrocene also influenced the 

measurement of RCT.  Increasing the concentration ten fold, using similarly prepared 

electrodes, yielded a reduction in RCT by a factor of 10-20.  The exact cause of this 

phenomenon is not completely understood.  It is possible that a higher local concentration 

of electroactive species along the electrode surface combined with inhomogeneities in 

both the ITO surface and the grafted film magnify the effect of local areas of high 

conductivity.  It has been shown that near surface Sn dopants in ITO can act as centers 

for high conductivity and fast electron transfer.192  In both sets of samples, RCT increased 

with DNP concentration and surface coverage, consistent with the reduction in the rate of 

electron transfer as observed in the ferrocene CV results.  The presence of the insulating 
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films at the surface may necessitate electron tunneling for charge transfer to occur, 

leading to the increased RCT.  

Electrochemical grafting onto TiO2 surfaces proved to be more challenging.  The 

reduced conductivity of the films compared to ITO necessitated a higher overpotential for 

grafting.  Figure 6.8 presents the first grafting CV scans of NO2Ph from 0.6 mM DNP 

solution onto electrodes with different PPF and TiO2 thicknesses (thin 12 nm and thick 25 

nm).  Though the transparent electrode design has more utility for device applications, 

the thicker opaque PPF has an order of magnitude lower sheet resistance, providing a 

better electrochemical substrate.  The best performing electrode was composed of thin 

TiO2 and thick PPF.  It exhibited two sharp defined peaks, the first at -1.0 V and the 

second at -1.75 V, possibly indicating electron transfer and radical formation at two 

catalytically different surface sites.  After 2 grafting scans, the electrode exhibited 41.7% 

passivation.   

 

 

Figure 6.8.  First CV grafting scans of 0.6 mM DNP with TiO2 electrodes with different 
active TiO2 and conductive PPF layers.  Thin and thick TiO2 refer to 12 nm 
and 25 nm films, respectively.  Thin PPF (10 nm) is optically transparent, 
while thick PPF (250 nm) is opaque. 
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XPS of treated TiO2 electrodes confirmed grafting of the nitro moieties on the 

surface.  Figure 6.9 shows the N 1s and O 1s spectra for these samples.  The nitrogen 

content of the electrode surface grafted in 0.2 mM DNP was 3.2 at%, and grafting in 0.6 

mM DNP yielded 9.2 at% nitrogen, supporting a linear trend between solution 

concentration and coverage.  The films exhibited two main peaks in the N 1s spectra, 

similar to the ITO-supported films, correlating to NO2 and (most likely) NH2.  The 0.2 

nM and 0.6 nM DNP grafted film exhibited 1:2 and 1:1 ratios between NO2 and NH2 

concentration.  In the O 1s spectra, evidence of the presence of NO2Ph on the surface can 

be seen by the growth of a peak at 532.5 eV.   

 

Figure 6.9.  A) N 1s and B) O 1s XPS spectra from TiO2 electrodes grafted with 0.2 mM 
DNP and 0.6 mM DNP electrolyte solutions.   

CONCLUSIONS 

Insulating 4-nitrophenyl-containing films were deposited onto the surface of ITO 

via electrochemical reduction of di(4-nitrophenyl) iodonium tetrafluoroborate, and the 

resulting modified electrodes were characterized by CV, XPS and EIS. XPS analysis has 

negated the possibility of covalent attachment to indium or tin sites and resistance to 

ultrasonication has shown that the NO2Ph radicals either bind to the surface hydroxyl 
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groups or NO2-containing molecules must be strongly physisorbed onto the ITO surface.  

Sub-monolayer to monolayer surface coverages are linearly dependent on solution 

concentration up to 0.8 mM DNP, without the observance of spontaneous grafting, 

resulting in improved control over surface functionalization and modified electrode 

properties.  The grafted moieties form an electronically insulating film, resulting in 

decreased electron transfer rates and increased charge transfer resistance.  Grafting films 

onto TiO2 electrodes required more negative overpotential, and the conductivities of the 

films significantly affected reduction rate.   
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Appendix A: Peak Fitting of XPS Spectra of Lithiated TiO2 Anodes 

 

Figure A.1.  Ti 2p XPS spectra for all electrodes cycled in LiPF6 (top), LiPF6 with TBA 
(middle), and LiClO4 (bottom) electrolytes.  Spectra in the left column are 
from electrodes tested in the delithiated state.  Those in the right column are 
from electrodes in the lithiated state.   
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Figure A.2.  O 1s XPS spectra for all electrodes cycled in LiPF6 (top), LiPF6 with TBA 
(middle), and LiClO4 (bottom) electrolytes.  Spectra in the left column are 
from electrodes tested in the delithiated state.  Those in the right column are 
from electrodes in the lithiated state.   
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Figure A.3.  C 1s XPS spectra for all electrodes cycled in LiPF6 (top), LiPF6 with TBA 
(middle), and LiClO4 (bottom) electrolytes.  Spectra in the left column are 
from electrodes tested in the delithiated state.  Those in the right column are 
from electrodes in the lithiated state.   
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Figure A.4.  F 1s XPS spectra for all electrodes cycled in LiPF6 electrolytes without (top) 
and with 2000 ppm TBA (middle) electrolytes, and Cl 2p spectra for 
electrodes cycled in LiClO4 electrolyte (bottom).  Spectra in the left column 
are from electrodes tested in the delithiated state.  Those in the right column 
are from electrodes in the lithiated state.   
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Appendix B: Supplemental Information for the Investigation of the 
Geometric Influences on the Mechanism of Lithiation in TiO2 

 

Figure B.1.  Ten conditioning CV cycles (colored light to dark) of TiO2 electrodes of 12 
nm (a), 19 nm (b), 25 nm (c), and 100 nm (d) thicknesses performed prior to 
variable scan rate studies.  Scan rate was 5 mVs-1. 
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Appendix C:  Supplemental Information for the Covalent Molecular 
Modification of Indium Tin Oxide Surfaces by Electrochemical Means 

Method Used to Normalize the N:In atomic ratios  

In order to compensate for the XPS signal attenuation of the substrate components 

upon grafting (illustrated in Figure S3), the reported N:In ratios have been normalized to 

the original In 3d intensity of the ITO control (Ino), according to the following formula: 
!(!"!)
!(!"!)

∗ %"!
%"#!

= N!: In!   (C.1), 

where I(Ini) and I(Ino) are the raw intensities of the In 3d peaks in the grafted samples and 

the ITO control, respectively, and %Ni and %Ini are the relative atomic percents of N and 

In in the grafted samples, respectively.  This was done in an effort to clarify the 

comparison between the two ratios. 
 

Methods Used to Calculate Rs, RCT, and Cdl 

The RS was measured as the magnitude of the lower plateau of the Bode plot, also 

represented by the high frequency ZReal intercept in the Nyquist plots.  The RCT was 

calculated as the difference between the magnitudes of the upper and lower plateaus in 

the Bode plot, or alternatively by calculating the diameter of the semicircular section in 

the Nyquist plot.  The inverse of the interfacial capacitance, 1/Cdl, was calculated as the 

product of RCT and the angular frequency at the maximum of the imaginary impedance 

component, ωmax Z”.  This is represented graphically as the linear extrapolation of the mid-

frequency sloped region extended back to log (ω) = 0193. 
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Figure C.1. Cyclic voltammetry of DNP grafting onto ITO (2 scans) at concentrations of 
0.2 mM (A), 0.4 mM (B), 0.8 mM (C), and 4.0 mM (D).  As the 
concentration increases, the reduction peak current increases as does the 
passivation of the second scan.  
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Figure C.2. Graph of surface coverage, based on the NO2 oxidation peak, as a function of 
grafting DNP concentration.  The integrations of the oxidation peaks yield 
larger calculated surface coverage values than for the reduction peaks as 
they also include the oxidation of the species reduced just prior to the CV 
scan reversal.  
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Figure C.3.  XPS spectra of In 3d (A) and Sn 3d (B) of the unmodified and modified ITO 
electrodes.   
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