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Abstract 

SYNTHESIS AND CHARACTERIZATION OF  

INORGANIC NANOSTRUCTURED MATERIALS 

FOR ADVANCED ENERGY STORAGE 

 

A Dissertation by Jin Xie 

Dissertation Advisor: Prof. Dunwei Wang 

 

The performance of advanced energy storage devices is intimately connected to the designs 

of electrodes. To enable significant developments in this research field, we need detailed 

information and knowledge about how the functions and performances of the electrodes 

depend on their chemical compositions, dimensions, morphologies, and surface properties. 

This thesis presents my successes in synthesizing and characterizing electrode materials 

for advanced electrochemical energy storage devices, with much attention given to 

understanding the operation and fading mechanism of battery electrodes, as well as 

methods to improve their performances and stabilities.  

 

This dissertation is presented within the framework of two energy storage technologies: 

lithium ion batteries and lithium oxygen batteries. The energy density of lithium ion 

batteries is determined by the density of electrode materials and their lithium storage 

capabilities. To improve the overall energy densities of lithium ion batteries, silicon has 



 
 

been proposed to replace lithium intercalation compounds in the battery anodes. However, 

with a ~400% volume expansion upon fully lithiation, silicon-based anodes face serious 

capacity degradation in battery operation. To overcome this challenge, 

heteronanostructure-based Si/TiSi2 were designed and synthesized as anode materials for 

lithium ion batteries with long cycling life. The performance and morphology relationship 

was also carefully studied through comparing one-dimensional and two-dimensional 

heteronanostructure-based silicon anodes.  

 

Lithium oxygen batteries, on the other hand, are devices based on lithium conversion 

chemistries and they offer higher energy densities compared to lithium ion batteries. 

However, existing carbon based electrodes in lithium oxygen batteries only allow for 

battery operation with limited capacity, poor stability and low round-trip efficiency. The 

degradation of electrolytes and carbon electrodes have been found to both contribute to the 

challenges. The understanding of the synergistic effect between electrolyte decomposition 

and electrode decomposition, nevertheless, is conspicuously lacking. To better understand 

the reaction chemistries in lithium oxygen batteries, I designed, synthesized, and studied 

heteronanostructure-based carbon-free inorganic electrodes, as well as carbon electrodes 

whose surfaces protected by metal oxide thin films. The new types of electrodes prove to 

be highly effective in minimizing parasitic reactions, reducing operation overpotentials and 

boosting battery lifetimes. The improved stability and well-defined electrode morphology 

also enabled detailed studies on the formation and decomposition of Li2O2.  

 



 
 

To summarize, this dissertation presented the synthesis and characterization of inorganic 

nanostructured materials for advanced energy storage. On a practical level, the new types 

of materials allow for the immediate advancement of the energy storage technology. On a 

fundamental level, it helped to better understand reaction chemistries and fading 

mechanisms of battery electrodes.  

 



 
 

i 
 

Table of Contents 

Chapter 1  Introduction .................................................................................................. 1 

1.1 Electrochemical Energy Storage ............................................................................... 1 

1.2 Lithium Ion Batteries ................................................................................................ 4 

1.3 Lithium Oxygen Batteries ......................................................................................... 6 

1.4 References ............................................................................................................... 11 

Chapter 2  High Capacity Si/TiSi2 Lithium Battery Anode ........................................ 15 

2.1 Growth Mechanism of TiSi2 Nanostructures ........................................................... 15 

2.1.1 Experimental Details ........................................................................................ 17 

2.1.2 Results and Discussion ..................................................................................... 18 

2.1.3 Conclusions ...................................................................................................... 26 

2.2 Si/TiSi2 Heteronanostructure Anode for Lithium Ion Batteries .............................. 27 

2.2.1 Experimental Details ........................................................................................ 29 

2.2.2 Results and Discussion ..................................................................................... 30 

2.2.3 Conclusions ...................................................................................................... 40 

2.3 References ............................................................................................................... 40 

Chapter 3  Synthesis of Pt/TiSi2 Heteronanostructures ............................................... 47 

3.1 Experimental Details ............................................................................................... 47 



 

ii 
 

3.2 Results and Discussion ............................................................................................ 50 

3.3 Supplementary Information ..................................................................................... 62 

3.4 Conclusions ............................................................................................................. 64 

3.5 References ............................................................................................................... 64 

Chapter 4  Ru/TiSi2: A Non-carbon Electrode for Lithium Oxygen Batteries ............. 69 

4.1 Experimental Details ............................................................................................... 69 

4.2 Results and Discussions .......................................................................................... 74 

4.3 Supplementary Information ..................................................................................... 83 

4.4 Conclusions ............................................................................................................. 90 

4.5 References ............................................................................................................... 91 

Chapter 5  Protected 3DOm Carbon for Lithium Oxygen Batteries............................. 96 

5.1 Experimental Details ............................................................................................... 96 

5.2 Results and Discussions ........................................................................................ 100 

5.3 Supplementary Information ................................................................................... 108 

5.4 Conclusions ........................................................................................................... 120 

5.5 References ............................................................................................................. 120 

 

 

  



 

iii 
 

Acknowledgements 

 

I want to express my deepest appreciation to all my family and friends to make my journey at 

Boston College wonderful and memorable.  

 

First of all, I would like to thank my advisor, Prof. Dunwei Wang, whose dedication to pursue 

scientific research has been really inspiring. I am indebted to him for his support, patience, guidance, 

challenges and understanding in the past six years. His passion for science and hardworking attitude 

have really changed me and made me realize how much I want to pursue a career in scientific 

research, as he does.  

 

I would like to thank my committee advisor, Prof. Frank Tsung, for being a teacher and a friend. 

Thanks for being supportive for the DEMS experiment and encouraging me to keep doing research 

in academia. Thank Prof. Udayan Mohanty for being my defense committee member, who helped 

me tremendously throughout my graduate research and postdoc searching. Thank Prof. Paul 

Davidovits for reading and helping me in writing this dissertation. Being the teaching assistant for 

you in the general chemistry class thought me how to become a good teacher.  

 

I would like to acknowledge Prof. Yang Shao-Horn, Prof. Wei Fan, Prof Frank Tsung, Prof. De-en 

Jiang and members in their groups for all the help in our collaborative projects. I also thank Harvard 

CNS and MIT CMSE for providing shared facilities.  

 



 

iv 
 

Thanks to Steve Shepard and Dr. Greg McMahon in Boston College cleanroom, and Dr. Dezhi 

Wang, Richard Pijar and Paul Dee for their continuous technical support. And thank all the staff in 

the chemistry department for keeping Merkert running and keeping us safe.  

 

I want to thank all the Wang lab members over the years: especially Dr. Sa Zhou and Dr. Xiaogang 

Yang, from whom I learned so much; Xiahui Yao, Qingmei Cheng, Qi Dong and Ian Madden, who 

made great contributions to move the lithium oxygen battery project forward; James Thorne, who 

helped me read and correct my thesis; Dr. Rui Liu, Dr. Pengcheng Dai, Dr. Yongjing Lin, Dr. 

Guangbi Yuan, Dr. Matthew Mayer, Dr. Xiaohua Liu, Dr. Ji-Wook Jang, Zachary Simpson, 

Stafford Sheehan and Yumin He, for their help and insightful discussions. To all past and current 

group members, I am so happy to be a member of our big family.  

 

Thanks to all my friends I met here in the wonderful city of Boston and all my old friends for their 

support and friendship. Thank Anna Shan, Donny Wang, and Crystal Zhuang for igniting my 

passion of life. To my dearest friends and partners at Neostellen: Yue Zhao, Dr. Qingyi Yu, Dr. 

Zhao Qin and Max Meng, thank you for your warm help in my darkest time and let us hope the 

best for Neostellen. I would like to thank Dr. Hong Zheng, Hao Wu, Dr. Zhiyong Yu, Dr. Tianyi 

Sun, Yani Zhou, Angel Chen and Youyou Yu for the great time we have spent together. In particular, 

many thanks go to my old fiends Dr. Zhongwei Zhu, Dr. Jia Liu, Dr. Chong Liu, Chun Cao and 

Qimin Gu for their constant help and encouragement. I thank Yang for everything.  

 

I owe my deepest thanks to my family, especially my parents. I would be nothing without your love 

and help. I feel so sorry that I couldn’t be with you as much as I should be. Thanks for loving me 

and always be there for me.  



 

v 
 

 

 

 

Dedication 

The author wishes to dedicate this dissertation to his parents and grandparents 

  



 

vi 
 

List of Publications: 

(1) Xie, J.; Yao, X.; Cheng, Q.; Madden, I. P.; Dornath, P.; Chang, C.-C.; Fan, W.; Wang, D. Three 

Dimensionally Ordered Mesoporous Carbon as a Stable, High-Performance Li-O2 Battery Cathode. 

Angew. Chem. Int. Ed. 2015, 127, 4373-4377. 

(2) Xie, J.; Yao, X.; Madden, I. P.; Jiang, D.-E.; Chou, L.-Y.; Tsung, C.-K.; Wang, D. Selective 

Deposition of Ru Nanoparticles on TiSi2 Nanonet and Its Utilization for Li2O2 Formation and 

Decomposition. J. Am. Chem. Soc. 2014, 136, 8903-8906. 

(3) Dai, P. C.; Li, W.; Xie, J.; He, Y. M.; Thorne, J.; McMahon, G.; Zhan, J. H.; Wang, D. W. 

Forming Buried Junctions to Enhance the Photovoltage Generated by Cuprous Oxide in Aqueous 

Solutions. Angew. Chem. Int. Ed. 2014, 53, 13493-13497. 

(4) Zhou, S.; Yang, X.; Xie, J.; Simpson, Z. I.; Wang, D. Titanium Silicide Nanonet as a New 

Material Platform for Advanced Lithium-Ion Battery Applications. Chem. Commun. 2013, 49, 

6470-6476. 

(5) Yang, X. G.; Du, C.; Liu, R.; Xie, J.; Wang, D. W. Balancing Photovoltage Generation and 

Charge-Transfer Enhancement for Catalyst-Decorated Photoelectrochemical Water Splitting: A 

Case Study of the Hematite/MnOx Combination. J. Catal. 2013, 304, 86-91. 

(6) Xie, J.; Yang, X.; Han, B.; Shao-Horn, Y.; Wang, D. Site-Selective Deposition of Twinned 

Platinum Nanoparticles on TiSi2 Nanonets by Atomic Layer Deposition and Their Oxygen 

Reduction Activities. ACS Nano 2013, 7, 6337-6345. 

(7) Du, C.; Yang, X.; Mayer, M. T.; Hoyt, H.; Xie, J.; McMahon, G.; Bischoping, G.; Wang, D. 

Hematite-Based Water Splitting with Low Turn-On Voltages. Angew. Chem. Int. Ed. 2013, 52, 

12692-12695. 



 

vii 
 

(8) Dai, P. C.; Xie, J.; Mayer, M. T.; Yang, X. G.; Zhan, J. H.; Wang, D. W. Solar Hydrogen 

Generation by Silicon Nanowires Modified with Platinum Nanoparticle Catalysts by Atomic Layer 

Deposition. Angew. Chem. Int. Ed. 2013, 52, 11119-11123. 

(9) Zhou, S.; Yang, X. G.; Lin, Y. J.; Xie, J.; Wang, D. W. A Nanonet-Enabled Li Ion Battery 

Cathode Material with High Power Rate, High Capacity, and Long Cycle Lifetime. ACS Nano 2012, 

6, 919-924. 

(10) Zhou, S.; Xie, J.; Wang, D. W. Understanding the Growth Mechanism of Titanium Disilicide 

Nanonets. ACS Nano 2011, 5, 4205-4210. 

(11) Yuan, G.; Aruda, K.; Zhou, S.; Levine, A.; Xie, J.; Wang, D. Understanding the Origin of the 

Low Performance of Chemically Grown Silicon Nanowires for Solar Energy Conversion. Angew. 

Chem. Int. Ed. 2011, 50, 2334-2338. 

(12) Xie, J.; Yang, X. G.; Zhou, S.; Wang, D. W. Comparing One- and Two-Dimensional 

Heteronanostructures As Silicon-Based Lithium Ion Battery Anode Materials. ACS Nano 2011, 5, 

9225-9231. 

(13) Levine, A.; Yuan, G. B.; Xie, J.; Wang, D. W. Preparations and Energetic Applications of Si 

Nanowires. Science of Advanced Materials 2010, 2, 463-473. 

 

 

 

 

 

 

 



 
 

1 
 

 

Chapter 1  Introduction 

 

1.1 Electrochemical Energy Storage 

By definition, electrochemical energy storage (EES) devices are systems which can convert stored 

chemical energy into electrical energy. Three major types of EES devices are batteries, fuel cells 

and electrochemical capacitors.1  

 

Figure 1.1a shows the basic operation mechanism of the battery system. Batteries can be 

categorized into primary batteries and secondary batteries. In a primary battery, electrical energy 

is generated by conversion of chemical energy via redox reactions at both anode and cathode. In a 

secondary battery, redox reactions at both anode and cathode can proceed in either direction. 

Electrical energy can be stored as chemical energy during charging and then released during 

discharging.   

 

 

(Figure 1.1 Operation mechanisms of batteries, fuel cells and electrochemical capacitors. [Ref 1] 

- Reproduced by permission of ACS) 
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Figure 1.1b shows the basic operation mechanism of fuel cells. In contrast to batteries’ close 

systems, fuel cells are open systems where both electrodes are just charge transfer media and active 

materials undergoing the redox reactions are delivered from outside.  

 

Figure 1.1c shows the basic operation mechanism of electrochemical capacitors. In electrochemical 

capacitors, charges are often stored and released at the interface of electrode and electrolyte, the so 

called electrical double layers. Electrochemical capacitors are also called supercapacitors.  

 

The performance of EES can be characterized by several key parameters2: 

 

� Specific capacity (C, mAh/g): 
t

0
C= Idt/m�  

� Coulombic efficiency (η, %): discharge

charge

C
η=

C
 

� Cycle life: It presents the number of cycles that a battery maintains certain percentage of 

its initial capacity during cycling process. 

� Specific Energy density (Em, Wh/kg): 
t

m 0
E = IVdt/m�  

� Specific Power density (Pm, W/kg): mP =IV/m  

 

Among them, two most important key characteristics of EES devices including energy density and 

power density are plotted as Ragone plots in Figure 1.2.  
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(Figure 1.2 Ragone plots of batteries, fuel cells, electrochemical capacitors and internal 

combustion engines) 

 

Societal needs for electrical energy storage at many levels, from portable electronics to electrical 

plug-in vehicles3 and grid-scale applications4, are growing at a fast pace. As the requirements for 

energy densities, power rates, and safety concerns, among other things, vary widely depending on 

the applications, and many available options have been pursued simultaneously. One of the 

promising routes is to replace the existing intercalation chemistry based lithium ion batteries with 

the conversion chemistry based advanced lithium batteries.  

 

In this dissertation, I will focus my discussion on two types of devices. The first one is advanced 

lithium ion battery with Silicon conversion anode. The second one is a lithium oxygen battery with 

Oxygen conversion cathode. Despite the apparent differences in their chemistries and engineering 

designs, the development of these technologies depends on advances in materials research. This 

study will illustrate how the performance of an energy storage device is closely connected to surface 

properties and materials designs of the electrode.  
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1.2 Lithium Ion Batteries 

Lithium ion batteries have been under consistent researching and development for the past a few 

decades.1, 2, 5 Many of today’s real world applications are powered by lithium ion batteries, 

including but not limited to consumer electronics and electric vehicles. The operation of 

commercial lithium ion batteries is based on the intercalation chemistry.5 Its operation mechanism 

is illustrated in Figure 1.3. It is composed of a graphite anode (also called negative electrode), a 

non-aqueous liquid electrolyte and a LiCoO2 cathode (also called positive electrode). On charging, 

Li+ are transported from LiCoO2 to graphite, and back in discharging. Due to the difference of 

chemical energy at the anode and cathode, energy can be converted in between the form of chemical 

energy and electrical energy.  

 

 

(Figure 1.3 Operation mechanism of a commercial lithium ion battery. [Ref 5] - Reproduced by 

permission of WILEY-VCH) 

 

Different applications require batteries with different characteristics. In general, batteries with high 

capacity, high energy density, high power density, close to 100% Coulombic efficiency and long 

cycle life are desired. Due to the complexity of battery design, all these above mentioned 

parameters are dependent on each single component of the battery. For instance, the capacity of the 

battery is determined by both electrodes (anode and cathode) and other cell components (electrolyte, 

membrane and package etc.). The overall cell capacity can be understood as the following equation: 
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a c m

1 1 1 1= + +
C C C C

, where Ca and Cc are the capacity of anode and the capacity cathode 

respectively. The capacities of electrodes (Ca and Cc) are determined by the nature of the active 

materials in the electrodes and their abilities to accommodate Li ions. 1/Cm is the contribution from 

other cell components, which is often neglected due to its small contribution to the overall capacity. 

 

Active materials in commercial electrodes, such as LiCoO2 and graphite, have layered crystal 

structures to store Li ions. Although such a storage mechanism offers high stability to enable cells 

stable for hundreds of cycles, it suffers from low theoretical capacity. To achieve higher capacity, 

lithium storage materials based on a conversion chemistry have been purposed to replace lithium 

intercalation compounds. Taking silicon as an example, one Si atom could react with 4.4 Li ions 

when fully converted, offering a theoretical capacity as high as 4200 mAh/g (vs. 372 mAh/g, 

theoretical capacity of graphite). However, unlike the lithium intercalation compounds, the stability 

of silicon remains a challenge because of its ~400% volume expansion when fully converted.6  

 

This dissertation is focused on how the performances of silicon based anodes are connected to their 

electrode design at nanoscale. With the concept of heteronanostructure (e.g. Si/TiSi2) design, 

significant improvements has been achieved in advanced lithium ion battery applications.   
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1.3 Lithium Oxygen Batteries 

The technology of lithium oxygen batteries has attracted intense research activities in the past 

several years owing to its high theoretical energy density.7 The operation mechanism of lithium 

oxygen battery is shown in Figure 1.4. They are hybrids of lithium batteries and fuel cells. The 

reversible conversion between O2 and Li2O2 in an aprotic solution (2Li+ + O2 + 2e- ↔ Li2O2, 

E0=2.96 V vs. Li+/Li) is the chemical basis for Li-O2 batteries.8 In principle, O2 can be directly 

drawn from and disposed into air and, as such, the theoretical capacity can comparable to gasoline, 

if one only considers Li anode as the active component (Figure 1.4). In practice, the mass of Li2O2, 

the supporting electrode (as well as catalysts used on the cathode), and electrolyte must be taken 

into account when calculating the specific energy.  Even by the more conservative estimate, Li-O2 

batteries are of 2-3 times higher specific energy density (>2,000 Wh/kg) than Li-ion batteries,7 

which represent the state of the art for commercially successful electrochemical energy storage 

technologies. If their potential were fully realized, Li-O2 batteries will enable a driving range of 

electrical cars comparable to those powered by internal combustion engines (300 miles or longer 

per refuel).9 

 

 

(Figure 1.4 Operation mechanism of lithium oxygen battery. [Ref 7] - Reproduced by permission 

of NPG) 
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While progress has been made, the instability of electrode, electrolyte and their interface has been 

discovered as one of the key challenges impeding the development of the lithium oxygen battery 

technology.10 The instability leads to significant parasitic reactions taking place during both cell 

discharge and charge. Byproducts including insoluble Li2CO3, LiOH and organic carbonates cause 

battery operation overpotentials to increase and the chemistry in the battery difficult to 

comprehend.11 As a result, cells that can be cycled for more than 100 cycles without dramatic 

capacity drop are rare.   

 

To help address the issue, much research has been designed and carried out to understand the 

detailed reaction mechanism of the oxygen reduction reaction (ORR),12-14 during which step Li2O2 

is formed, and the oxygen evolution reaction (OER),15, 16 during which Li2O2 is decomposed to 

reproduce O2 and Li+. It was discovered that most of the electrolytes used previously, particularly 

the organic carbonates employed by early Li-O2 studies, are not stable in the presence of O2
-.17 

Because O2
- is an important intermediate during cell operation, the reactivity between O2

- and 

components of the cell is a serious issue and needs to be addressed. While some solvents (e.g., 

dimethoxyethane (DME),17 dimethyl sulfoxide (DMSO)18) were found more stable than others, an 

ideal electrolyte that supports good O2 solubility, allows for fast O2 and Li+ diffusion, and is stable 

against oxidation under cell operation conditions remains elusive. To further complicate the issue, 

it is recently reported that the carbon support popularly used in nearly all Li-O2 studies is also not 

inert.19 For instance, studies by Shao-Horn et al. revealed that the corrosion of carbon nanotube 

electrodes was severe under Li-O2 cell operation conditions.20 Bruce et al. observed that the extent 

of electrolyte decomposition depended on the type of substrates (different carbon substrates and 

Au),21 and the electrolyte appeared far less stable when carbon was used.22 The understanding that 
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carbon may promote electrolyte decomposition is also supported by density function theory (DFT) 

calculations.23 When the carbon support is protected with Al2O3 prepared by atomic layer 

deposition (ALD), the decomposition of tetraethylene glycol dimethyl ether (TEGDME) is 

dramatically suppressed.23 Most recently, Kang et al. reported that when LiNO3 was added to the 

electrolyte (DME based), significantly lower amount of CO2 was detected than without LiNO3, and 

the authors understood the result as the deactivation of carbon support.24 These recent results raise 

an important question: are there synergistic effects between the decomposition of carbon support 

and the electrolyte? 

 

The second question is: to what extent can we narrow the discharge/charge potential gap with 

catalysts? While the nominal redox potential of 2Li+ + O2 � Li2O2 is 2.96 V (vs. Li+/Li), the 

discharge potential is often <2.7 V and the recharge potential is >3.7 V at even relatively low 

current densities (100 mA/gcarbon), yielding round-trip efficiencies of <70%.  The operation 

potentials of the discharge and recharge reactions are dependent on the detailed mechanisms12, 25-27 

and are sensitive to many other factors, including the morphology of Li2O2, the surface composition, 

the available cations in the solution, among others.28-30  Without catalysts, the exchange current 

density of OER on carbon support is small (on the order of 10-9 A/cm2),15 meaning that large 

overpotentials are necessary to sustain a reasonable current density. In addition, the poor 

conductivity and low ionic diffusivity of Li2O2 increases electronic and ionic polarization within 

Li2O2.31-33 Collectively they drive up the recharge potential, further increasing the potential gap and 

decreasing the round-trip efficiency.  Although the application of OER catalysts has been shown to 

increase the exchange current density and, hence, the round trip efficiency,34 how the usage of 

carbon contributes to the low round-trip efficiency has not been discussed in the literature.   
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(Figure 1.5 Challenges in lithium oxygen batteries. [Ref 11] - Reproduced by permission of The 

Royal Society of Chemistry) 

 

To help answer these questions, the study of the formation and decomposition of Li2O2 on a carbon-

free surface (Figure 1.6) has been proposed. In the first approach, carbon was replaced by a non-

carbon material, the TiSi2 nanonet; in the second approach, carbon surface was fully protected with 

a conformal coating of metal oxides. Both can eliminate potential reactions between carbon and 

O2
-
 or Li2O2, as well as those between electrolytes and various intermediates that arise from carbon 

instability. So long as the support is of high surface area to allow for high Li2O2 loading, and good 

electrical conductivity to minimize electronic polarization, it will provide functionalities similar to 

what is offered by a porous carbon support. As such, the utilization of a cathode with carbon-free 

surfaces will allow us to understand Li2O2 formation and decomposition in a highly controlled 

environment, and the knowledge generated will help us discriminate to what extent the system 

degradation during Li-O2 operation is caused by true electrolyte decomposition. For instance, when 

by-products such as carbonates and/or carboxylates are indeed observed on a carbon-free surface 

during discharge, we are confident that they are a result of electrolyte decomposition. The amount 

of by-products gives us a direct, quantitative measure of the instability of the electrolyte, with which 

we can now benchmark various electrolytes without being confounded by the influence of carbon 
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support. The study contributes to the fundamental understanding on the reversibility of Li oxygen 

batteries and design principles of Li oxygen batteries.  

 

(Figure 1.6 Schematic drawings of the chosen material platforms.) 
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Chapter 2  High Capacity Si/TiSi2 Lithium Battery Anode 

 

This chapter is adapted from: (1) Zhou, S.; Xie, J.; Wang, D. W. Understanding the Growth 

Mechanism of Titanium Disilicide Nanonets. ACS Nano 2011, 5, 4205-4210. (2) Xie, J.; Yang, X. 

G.; Zhou, S.; Wang, D. W. Comparing One- and Two-Dimensional Heteronanostructures As 

Silicon-Based Lithium Ion Battery Anode Materials. ACS Nano 2011, 5, 9225-9231. 

 

2.1 Growth Mechanism of TiSi2 Nanostructures 

The titanium disicilicate (TiSi2) nanonet is a material with a unique two-dimensional morphology 

and has proven beneficial for energy conversion and storage applications. Detailed knowledge 

about how the nanonet grows may have important implications for understanding seedless 

nanostructure synthesis, in general, but is presently missing. Here, we report our recent efforts 

toward correcting this deficiency. We show that the TiSi2 nanonet growth is sensitive to the nature 

of the receiving substrates. High-yield nanonets are only obtained on those exhibiting no or low 

reactivities with Si. This result indicates that Si-containing clusters deposited on the substrate 

surfaces play an important role in the nanonet synthesis, and we suggest they serve to initiate the 

growth. The morphological complexity of the nanonet depends on the precursor concentrations but 

not on the growth durations. More TiCl4 results in nanonets with more complex structures. We 

understand that once a beam of a TiSi2 nanonet is formed, its sidewalls are resistant to branch 

formation. Instead, the tip of a beam is where a branch forms. This process is driven by the reactions 

between Ti- and Si-containing species. Building on this understanding, we demonstrate the creation 

of second-generation nanonets. 
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When their electrodes are made of nanomaterials or materials with nanoscale features, energy 

conversion and storage devices, such as solar cells and rechargeable batteries, often exhibit new 

and improved properties.1-6 Depending on the detailed processes involved, different devices benefit 

from the electrode innovations at the nanoscale differently. For instance, better light absorption or 

improved charge collection or both have been shown by solar cells containing nanowires;7-10 faster 

charge and discharge rate or prolonged cycling lifetime or both have been reported when 

nanostructures are used for Li-ion batteries.2, 11-13 A key factor that enables these encouraging 

results is our ability to design and synthesize materials at the nanoscale. To advance research in 

these areas further, we need detailed understandings about how various chemical processes produce 

these nanostructures. Despite intense research efforts, however, this knowledge is limited.5, 6, 14-18 

The limitation is exemplified in the unique two-dimensional (2D) nanonet system that we recently 

studied.19, 20 Different from other hierarchical or branched nanowires (or nanorods), the structural 

complexity of the nanonet is confined within a flat sheet. We have demonstrated that this novel 

material is a promising platform for a number of applications, including solar water splitting21-24 

and Li-ion batteries.12, 13 Although our initial results suggest that the nanonet growth is governed 

by the nature of TiSi2 crystal structures, and that higher Si-to-Ti ratios favor the 2D nanonet 

morphology,19, 20 a number of important questions remain unanswered. For instance, how do the 

initial nuclei form? What is the driving force for the branch formation? Can we control the degree 

of the complexity? These questions are of fundamental importance to the revelation of the detailed 

processes involved in the nanonet synthesis and will likely contribute to the understanding of 

nanostructure synthesis in general. Answers to these questions may eventually enable the 

development of chemistries that can produce nanomaterials with desired morphologies and 

properties -- a grand challenge in materials chemistry -- and therefore will have a profound impact 
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on research in this field. Here, we report results that may help answer these questions. Our results 

show that the initiation of the nanonet growth is dependent on the type of substrates used and that 

the branch formation is driven by the reactions of the precursors at the growth tips. Using this 

understanding, we demonstrate that the complexity of the 2D structure can indeed be controlled 

and present the formation of second-generation nanonets. 

 

2.1.1 Experimental Details 

Material Preparation: Following the procedures reported before,19, 20 we grew TiSi2 nanostructures 

in a home-built chemical vapor deposition (CVD) system. Note: the system is configured such that 

the time required for a pressure change from the base level (0.5 Torr) to 5 Torr is generally less 

than 15 s. For a typical growth, the reaction chamber was heated to 675 °C, and 50 sccm SiH4 (10% 

in He, Voltaix) and 2 sccm TiCl4 (carried by 100 sccm H2) were delivered into the chamber. The 

pressure was maintained constant at 5 Torr during the growth. The duration of a typical growth was 

6 min. 

 

For the production of more complex nanonets, the reaction chamber was evacuated to the base 

pressure (0.5 Torr) after a growth of TiSi2 nanonets. During the process, all precursor and carrier 

gases were kept flowing at constant rates. Shortly after the pressure reached the base level (e.g., 15 

s), the pressure was allowed to increase to 5 Torr again. The growth was maintained for 4 min 

before the system was evacuated again without precursor gases flowing. Afterward, the system was 

brought to room temperature for sample extractions. 

 

The nanonet growth was also carried out on various substrates. They included Si (Wafernet, San 

Jose, CA), Si with thermally grown oxides (100 nm SiO2; Wafernet), Si with Ni coating (100 nm, 
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prepared in a sputtering system; AJA international Orion-8), stainless steel (McMaster-Carr, 0.05 

mm), Ti foil (Sigma, 0.127 mm), Ti foil with Pt coating (100 nm, prepared in an e-beam evaporation 

system; Lesker PVD 75), quartz (Chemglass, New Jersey). The Si coating on Ti foil was achieved 

by exposing a Ti foil in the same CVD system used for the nanonet growth. The deposition was 

carried out at 675 °C for 5 min with 50 sccm SiH4 (10% in He) and 100 sccm H2 flowing (Ptotal = 5 

Torr). The resulting Si coating was estimated to be approximately 20 nm by SEM (JEOL, 

JSM6340F). 

 

Nanonet Yield Quantification: Once synthesized, the nanonets on a given supporting substrate were 

surveyed by the SEM. The yield was quantified by counting how many nanonets were observed in 

a 24 × 18 μm2 area. For a typical experiment, more than 15 frames of SEM pictures were examined 

to obtain an accurate measure of the average yield. The density of nanonets on Si substrates was 

set as 100% for the normalized yield. 

 

Structural Characterizations: A scanning electron microscope (JEOL, JSM6340F) and a 

transmission electron microscope (JEOL, JEM2010F), operating at 5 and 200 kV, respectively, 

were used for structural characterizations. An energy-dispersive X-ray spectroscopy (EDS) 

attachment to the TEM was used to measure the chemical compositions. 

 

2.1.2 Results and Discussion 

To elucidate how the initial nucleation process takes place, we first carried out a series of growths 

on different substrates, including Si, Si with thermally grown oxides, quartz, Ti foil, Ti foil with a 

Pt coating, Ti foil with a Si coating, Si with a Ni coating, and stainless steel foil. A clear trend was 

observed when the nanonet yields on these substrates were directly compared. Generally, low yields 
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were obtained on substrates that can react with Si at elevated temperatures, as shown in Figure 2.1. 

For example, scarce TiSi2 nanonets were found on Ni-coated substrates. The majority of the 

products were sheets that could be identified as NiSix.25, 26 Given that the growth parameters, 

including the pressure (P), the temperature (T), the precursor flow rates (SiH4 and TiCl4, 

respectively), and the growth durations (t) were identical for all samples examined, we concluded 

that the different yields result from the differences in the nucleation processes on various substrates. 

We suggest that the initial nuclei leading to the production of TiSi2 nanonets are made of Si, which 

form as a result of the SiH4 thermal decomposition under the growth conditions. If the substrate 

onto which the nanonets are grown reacts with Si, the nuclei will fail to form, resulting in low or 

no yield of nanonets. That the yields on Si-based and Si-covered substrates (including those of 

amorphous and crystalline SiO2) are comparable also supports this hypothesis because Si 

deposition on these surfaces is expected to be comparable. Note that the yield on Pt-coated 

substrates was lower than those on Si-based substrates by 30% presumably because of relatively 

poor adhesion of Si onto Pt surfaces. 

 

 

(Figure 2.1 Comparison of TiSi2 nanonet yields on different substrates. (a) Ni-coating on Si; (b) 

stainless steel; (c) Ti foil; (d) Ti foil with Pt coating; (e) Ti foil with Si deposition; (f) Si with 

thermally grown oxide; (g) quartz; (h) Si; (i) the backside of Si. The yield for each sample was 

normalized relative to that on the Si substrate. Two representative top-view scanning electron 
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micrographs (SEM) of TiSi2 nanonets grown on Si and Ti, respectively, are included as insets. 

Scale bars: 1 μm.) 

 

In addition, we suggest that the growth of TiSi2 nanonet is a surface process but not a gas-phase 

one. This means the nanostructures are not formed in the gas phase and then deposited onto the 

receiving substrate. Instead, they directly grow on the surface. Two pieces of evidence support this 

conclusion. First, no measurable differences in the yield were observed on the front side (facing up) 

or the back side (facing down) of a Si substrate. Second, we did not observe any nanonets 

downstream away from the heated (i.e., the growth) region in the growth chamber. Once produced, 

the nanonets were typically affixed to the substrate and could survive harsh treatments such as 

pressurized gas blowing or rinsing. Our previous results indicated that the nanonets form a good 

electrical contact to the supporting substrate with negligible resistance.12, 21, 23 This means the 

interface between the initial growth nuclei and the substrate surface is of high quality. The property 

is an added benefit if the nanonets are to be used for energy-related applications, where low 

impedance charge transport is desired. 

 

We next sought to examine how the nanonets form the 2D complexity by observing the different 

stages of a nanonet growth, at 75 s, 90 s, 120 s, and 6 min, respectively (Figure 2.2). According to 

the existing literature, at least two competing mechanisms can be used to explain the formation of 

a complex nanostructure. The first one involves the formation of a trunk first, from which branches 

grow.16, 17, 27-30 parts of a complex nanostructure can grow at the same time, creating the final 

product in a one-step reaction.5, 19, 20, 30, 31 Our experimental observations indicated that the nanonet 

growth is likely governed by the second mechanism. As can be seen in Figure 2.2, the 2D nature 

of the nanonet was apparent 90 s after the growth was initiated. Throughout the growth, no branch-
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free trunks dominate the morphology. It suggests that all branches within a nanonet are of similar 

chemical reactivities. We also note the growth progresses at a relatively rapid pace. The size of a 

nanonet typically reaches >2 μm in 6 min. This is consistent with the report by Kim et al. that 

silicide nanowires and nanotubes grow rapidly on the surface.32 

 

 

(Figure 2.2 Evolution of TiSi2 nanonets at different growth stages, varying from (a) 75 s, (b) 90 s, 

(c) 120 s, and (d) 6 min.) 

 

Another important fact was revealed by Figure 2.2. Although the size of a nanonet increased as the 

growth continued, the complexity remained unchanged. The complexity can be quasi-quantitatively 

defined as the ratio between the areas covered by TiSi2 branches and those by the voids if a nanonet 

were laid flat on a surface. It was approximately 1:2 for the nanonets shown in Figure 2.2 and was 

increased to 1:1 for those shown in Figure 2.3a, 4:1 in Figure 2.3b, and higher than 9:1 in Figure 

2.3c when different growth conditions were applied. While the SiH4 flow rate was fixed at 50 sccm, 

the TiCl4 flow rates varied from 1.9, 2.3, to 3.0 sccm for those in Figure 2.3a-c, respectively. Indeed, 
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the nanonets shown in Figure 2.3c are so complex that they appear as continuous sheets, although 

voids as a result of the growth mechanism are still distinguishable. Significant to our discussions, 

the 2D nature of the highly complex nanonets remains unchanged. 

 

 

(Figure 2.3 TiSi2 nanonets of different complexities were produced under different TiCl4 feeding 

rates: (a) 1.9 sccm, (b) 2.3 sccm, and (c) 3.0 sccm. The flow rate of SiH4 was fixed at 50 sccm. 

Scale bars: 200 nm.) 

 

We understand the result as follows. At the initial stage of the growth, nuclei mainly consisting of 

Si are formed. Subsequent co-deposition of Ti and Si to the nuclei leads to the formation of 

anisotropic TiSi2 beams in a form similar to nanorods or short nanowires. Due to the passivation 

effect of Si on the (010) planes as a result of relatively high concentrations of SiH4, the preferred 

crystal structure is C49 under the growth conditions (SiH4 flow rate 50 sccm). As a C49 TiSi2 beam 

continues to elongate, Ti-rich clusters occasionally break the Si passivation and lead to the 

formation of a branch perpendicular to the original beam. We hypothesize that the branching effect 

predominantly takes place at the growth front. That is, once a beam is formed, its sidewalls are 

passivated by Si; further deposition of Ti or Si or both onto the sidewalls is unlikely. The hypothesis 

is supported by the observation that the beams of a nanonet did not increase in diameters as the 

growth progressed. As a result of this branching mechanism, the complexity of a nanonet is 

determined by the growth condition (more specifically, the availability of Ti clusters). We believe 

Ti is the key reason for the branch formation because higher Ti concentrations produce more 
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complex nanonets. Alternatively, one may argue that Cl in TiCl4 could be the reason for the greater 

complexities observed when higher flow rates of TiCl4 were used. This possibility was ruled out 

by control experiments where HCl was intentionally added, which resulted in extremely low yield 

of nanonets. A summary of the understanding is schematically illustrated in Figure 2.4. 

 

(Figure 2.4 Schematics of the proposed mechanism governing the TiSi2 nanonstructure growth. 

The chemistry starts with nucleus formation (a), followed by the elongation of C54 (b) and C49 (d) 

rods. The branching is caused by the breaking of side passivations at the growth front by Ti-

containing clusters (c and e). Second-generation (2G) nanonets can be produced when the 

conditions change to suppress the continued growth of the original nanonets and to favor the 

initiation of new ones (f). Legends of color-coded balls in this schematic: red is Si; yellow is Ti; 

gray is H; and green is Cl.) 

 

The key new information reported here is that Ti plays an important role in producing branched 

nanostructures. This conclusion is further supported by the following experimental observations. 

As we have previously reported, the products are predominantly TiSi2 nanowires (of C54 crystal 

structure) when SiH4 flow rate falls below 20 sccm.20 Under the low flow rates of SiH4, nanowires 

with branches were observed when relatively high TiCl4 flow rates (e.g., >3.0 sccm) were used 

(Figure 2.5a-c). Several important features can be identified by examining the transmission electron 

microscopy (TEM) data in Figure 2.5c. We first direct the readers' attention to the splitting 
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phenomenon as highlighted by the yellow arrows. That the joints appear more than once indicates 

the splitting is not a random process. Next we used high-resolution TEM (HRTEM) and elemental 

analysis (energy-dispersive spectroscopy, EDS; also see Experimental Section) to study the joint 

areas and measured higher Ti-to-Si ratios (0.43:1) here than other areas (0.38:1; Figure 2.5). Note 

that the ratios were lower than the stoichiometric 0.5:1 as derived from the chemical formula (TiSi2) 

because of the surface passivation by Si. This point has been previously discussed by us.20 Despite 

the differences in the Ti/Si ratios, the crystal structure of the stem and the branches was C54 without 

observable defects. In other words, each wire, regardless of how many times it has split, is a 

monolithic piece. 

 

 

(Figure 2.5 Splitting of TiSi2 nanowires under high TiCl4 flow rates. (a) Overview of nanowires 

with split tips by SEM. For a comparison, those without the splitting effect are shown in the inset. 

(b) Higher resolution SEM images reveal more details of how the nanowire tips split. (c) Further 

details are revealed in the TEM data. Yellow arrows point to the joints where the nanowire is split 

once (left arrow) and twice (right two arrows). The areas in the light blue and the purple squares 

are viewed under HRTEM mode, and the data are shown in (d) and (e).) 
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Presently, it is not clear why higher Ti concentration leads to the splitting of nanowires or the 

branching of nanonets. We hypothesize that the detailed processes may involve the breaking of Si 

passivation by the reaction between Ti and Si.19, 20 The intricate balance between Si depositions 

that are inert (on the sidewalls) and those that react with Ti (on the growth fronts) may be critical 

to the unique seedless growth. It is also intriguing that once the sidewalls (passivated by Si) are 

formed, they are resistant to further reactions, which we believe is due to the existence of Cl in the 

synthesis system. It is important to note that the condition windows for the various nanostructures' 

growths are relatively narrow, beyond which the main products are generally featureless particles 

made of Ti and Si. 

 

Lastly, we show the understanding that Si-containing clusters initiate the growth and that Ti-

containing ones produce complexity can help us create more complex nanostructures. After a 

typical nanonet growth lasting 15 min, the pressure of the reaction chamber was brought to the base 

level (0.5 Torr), which caused the nanonets to stop growing. Shortly afterward (15 s), the precursors 

(SiH4 and TiCl4) were introduced to raise the pressure to 5 Torr again. Instead of observing the 

previously produced nanonet continue to grow, we found new nanonets formed from the beam tips 

(and from the tips only), creating second-generation (2G) nanonets (Figure 2.6). This phenomenon 

may be explained as follows. After the growth was stopped, the growth tips remained active. 

However, when the reactants were reintroduced, the previous balance between the tip growth and 

the side passivation no longer existed. Instead, a new balance was established, leading to the 

production of new nanonets. Because the tips of the previously grown nanonets were the most 

active, new nanonets tended to grow from there. We later discovered that the production of 2G 

nanonets was highly reproducible and that relatively mild changes of pressures (e.g., from 5 to 4 
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Torr during the growth) accompanied by disruptions of the continuous feeding of the precursors 

could yield similar results, although the effect was less pronounced. These highly complex 

nanostructures are of higher surface areas than simple nanonets or nanowires and therefore may be 

of interest for energy-related applications. 

 

 

(Figure 2.6 Creation of more complex nanonets. When the growth of nanonets was perturbed and 

then resumed, 2G nanonets were produced at the tips of the previously grown ones. The structures 

are shown under different magnifications in (a) and (b) by SEM.) 

 

2.1.3 Conclusions 

Many studies on nanostructure synthesis are driven by how the resulting materials may be used for 

various applications. A critical challenge in this area is to produce materials with controlled 

compositions, crystal structures, morphologies, and properties. Seemingly elusive, this goal might 

be eventually achieved if we gain enough understanding on the chemistries that produce various 

nanostructures. Reported here were our efforts toward this goal. In line with other literature reports, 

we discovered that the yield of TiSi2 nanonets depended on the type of substrates they were grown 

on, from which we concluded the growth was initiated by the formation of Si-containing clusters. 

We found the complexity of TiSi2 nanonets did not change as a function of growth time but was 

only sensitive to the precursor concentrations. This observation led us to uncover the role played 
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by Ti-containing clusters, which was to split the growth fronts. We demonstrated that this 

understanding could be used to produce second generation nanonets on the tips of existing ones. 

The resulting materials may be useful for energy related research owing to their unique 

morphological complexities and their physical and chemical properties. 

 

2.2 Si/TiSi2 Heteronanostructure Anode for Lithium Ion Batteries 

The performance of advanced energy conversion and storage devices, such as solar cells, 

supercapacitors, and lithium (Li) ion batteries, is intimately connected to the electrode design at the 

nanoscale. To enable significant developments in these research fields, we need detailed 

information about how the properties of the electrode materials depend on their dimensions and 

morphologies. This information is currently unavailable, as previous studies have mostly focused 

on understanding one type of morphology at a time. Here, we report a systematic study to compare 

the performance of nanostructures enabled by two platforms, one-dimensional nanowires and two-

dimensional nanonets. The nanowires and nanonets shared the same composition (titanium 

disilicide) and similar sizes. Within the framework of Li ion battery applications, they exhibited 

different stabilities upon lithiation and delithiation (at a rate of 6 A/g), the nanonets-based 

nanostructures maintaining 90% and the nanowires-based ones 80% of their initial stable capacities 

after 100 cycles of repeated charge and discharge. The superior stability of the nanonets was 

ascribed to the two-dimensional connectivity, which afforded better structural stability than 

nanowires. Information generated by this study should contribute to the design of electrode 

materials and thereby enable broader applications of complex nanostructures for energy conversion 

and storage. 
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Being able to design, synthesize, and understand electrode materials with desired chemical, 

electronic, ionic, and physical properties plays a critical role in the development of advanced energy 

conversion and storage technologies, such as solar cells, rechargeable batteries, and supercapacitors. 

We consider the Li ion battery as an example. Despite its many advantages over other competing 

energy storage technologies, there is plenty of room for improvements in terms of power rate, cycle 

lifetime, and safety.33-37 Among various considerations, that concerning power rate is worth 

particular research attention because solutions to this problem will involve the creation of materials 

with both high ionic and high electronic conductivity, a fundamental challenge in materials 

science.38 Achieving high power rate is also of great practical implications, as it will greatly broaden 

where and how Li ion batteries can be used. Indeed, a great deal of research has been attracted to 

solving this challenge, including efforts to discover new compounds, new crystal structures, or 

both.33, 39 Because the properties of materials are intimately connected to the designs at the 

nanoscale, considerable attention has been paid to using nanostructures as Li ion battery 

electrodes.11, 36 For instance, nanoparticles,40 nanowires,2 and three-dimensional (3D) complex 

nanostructures37 have been widely reported to exhibit new and improved performance on this front. 

 

More recently, approaches to using multiple nanoscale components to form heteronanostructures 

have been proposed and reported by others and us.12, 41-47 In a heteronanostructure, nanowires,43 

nanotubes,44 nanonets,12 graphene,47 or 3D nanostructures48 serve as structural support and charge 

transporter. On them are active material coatings, in the form of thin films or nanoparticles. With 

the fine features of the active materials at the nanoscale, the total time required for ionic diffusion 

is short; with the overall morphology at the micrometer scale, electronic charge transport is fast. 

As such this strategy allows for the measurement of combined large capacity, high power rate, and 

long cycle lifetime that cannot be measured on single-component materials and therefore has great 
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potential to dramatically advance Li ion battery research. To materialize these potentials, we need 

a detailed understanding of how the performance of the resulting heteronanostructures depends on 

the fine features. This requires systematic studies to compare the properties of heteronanostructures 

of similar compositions and comparable sizes but different morphologies. Due to the diversity of 

materials studied, however, little has been done to this end. In this article, we take the initiative to 

compare Si-based anode materials that involve two-dimensional (2D) and one-dimensional (1D) 

nanostructures and show that the morphology indeed influences the properties of the 

heteronanostructures to a measurable extent. 

 

Our study is enabled by the unique TiSi2 system, where we can produce either 2D nanonets or 1D 

nanowires of the same composition and similar sizes by adjusting the synthesis chemistry.13, 19, 20, 

49 They both can be interfaced with Si to act as structural supports, which will solve the poor 

stability issue, and charge transporters, which will meet the low conductivity challenge of Si. 

Although of similar sizes to 1D nanowires, the fine structures of the 2D nanonets are interconnected, 

providing a suitable platform to study how the complexity of the morphology influences the 

electrode materials' properties. Our results show that when the TiSi2 is protected from reactions 

with Li+, the nanonets exhibit better stability than the nanowires do. The difference is attributed to 

the multiconnectivity of the nanonets, which reduces failures due to the mechanical breakdown of 

individual TiSi2 beams. 

 

2.2.1 Experimental Details 

Synthesis of TiSi2/Si Heteronanostructure: TiSi2 nanonets were synthesized using a chemical vapor 

deposition method as reported by us previously.19, 49 Briefly, a Ti foil (Sigma, 0.127 mm thick, 

purity: 99.7%) coated with 100 nm W as the current collector was placed in a home-built reaction 
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chamber that was heated to 675 °C, and SiH4 (10% in He, Voltaix; 50 sccm, standard cubic 

centimeter per minute), TiCl4 (98%, Sigma-Aldrich; 2 sccm), and H2 (Industrial grade, Airgas; 100 

sccm) flew past the surface of the Ti foil at 5 Torr. A typical growth duration was 15 min. Afterward, 

SiH4 and TiCl4 were stopped, and the temperature was decreased to 650 °C, after which SiH4 (80 

sccm) was introduced again for Si coating. The reaction was carried out at 15 Torr for 12min. This 

process produced a particulate Si coating on the TiSi2 nanowire or nanonet surfaces. 

 

Material Characterizations: The samples before and after lithiation and delithiation processes were 

imaged using a transmission electron microscope (JEOL 2010F) and a scanning electron 

microscope (JEOL 6340F). The TEM was operated at an acceleration voltage of 200 kV, and the 

SEM was working at 10 kV. Elemental analysis was conducted using an energy dispersive 

spectroscopy attachment to the TEM. 

 

Coin Cell Fabrication: After growth, the samples were transferred into an Ar-filled glove box 

(oxygen level <1 ppm). The TiSi2/Si electrodes were assembled into coin cells (CR2032-type) with 

Li foils as the counter electrodes, 1 M LiPF6 in ethylene carbonate and diethyl carbonate (1:1, 

Novolyte Technologies) as the electrolyte, and two layers of polypropylene separator (25 μm, 

Celgard 2500).  

 

Electrochemical Measurements: The coin cells were characterized by an eight-channel battery 

analyzer with a battery test system (Shenzhen Neware, China) at 30 °C. 

 

2.2.2 Results and Discussion 
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Design Considerations: The basis for our study is illustrated schematically in Figure 2.7. The design 

has two parts: TiSi2 nanowires or nanonets and Si nanoparticles. Our previous study reveals that 

having Si in the particulate form (Figure 2.7a, c) is advantageous because the space between 

adjacent particles allows for volume expansion and reduction during lithiation (charge) and 

delithiation (discharge) of Si, respectively, thereby minimizing stress buildup during the 

processes.12 Under idealized operating conditions, the TiSi2 support remains intact during repeated 

charge and discharge processes, and the eventual degradation of Si would be the main failing 

mechanism. In practice, however, a number of processes can cause failures of the TiSi2 nanowires 

and nanonets, consequently the failures of the electrode materials. The present study concerns one 

of these failing mechanisms, the mechanical breakdown of the nanowires and nanonets (Figure 

2.7b, d). Factors that can contribute to this mechanism include lithiation-induced stress on the 

surfaces, unwanted chemical reactions of TiSi2 with the electrolyte, and overheating, among others. 

The advantage of the nanonets-based design is obvious when such breakdown happens. In the case 

of nanowires, due to the loss of electrical contact with the current collector, the portion of the 

heteronanostructure beyond the cracking point will become inaccessible, as shown in Figure 2.7b, 

reducing the overall capacity. In the case of nanonets, such breakdown will have relatively limited 

influence on the overall capacity since the portions beyond the breaking point can still be connected 

to the current collector through other routes, as shown in Figure 2.7d. The overall capacity will 

fade at a comparatively slower pace than that of the nanowires-based nanostructures. 
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(Figure 2.7 Schematic comparison of the nanowires- and nanonets-based systems. The basis for 

the designs is identical, i.e., to form Si nanoparticles on the nanowires (a) or the nanonets (c). In 

both cases, the nanowires or the nanonets serve as structural supports and charge transporters. The 

ionic and electronic pathways are illustrated by red and blue arrows, respectively. The difference 

is manifested when a mechanical breakdown occurs. (b) The portions of the nanowire beyond the 

breaking point will be inaccessible because of the loss of electrical contact. (d) Owing to the 

existence of other charge transport pathways within the nanonets, the breakdown of a single beam 

will have limited impact on the overall capacity.) 

 

Structural Characterizations: The synthesis of TiSi2 nanonets/Si heteronanostructures has been 

reported previously by us.12 That of TiSi2 nanowires/Si nanostructures is a new development, as 

our previous study concerned only the TiSi2 nanowires without intentional Si deposition.13 The 

parameters to deposit Si nanoparticles onto nanowires and nanonets were the same as detailed in 

the Experimental Section. The resulting nanostructures were characterized by a scanning electron 

microscope (SEM) and a transmission electron microscope (TEM). As can be seen in Figure 2.8, 

the fine features of the nanowires (Figure 2.8a, b) and the nanonets (Figure 2.8c, d) were of 

comparable sizes (diameters 15-20 nm; lengths 1-5 μm). The as-deposited Si nanoparticles were 
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uniform and approximately 20-30 nm in diameter. Elemental analysis by energy dispersive 

spectroscopy (EDS) showed that the overall Si content (including that from TiSi2) accounted for 

ca. 90% (wt %). 

 

 

(Figure 2.8 Structural characterizations of TiSi2 nanowires- and nanonets-based 

heteronanostructures. (a and b) SEM and TEM micrographs of the nanowires-based nanostructures. 

(c and d) SEM and TEM micrographs of the nanonets-based nanostructures. Insets in (b) and (d) 

are selected area electron diffraction patterns, where the diffraction spots due to crystalline Si are 

characteristic of polycrystalline materials (highlighted by gray rings) because the data were 

collected on multiple Si particles.) 

 

Comparison of Stabilities upon Repeated Charge/Discharge: To study the stabilities of TiSi2 

nanonets/Si and TiSi2 nanowires/Si nanostructures, we assembled coin cells with the as-made 

materials as anodes. Li foils were chosen as the cathode electrode for the ease in accurately 

measuring the anode potentials relative to the Li/Lit standard. These coin cells were then connected 
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to a battery analyzer (more details in the Experimental Section), which passed a constant current 

through the cells and recorded the anode potentials as a function of time. The specific capacity was 

calculated by normalizing the number of charges (in units of mAh) against the total mass of the 

anode (in units of g). The mass of both TiSi2 and Si was taken into account for the capacity 

calculations. 

 

TiSi2 Nanonets/Si Nanostructures: As shown in Figure 2.9a, the capacity increased from 2670 

mAh/g to 2700 mAh/g during the first 5 cycles when tested within the potential window of 0.09-2 

V (all potentials used in this article are relative to Li+/Li unless noted). The Coulombic efficiency 

(CE) was 70% for the first cycle, which increased to 95.5% for the second cycle and then to 97.5% 

for the fifth cycle. We found it was important to carry out the first few cycles at a relatively slow 

rate (0.6 A/g, 0.2C, with 1C = 3000 mA/g). Otherwise, more rapid capacity fade and poorer 

performance than what is reported here would be measured. It has been suggested that during the 

first few cycles, together with other irreversible processes, the solid-electrolyte-interface (SEI) 

layer forms.50 Nevertheless, we note that more research is needed to fully understand what role 

these initial lithiation/delithiation processes play. For the next five cycles, the operating potential 

window was further narrowed to within 0.15-2 V because our previous study shows that TiSi2 

nanonets react with Li+ at approximately 0.09 V, and prolonged reactions at this potential will cause 

failures of the nanonets.13 More on this point will be discussed later in this article. At a rate of 2.4 

A/g (0.8C), the capacity changed from 1807 (6th cycle) to 1740 (10th cycle) mAh/g. In the 

meantime, the CE increased from 98.3% to 98.9%, suggesting that the lithiation/delithiation 

becomes more reversible after the initial charge/discharge. Afterward, the rate was changed to 6 

A/g (2C). A trend of slightly increasing capacity with more charge/discharge cycles was observed 

until the 31st cycle, where a peak value of 1540 mAh/g was observed. Similar phenomena of 
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capacity increase during the initial lithiation/delithiation processes have been reported before,43 and 

the reason was attributed to gradually more complete lithiation of Si.51 Significantly, 1310 mAh/g 

was measured after 100 cycles of test, corresponding to 90% capacity retention from the 11th cycle. 

The CE varied between 97.9% and 99.3%, suggesting there were still irreversible processes to 

contribute to the capacity loss. 

 

TiSi2 Nanowires/Si Nanostructures: Compared with the nanonets-based nanostructures, the 

nanowires-based one showed at least two distinct characteristics. First, despite the similarities of 

sizes and amount of Si loading as evidenced by the structural studies, the initial and stable capacity 

of the nanowire system was lower. For example, the peak specific capacity measured at 6 A/g rate 

was 1335 mAh/g, 13% lower than that of the nanonets-based nanostructures. At the present stage, 

we do not fully understand the origin of this difference but suggest that the 2D nature and the unique 

surface properties of the nanonets may be important factors. Second, the capacity fade from the 

11th cycle to the 100th one was more obvious, from 1263 to 1008 mAh/g, 20%. 

 

 

(Figure 2.9 Cycling stability comparison of the nanonets- (a) and nanowires-based 

heteronanostructures (b). For clarity, only delithiation capacity is shown. The potential window for 

the first 5 cycles was 0.09-2 V, and that for the following tests was 0.15-2 V. The rates at which 

the performance was measured are labeled in the plots.) 
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Comparison of Stabilities under Different Operating Conditions: Our previous research has shown 

that TiSi2 nanowires and nanonets react with Li+ differently, the nanonets exhibiting appreciable 

lithiation at 0.09 V and the nanowires displaying no significant reactions down to 0.05 V.13 With 

this information in mind, we next sought to examine how the operating potential windows influence 

the stability of the corresponding nanostructures. As can be seen in Figure 2.10 and similar to that 

in Figure 2.9, the nanonets-based samples showed higher capacities than the nanowire-based ones. 

Different from that in Figure 2.9, however, the capacities of the nanonets-based samples decreased 

more rapidly when measured at 0.05-2 V (from 2279 mAh/g at 31st cycle to 1449 mAh/g at 100th 

cycle) and 0.09-2 V (from 1949 mAh/g at 31st cycle to 1276 mAh/g at 100th cycle). An important 

reason for the more rapid capacity fade was the more complete lithiation of Si within these potential 

windows than that at 0.15-2V. As such, the fading mechanism specific to Si-related reactions plays 

an important role here. Although secondary, the reactions between the nanonets and Li+ at or below 

0.09 V should also contribute to the relatively more rapid capacity fade for the nanonets-based 

materials.13 
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(Figure 2.10 Stability comparison of the nanonets- and nanowires-based nanostructures. The cutoff 

potentials were 0.05 V (a) and 0.09 V (b). Note that the cutoff potential for data shown in Figure 

2.9 was 0.15 V.) 

 

Structural Studies after Repeated Charge/Discharge: To understand the stability differences 

between the nanowires- and nanonets-based nanostructures, we examined their morphologies after 

100 cycles of tests; representative SEM micrographs are shown in Figure 2.11. These data are to 

be compared with those in Figure 2.8. Characteristic to the Si lithiation and delithiation processes, 

the crystalline and particulate Si coating was transformed into amorphous, accompanied by obvious 

volume expansion. However, there were also nanowires whose Si coating's transformation was less 

profound, such as those circled by ellipses in Figure 2.11a, b. It is conceivable that these nanowires 

did not undergo the same number of lithiation and delithiation processes as their neighboring ones 

did probably because they were separated from the current collector after the initial reactions. 

Indeed, both ends of these nanowires were visible within the viewing field. Nanowires like these 

would not contribute to the overall capacity and thus lead to capacity fade as shown in Figures 2.9 

and 2.10. From Figure 2.11a, we can also find a considerable number of other nanowires where 

both ends are visible (highlighted by arrows), indicating that they were separated from the current 

collector and therefore would not contribute to the overall capacity should the sample be cycled 

further. Few such segments were found in Figure 2.8a, supporting that as-grown nanowires are 

connected to the current collector, a feature desired for Li ion battery applications. In contrast, 

uniform volume expansion of Si coating was observed on nanonets-based samples, and few broken 

nanonets were observed, Figure 2.11d, e. Although more detailed studies would be needed to fully 

understand in which mechanism the lithiation/delithiation of Si influences the stability of the 

TiSi2/Si systems, we emphasize that the reactions between Li+ and the TiSi2-based nanostructures 
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are mainly limited to those with Si coatings. This point has been previously discussed by us12, 13 

and is further supported by Figure 2.11c, f, where the TiSi2 core remains unchanged after repeated 

charge/discharge. 

 

 

(Figure 2.11 SEM micrographs of TiSi2 nanowires- (a and b) and nanonets-based nanostructures 

(d and e) after 100 cycles of repeated lithiation/delithiation processes. (c and f) TEM micrographs 

of the same samples as in (a) and (d), respectively. The diffraction patterns (insets in c and f) 

indicate Si has turned amorphous during the lithiation/delithiation processes. The diffraction spots 

in the inset of (f) are from C49 TiSi2.) 

 

Comparison of Performance at Different Charge/Discharge Rates: One key advantage of the 

heteronanostructure design is that it may enable high capacity and high power on one material at 

the same time. To examine this potential, we compared the nanowires- and nanonets-based 

nanostructures at different charge/discharge rates. As can be seen in Figure 2.12, the general trend 

was that lower capacity was measured at higher rates. For instance, a capacity of >2000 mAh/g was 
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measured on the nanonets-based nanostructures at 0.6 A/g (0.2C); the same sample showed a 

capacity of ca. 800 mAh/g when measured at 15 A/g (5C). Once the rate was reduced to 3 and 0.6 

A/g, the capacity increased to 1602 and 1798 mAh/g, respectively, corresponding to 75% and 85% 

of its original values. This trend is consistent with other literature reports of Si-based anode 

materials.2, 44 Slow Li+ diffusion within Si, which results in incomplete lithiation/delithiation at high 

rates, is an important reason for this observation. 

 

 

(Figure 2.12 Comparison of nanonets- (a) and nanowires-based (b) materials at different 

charge/discharge rates. Because the Coulombic efficiencies were calculated by dividing the 

discharge capacity with the charge capacity, and these values changed dramatically when the rate 

was altered, we see noticeable changes of these values where the rates were varied.) 

 

Although following the same general trend, the nanowires-based nanostructures exhibited 

noticeably poorer rate performance because the capacity dropped more quickly as the charge rate 

was increased, from ca. 1900 mAh/g at 0.6 A/g to ca. 530 mAh/g at 15 A/g. It increased further to 

1518 mAh/g when measured again at 0.6 A/g, corresponding to 77% of its original capacity. We 

note the differences between nanowires- and nanonets-based materials in their performance under 

different rates are quasi-quantitative and as such are not sufficient for us to draw meaningful 

conclusions. This result nonetheless proves that the heteronanostructure design may indeed enable 
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the measurement of high power rate because it can be charged at rates up to 15 A/g. Previously, 

similarly high capacities have been measured on thin films albeit at much lower rates ( 2000 

mAh/g on 100 nm Si thin film at C/4).50 The loading of active materials in the heteronanostructure 

design can be significantly higher than that in thin films owing to the surface roughening effect. 

The rate performance achieved here is comparable to the reported values of 1387 mAh/g at 14 A/g 

for Si hollow nanosphere by Cui et al.52 or 900 mAh/g at 2.5C for Si and carbon nanotube 

combinations by Kumta et al.44 

 

2.2.3 Conclusions 

In summary, we carried out a systematic study to compare how TiSi2 nanowires- and nanonets-

based Si nanostructures perform as anode electrode materials for Li ion batteries. Grown by similar 

chemistries and sharing comparable sizes, the TiSi2 system offered us a unique platform to focus 

on how the morphology influences the properties without being confounded by factors such as 

composition or dimensions. Our results showed that 2D nanonets exhibited better capacity retention 

than 1D nanowires when measured between 0.15 and 2 V. The reason was ascribed to better 

structural integrity of the nanonets. We suggest that because complex nanostructures bridge length 

scales from angstroms to micrometers, a range highly relevant to processes fundamentally 

important to energy conversion and storage applications, they have great potentials as electrode 

materials to significantly advance research in this field. 
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Chapter 3  Synthesis of Pt/TiSi2 Heteronanostructures 

 

This chapter is adapted from: Xie, J.; Yang, X.; Han, B.; Shao-Horn, Y.; Wang, D. Site-Selective 

Deposition of Twinned Platinum Nanoparticles on TiSi2 Nanonets by Atomic Layer Deposition 

and Their Oxygen Reduction Activities. ACS Nano 2013, 7, 6337-6345. 

 

For many electrochemical reactions such as oxygen reduction, catalysts are of critical importance, 

as they are often necessary to reduce reaction overpotentials. To fulfill the promises held by 

catalysts, a well-defined charge transport pathway is indispensable. Presently, porous carbon is 

most commonly used for this purpose, the application of which has been recently recognized to be 

a potential source of concern. To meet this challenge, here we present the development of a catalyst 

system without the need for carbon. Instead, we focused on a conductive, two-dimensional material 

of a TiSi2 nanonet, which is also of high surface area. As a proof-of-concept, we grew Pt 

nanoparticles onto TiSi2 by atomic layer deposition. Surprisingly, the growth exhibited a unique 

selectivity, with Pt deposited only on the top/bottom surfaces of the nanonets at the nanoscale 

without mask or patterning. Pt (111) surfaces are preferably exposed as a result of a multiple-

twinning effect. The materials showed great promise in catalyzing oxygen reduction reactions, 

which is one of the key challenges in both fuel cells and metal air batteries. 

 

3.1 Experimental Details 

TiSi2 Nanonet Synthesis: TiSi2 nanonets were synthesized by a chemical vapor deposition method. 

A Ti foil (Sigma-Aldrich, 0.127 mm thick, purity 99.7%) was placed in a home-built reaction 
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chamber and heated to 675 °C. Then, SiH4 (10% in He, Voltaix; at 50 standard cubic centimeters 

per minute, or sccm), TiCl4 (98%, Sigma-Aldrich; 2 sccm), and H2 (industrial grade, Airgas; 60 

sccm) were introduced to the chamber, and the pressure was maintained constant at 5 Torr. The 

growth duration was typically 10-120 min for varying sizes and densities of nanonets.  

 

TiO2-Coated TiSi2 Nanonets: TiO2 was deposited in a Cambridge Nanotech (Savannah 100) ALD 

system following procedures we previously reported.1 In brief, the reaction took place at 275 °C 

with a constant flow of N2 at 20 sccm. Titanium(IV) isopropoxide (Ti(iPrO)4, heated to 75 °C) and 

deionized H2O (room temperature) were used as reaction precursors. The pulse and purge times for 

Ti(iPrO)4 and H2O were 50ms and 10 s, 15ms and 10 s, respectively. A 10-cycle growth of TiO2 

(estimated thickness 0.5 nm) was applied to the TiSi2 nanonets to modify the surface. 

 

Si Nanowires: The preparation of Si NWs was reported previously.2 Briefly, the Si (100) substrate 

(Wafernet) was cleaned with acetone, methanol, and 2-propanol sequentially. The substrate was 

then oxidized in H2O2/H2SO4 (1:3 vol/vol) solution at 90 °C for 10 min to remove heavy metals 

and organic residue and then rinsed by deionized water. Finally, the cleaned substrate was 

immersed into an HF/AgNO3 solution (4 M HF and 0.02 M AgNO3) for 30 min at 50 °C to produce 

Si NWs. 

 

Atomic Layer Deposition of Pt: Pt nanoparticles were deposited in an Arradiance (Gemstar) atomic 

layer deposition system. The growth temperature was 250 °C, with trimethyl-

methylcyclopentadienyl platinum(IV) (MeCpPtMe3, heated to 75 °C) and compressed air (room 

temperature) as reaction precursors. Each cycle consisted of four repeated pulse/purges of 
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MeCpPtMe3 for sufficient surface adsorption and one pulse/purge of O2 to decompose MeCpPtMe3. 

The purge gas was N2, and its flow rate was 90 sccm. 

 

Material Characterizations: As-grown samples were imaged using a transmission electron 

microscope (JEOL 2010F) and a scanning electron microscope (JEOL 6340F). The TEM was 

operated at an acceleration voltage of 200 kV, and the SEM was at 10 kV. Elemental analysis was 

conducted using an EDS attachment to the TEM. 

 

Electrochemical Characterizations: Pt/TiSi2 on flat Ti foil was attached onto the rotating disk 

electrode (glassy carbon electrode, 5 mm in diameter, Pine Instrument Co.) for electrochemical 

measurements. The Pt/C electrode in the control experiment was prepared by first ultrasonicating 

the Pt/C nanoparticles (46 wt% supported by Vulcan carbon, Tanaka Kikinzoku, average diameter 

of Pt nanoparticles is 3.5 nm) in deionized water (Millipore, 18.2MΩ) for 1 h to make the ink and 

then dropcasting the catalyst ink onto the same type of rotating disk electrode. The loading of 

nanoparticles was 50 μgPt/cm2
disk. 

 

Measurement of Effective Surface Area: Cyclic voltammograms were collected in 0.1 M KOH 

solutions at a temperature maintained at 25 °C. A Pt wire sealed in glass tubing and an Ag/AgCl 

electrode (4 M KCl, Pine Instrument Co.) were used as counter and reference electrode, 

respectively. The electrolyte was purged with N2 (ultrahigh purity, Airgas) for 30 min before 

measurements. CVs were recorded at a scan rate of 50 mV s-1 between 0.05 and 1.10 V vs RHE 

until they were stabilized. CVs were then recorded and presented at a scan rate of 10 mV s-1 in the 

same voltage range for ESA measurements. 
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Characterization of Oxygen Reduction Activities: After ESA measurements, electrolyte was 

purged with O2 (ultrahigh purity, Airgas) for 30 min before evaluating ORR activities of Pt/TiSi2 

and Pt/C samples. Polarization curves were recorded at various rotating rates (2500, 1600, 900, 400, 

100 rpm) at a scan rate of 10 mV s-1 between 0.05 and 1.10 V vs RHE. To correct for capacitance 

contribution, oxygen reduction currents were obtained by subtracting the polarization curve in N2 

from the corresponding curve in O2. 

 

3.2 Results and Discussion 

The discovery of materials with new compositions or novel morphologies or both has played an 

important role in advancing modern technologies such as those for electrical energy storage 

applications.3-5 Conversely, the key challenges encountered in the development of these 

technologies are often connected to the material design, particularly that at the nanoscale. To 

illustrate this point, let us consider issues related to electrode design for proton exchange membrane 

fuel cells as an example.6-10 To afford high current density, conductive frameworks with high 

surface area are desired for the electrode's construction. Porous carbon, especially those with 

nanoscale pores, is popularly used as a scaffold, onto which catalysts for ORR (oxygen reduction 

reaction) and/or HOR (hydrogen oxidation reaction) are dispersed. It has been realized that the 

choice of porous carbon presents issues that may limit the performance of fuel cells, including poor 

stability and reduced catalytic activities.11 Indeed, poorer activities of ORR catalysts have been 

observed on a carbon support than on metal or metal alloy electrodes,12-14 although in these 

examples carbon additives were still used to provide electrical transport pathways. To enable 

significant advances in the field of electrical energy storage, it is important to develop a conductive, 

porous material that is carbon free. On a fundamental level, this material may enable mechanistic 

studies to help understand what role a carbon support plays in degrading the performance of fuel 
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cell electrodes. On a practical level, the new material may serve as a replacement for carbon in 

future devices. To date, examples of low-cost, non-carbon-based porous conductive frameworks 

remain rare other than those involving precious metals.15, 16 Here we examine whether TiSi2 

nanonets, which are inexpensive in nature and easy to prepare,17-19 are suitable for this purpose. 

Intriguingly, when used to grow Pt, a highly unusual selective deposition was obtained, resulting 

in 5-fold twinned Pt nanoparticles whose (111) planes are preferably exposed. The Pt/TiSi2 

combination exhibits ORR activities in aqueous solutions comparable to that of an optimized 

commercial Pt/C catalyst, establishing that the nanonet is in fact a promising candidate for air 

electrode design and construction. 

 

 

(Figure 3.1 Schematics of Pt nanoparticle deposition on different TiSi2 nanostructures. (Left) 

Selective deposition is achieved on the layered C49 TiSi2, whose b planes consist of alternate layers 

of a Ti-Si mixture and Si-only atoms. Because the unit cell of C49 TiSi2 is highly anisotropic (with 

a b lattice nearly four times that of a and c), its bulk form was known as metastable, and the only 

stable C49 TiSi2 was found in nanonet morphology.17, 18 Pt nanoparticles grow on the top and 

bottom surfaces, which are the b planes terminated by Si. For clarity, only one beam is shown here. 

(Right) Pt nanoparticles grow nonselectively on all surfaces on C54 TiSi2 nanowires that are 
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identical in composition and similar in size to the nanonets. The main difference of C54 TiSi2 from 

the C49 one is the lack of Si-only layers on its surface and, hence, the lack of layered, anisotropic 

structures.) 

 

For this proof-of-concept work, we chose to interface Pt with TiSi2 because it is a well-known ORR 

catalyst in aqueous systems.20, 21 The wealth of prior knowledge about Pt catalytic behavior makes 

it easy to compare the performance of the Pt/TiSi2 nanonet combination with that based on Pt/C. 

To obtain uniform coverage of Pt nanoparticles on the surface of TiSi2 nanonets, which is important 

for electrochemical ORR reactions, atomic layer deposition (ALD) was used as the preparation 

method.22 To our surprise and delight, a highly selective deposition was obtained, with Pt 

nanoparticles growing only on the (020) planes of TiSi2 nanonets (see schematic illustration in 

Figure 3.1). Transmission electron micrographs (TEM) of top and side views (Figure 3.2a and b, 

respectively) confirmed that the deposition was indeed only on the top and bottom, but not on the 

side surfaces of TiSi2 nanonets. For a total of more than 200 samples out of 30 batches of growth 

studied, all of them exhibited the same selectivity, thereby ruling out that the observation was a 

phenomenological effect. Although selective growth of nanoparticles such as Ag and Pt on the tips 

of ZnO23 and CdS nanorods,24, 25 respectively, has been reported, similar selectivity of gas-phase 

deposited nanoparticles on a nanostructured substrate has not been observed previously, to the best 

of our knowledge. We are therefore intrigued to study the possible causes for this unusual 

phenomenon. 

Different from its bulk and nanowire counterparts, the nanonet form of TiSi2 is of a layered 

structure known as C49. Our previous research revealed that the top and bottom surfaces of TiSi2 

nanonets are the b planes, which are made of only Si atoms.17 We hypothesize that the unique 

crystal structure is the key reason for the selective deposition as described above. To prove the 
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growth is indeed specific to TiSi2 nanonets, the following control experiments were carried out. 

First, Pt deposition on TiSi2 nanowires was studied. As shown in Figure 3.1b schematically, and in 

Figure 3.3a and b, Pt nanoparticles of sizes comparable to those grown on TiSi2 nanonets were 

obtained, but without obvious selectivity in their deposition sites, meaning that Pt nanoparticles 

were evenly distributed on all surfaces of the TiSi2 nanowires. Given that TiSi2 nanowires are of 

similar sizes and identical chemical compositions to TiSi2 nanonets, it is understood that the small 

sizes (ca. 20 nm in diameters) and chemical compositions (TiSi2) are not the causes for the 

selective deposition. Second, to understand whether the nanonet morphology played a role in the 

selective deposition, we first grew a thin layer (10 ALD cycles) of TiO2 by ALD on TiSi2 nanonets, 

converting the surfaces (top, bottom, and sides) to a nondistinguishable TiO2 coverage.1 Subsequent 

ALD growth resulted in a uniform deposition of Pt nanoparticles (in Figure 3.3c and d). This result 

suggests the morphology alone is not the reason for the selective growth. Taken as a whole, we 

concluded that the selective deposition of Pt nanoparticles was specific to TiSi2 nanonets, and the 

surfaces are the key reason for the selectivity. For the completeness of discussions about the 

uniqueness of TiSi2 nanonets and important to electrocatalytic applications, it is worth noting that 

TiSi2 nanonets exhibit a resistivity of ca. 10 μΩ cm, which is approximately 10 times better than 

bulk C49 TiSi2 and comparable to the more conductive C54. Our earlier work suggests that the 

improved conductivity is due to the lack of stacking faults along the b direction in the nanonets.17 
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(Figure 3.2 Microstructures of Pt/TiSi2 heteronanostructures by a typical 50-cycle ALD growth. 

(a) When viewed from the top, a uniform distribution of Pt nanoparticles is observed. (b) When 

viewed from the side, Pt nanoparticles are seen only on the top and bottom surfaces of TiSi2. The 

relationship is schematically illustrated in the insets. (c) The size distribution of Pt nanoparticles.) 

 

 

(Figure 3.3 Transmission electron micrographs of Pt nanoparticles on various substrates by the 

ALD method. (a, b) C54 TiSi2 nanowires; (c, d) TiO2-coated C49 TiSi2 nanonets; (e, f) Si 

nanowires.) 

 

Previous research suggests that ALD growth of Pt with trimethyl(methylcyclopentadienyl) 

platinum(IV)(MeCpPtMe3) as a precursor starts with chemisorption of MeCpPtMe2, followed by 
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oxidation of the remaining ligands to yield elemental Pt.22 When the interface energy between Pt 

and the supporting substrate is relatively high, the deposition proceeds via a Volmer-Weber island 

mechanism, where nanoparticles instead of uniform films are produced. With this background 

information in mind, we see that the deposition of Pt should favor surfaces with low energies. For 

C49 TiSi2, theoretical studies show that b planes are more stable than a and c planes by up to 20% 

in surface energies; the difference between various planes of C54 TiSi2 is much less pronounced.26 

The surface energy difference may be an important factor that governs the selective growth. It is 

noted that although Si-termination on the top and bottom (020) surfaces of TiSi2 nanonets has been 

unambiguously confirmed, further research is needed to understand why no Pt particles grow on 

the side surfaces at all. We nonetheless emphasize that the selective deposition is highly 

reproducible. Moreover, it is important to note that the selectivity appears specific to Pt deposition 

only. For instance, ALD growth of TiO2,1 WO3,27 and Fe2O3
28 on TiSi2 nanonets all resulted in 

uniform coating with no measurable dependences on the crystal planes of C49 TiSi2. Lastly, we 

note that Pt deposition on Si nanowires was also uniform but nonselective (Figure 3.3e and f), 

ruling out the possibility that Si-termination on the TiSi2 nanonet is the sole reason for the observed 

selectivity. 

 

The size of Pt nanoparticles and their mass loading density were found to depend on the ALD 

cycles following a pseudolinear relation (Figures 3.4 and 2c). There was an induction time (ca. 10 

cycles) for Pt deposition with an island nucleation on the TiSi2 nanonet substrate. The sizes and 

mass loading of Pt increased with increasing ALD Pt cycle numbers. For 30, 50, 70, and 100 cycles 

of ALD Pt deposition, the mean particle sizes were 2.6 ± 0.6, 3.6 ± 1.0, 6.4 ± 0.9, and 11.2 ± 1.1 

nm, respectively, and their mass loadings as determined by energy dispersive spectroscopy (EDS) 

were 8.2 ± 2.3%, 29.2 ± 1.3%, 59.2 ± 3.2%, and 75.8 ± 3.9%, respectively. The quantification of 
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Pt loading was confirmed by ICP-OES (Perkin-Elmer Optima 3000 xl ICP-OES spectrometer) 

measurements, too. 

 

 

(Figure 3.4 (a) Dependence of Pt nanoparticle sizes and mass loading (relative to the total mass of 

Pt and TiSi2 nanonet support) on ALD cycle numbers. (b, c, d) Histograms of Pt nanoparticle 

diameters for 30, 70, and 100 ALD cycles of Pt deposition on TiSi2 nanonets, respectively.) 

 

The resulting Pt nanoparticles are crystalline in nature, as shown in Figure 3.5. Significantly, high 

resolution TEM (HRTEM) studies revealed that more than 90% of the Pt nanoparticles grown on 

TiSi2 nanonets exhibited a multitwinned structure. A representative example with zone axis <110> 

is shown in Figure 3.5a. The angles between the twin planes range from 70° to 74°, in close 

resemblance to other 5-fold-twinned metal nanoparticles such as Ag29 and Au30. Because such 

twinning effect exposes Pt (111) surfaces, which are believed to be catalytically more active, 

research efforts have been attracted to emulate the effect by, for example, growing a Pt epitaxial 

overlayer31 on multiple-twinned nanoparticle cores or alloying with Pd32. High yields of pure Pt 
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nanoparticles that are 5-fold twinned have not been reported previously, to the best of our 

knowledge. The nanonet substrate was of critical importance to the high yield of the twinned Pt 

nanoparticles. When the nanonet was replaced by TiSi2 nanowires or TiO2-coated nanonets, the 

yield of twinned Pt nanoparticles dropped dramatically to <5%, although the total number of 

particles deposited remained comparable. We suggest that the interaction between Pt and the TiSi2 

nanonet b planes may be the key to the formation of twinned Pt nanoparticles. Lastly, it is noted 

that, probably due to their small sizes, no twinned particles were observed for Pt nanoparticles 

smaller than 2 nm. 

 

 

(Figure 3.5 Representative high-magnification TEM images of multiple-twinned Pt nanoparticles 

deposited on TiSi2 by ALD. (a) An unusual 5-fold twinning effect is observed in the high-resolution 

TEM image with zone axis <110>. (b-d) High yield of multiple-twinned Pt nanoparticles.) 

 

In an effort to benchmark the performance of the unique TiSi2 nanonet-Pt nanoparticle combination, 

we next studied its catalytic activity for ORR in aqueous solution, in Figure 3.6. For comparison, 
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electrodes of both Pt/TiSi2 heteronanostructures and commercially obtained Pt/C (46 wt % 

supported by Vulcan carbon, Tanaka Kikinzoku) are shown in Figure 3.6a and b, respectively. 

Since the average diameter of Pt nanoparticles in the Pt/C catalyst was 3.5 nm measured from 

TEM images (3-4 nm provided by vendor), we chose to test Pt nanoparticles of similar sizes, which 

were produced by a 50-cycle ALD growth. When TiSi2 on Ti foil was used as a substrate (see 

Experimental Section for more details), an areal density of 50 μgPt cmdisk
-2 was obtained. Note that 

this loading density is modest and can be readily improved if needed for future work. For example, 

we see much room for improvement in terms of TiSi2 density and the ALD growth of Pt. 

Nevertheless, as a proof-of-concept and to provide a direct comparison with the Pt/TiSi2 sample, 

the Pt/C electrode was prepared such that a comparable areal density of Pt (50 μgPt cmdisk
-2) was 

achieved. 

 

Cyclic voltammetry (CV) of both TiSi2/Pt and Pt/C was first obtained in 0.1 M KOH at 25 °C, and 

the purpose was to measure their electrochemically active surface area (ESA). We note that this 

group of data was collected in alkaline solutions because our later characterizations were performed 

in solutions of the same conditions. As shown in Figure 3.6c, Pt/TiSi2 heteronanostructures showed 

CV features characteristic of Pt (111) surfaces (more detailed analysis and discussion are available 

in the Supporting Information), which is in excellent agreement with our HRTEM characterizations. 

By comparison, the CV features of Pt/C were consistent with those of Pt (110) and (100) surfaces. 

From this group of data, a Pt ESA of 27.9m2 g-1 was obtained on Pt/C, while Pt/TiSi2 exhibited a 

slightly higher value of 35.1 m2 g-1. Note that the areal densities in terms of Pt mass loading for 

both were comparable (ca. 50 μgPt cmdisk
-2). As such, the ESA difference is significant. One cause 

contributing to this difference may come from the multiple-twinned nature of Pt in Pt/TiSi2, which 

exposes more (111) surface atoms.31 Another reason may be found in the relatively simple interface 
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between Pt/TiSi2, which ensures more Pt exposure; by comparison, in the Pt/C mixture, carbon may 

wrap around Pt to reduce the effective surface areas. 

 

To study the ORR catalytic activity, we carried out the measurements in O2-saturated alkaline 

solution (0.1 M KOH, 25 °C) by the rotating disk electrode technique. ORR polarization curves of 

both Pt/TiSi2 and Pt/C at all rotating rates showed a diffusion- or mass-transfer controlled region 

at voltages below 0.6-0.7 V vs RHE (reversible hydrogen electrode) and diffusion-kinetic 

combined region above 0.7-0.8 V vs RHE. The limiting currents at the diffusion-controlled region 

are well defined as the current densities increase with ω1/2. As we clearly observe from Figure 3.6a 

and b, the polarization curves of Pt/TiSi2 showed slight anodic shifts and more steep slopes than 

those of Pt/C, which indicated a better catalytic activity. The true kinetic current densities shown 

in Figure 3.6d were calculated according to the Koutecky-Levich equation (see Supporting 

Information). A nonoptimized Pt/TiSi2 combination already exhibited superior performance when 

compared with the optimized commercial Pt/C. At 0.9 V vs RHE, the corrected kinetic current 

density of the Pt/TiSi2 heteronanostructure was 160 μA cm2
Pt, which is considerably higher than 90 

μA cm2
Pt of Pt/C, indicating much higher ORR activity for the selectively grown Pt on TiSi2 

nanonets (see Supporting Information for discussions about how these values compare with 

literature reports). We suggest that the 5-fold twinned nature of the Pt nanoparticles is an important 

reason for the performance difference. We also noticed that Pt/TiSi2 and Pt/C samples had slightly 

different slopes of 80.2 and 110.9mV/decade, respectively, which is again in good agreement with 

literature reports of pure Pt (111) and Pt (100) surfaces in 0.1 M KOH.33 
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(Figure 3.6 ORR catalytic activities of Pt/TiSi2 and Pt/C in 0.1 M KOH electrolyte. (a) Polarization 

curves of Pt/TiSi2 at a scan rate of 10 mV s-1 at varying rotation rates. (b) Polarization curves of 

Pt/C at a scan rate of 10 mV s-1 at various rotation rates. (c) The resulting Pt/TiSi2 

heteronanostructures exhibit different cyclic voltammetry characteristics (red trace) from that of a 

commercial Pt/C catalyst (black trace) when measured in O2-free environments. (d) Tafel plots of 

the specific ORR activity of Pt/TiSi2 and Pt/C based on 1/i = 1/ik + 1/iD at a rotation rate of 1600 

rpm and a scan rate of 10 mV s-1.) 

 

To optimize the properties of Pt/TiSi2 for further improvement of the catalytic activities as shown 

in Figure 3.6, we envision that the charge transfer kinetics may be increased by further optimizing 

the ALD process. In addition, we also predict that if the gas diffusion is improved, the saturation 

current should increase, as well. To reduce the limitation of mass transfer, we next show a set of 

experiments we carried out on porous supporting charge collectors of Ti mesh. Since TiSi2 nanonets 

can be synthesized on a variety of different substrates,19 this idea was readily tested. As a proof-of-

concept, we chose to grow TiSi2 nanonets on Ti mesh (wire diameter 250 μm; pore size 200 μm; 

Cleveland Wire Cloth), followed by ALD deposition of Pt nanoparticles. Structural studies by 

scanning electron microscopy (SEM) revealed that TiSi2 nanonets grew uniformly on Ti mesh 
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(Figure 3.7a), including the junction areas of the interwoven wires (Figure 3.7b). A higher 

magnification scanning electron micrograph as shown in Figure 3.7c confirmed that TiSi2 nanonets 

were of high density and purity. A significant advantage of the TiSi2 nanonet synthesis is that the 

growth does not require growth catalysts, which greatly simplifies the electrode fabrication process 

and avoids producing unnecessary impurities to undermine the catalytic activities. 

 

 

(Figure 3.7 Structures of Pt/TiSi2 heteronanostructures prepared on Ti mesh and their catalytic 

activities. (a-c) Low-, medium-, and high-magnification SEM images of Pt/TiSi2 grown on Ti mesh. 

Inset in (c): a 50000× magnified view to reveal the two-dimensional nature of the nanonet 

morphology. (d) Polarization curve for ORR of Pt/TiSi2 on mesh in 0.1 M KOH at a scan rate of 

20 mV s-1 at 25 °C. As a comparison, the performances of Pt on Ti mesh in the absence of TiSi2 

nanonets (blue trace) and Pt/TiSi2 on Ti foil (black trace) are shown. The Pt loading on TiSi2 coated 

Ti foil and Ti mesh sample are 50 and 99 μgPt cmdisk
-2, respectively.) 

 

Importantly, a saturation current density of 19.3 mA cmgeo
-2 was measured (Figure 3.7d), which 

represents an almost 3-fold increase as compared with TiSi2 on planar Ti foil. Note that the Pt 

loading per unit geometric area increased only from 50 to 99 μgPt cmgeo
-2, corresponding to an 
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increase of only 1-fold. We therefore understand the greater current density of Ti mesh samples as 

a result of better O2 diffusion but not a simple increase of Pt loading. In general, the saturation 

current density in an ORR reaction is limited by three factors: the resistance in charge transfer, the 

resistance in charge transport, and the limitation of mass transport. Because the nature of Pt 

nanoparticles grown on TiSi2/Ti mesh is identical to that of Pt nanoparticles prepared on TiSi2/Ti 

foil, the differences in charge transfer and transport are expected to be negligible. As such, the 

change in mass transfer is the most plausible reason to explain the observed enhancement of 

saturation current densities. Similar results have been observed on traditional carbon paper when 

acting as a gas diffusion layer to enhance the mass transfer of O2.34 In addition, metal foams and 

meshes have been applied as Pt supports as well, especially in the case of direct methanol fuel 

cells.35, 36 

 

3.3 Supplementary Information 

Effective surface area measurements 

 

(Figure 3.8 (a) CVs of Pt/TiSi2 sample (red) and Pt/C sample (black) in 0.1 M KOH at 25°C; (b) 

CVs of Pt low-index single-crystal surfaces (Pt(111), Pt(100) and Pt(110)) in 0.1 M KOH. Adapted 

from Markovic et al., J. Chem. Soc., Faraday Trans., 1996 (ref. 37).37) 
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ESA was determined from Pt-H adsorption/desorption region between 0.05-0.45 V vs. RHE. A 

surface charge density of 210 μC/cm2 Pt for a monolayer adsorption/desorption of hydrogen on Pt 

surface was employed for estimation. For similar sizes of Pt particles on TiSi2 nanonets and Vulcan 

carbon, the calculated surface areas normalized to per gram of Pt were 35.1 m2 g-1 and 27.9 m2 g-1, 

respectively. 

 

The CV of Pt/C sample in 0.1 M KOH has been reported by some of our previous papers.38 Briefly, 

it showed the typical Pt-H underpotential deposition region, double-layer region, and Pt-oxide 

region. The Pt-H peaks at 0.2-0.3 V and 0.3-0.4 V can be attributed to the Pt-H interaction on Pt 

(110) and Pt (100) planes, respectively, based on the CVs of Pt single-crystal surfaces. However, 

the CV recorded on Pt/TiSi2 showed a dramatically different pattern, with suppressed peaks from 

Pt-H interaction on Pt (110) and Pt (100) surfaces. Combining with the structure characterization 

data and the factor of low growth kinetics of ALD process, we suggested that Pt on TiSi2 has a 

higher Pt (111) surface concentration than Pt on C. 

 

ORR activities in this study and among literature reports 

The kinetic current density in this study was calculated by Koutecky-Levich equation39 

1/ i =1/ ik +i / iD   Equation (1) 

where i is the measured current density, ik is the kinetic current density, and iD is the diffusion 

limited current density. The specific activity or mass activity of Pt on carbon showed in Figure 3.3d 

in the main text was determined to be 90 μA/cm2
Pt or 26.4 mA/mgPt. It is noted that it may not be 

fair to directly compare these values with the best reported ones in the literature40 as they are 

sensitive to measurement conditions (e.g., types of electrolyte, impurity, temperature, O2 partial 
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pressure, scan rates, etc.) and different types of Pt/C been measured (types of carbon, 

sizes/morphology of Pt NPs etc.), resulting in widely varying data from reports to reports.7 For 

instance, it has been reported that the corrosion of glass flasks in the alkaline electrolyte may result 

in relatively low activities of the catalysts.41 Nonetheless, it is important to note that under identical 

test conditions, an improved performance by Pt/TiSi2 as compared with commercial Pt/C is 

unambiguous. 

 

3.4 Conclusions 

In conclusion, we have demonstrated a highly selective Pt growth on the b planes of TiSi2 nanonets 

by atomic layer deposition. As-grown Pt nanoparticles exhibited an unusual 5-fold twinned 

structure that preferably exposes (111) surfaces of Pt. Because the resulting material showed high 

activity toward ORR reactions, it has great potential as a promising air cathode for applications 

such as proton exchange membrane fuel cells. The availability of non-carbon electrode construction, 

such as the Pt/TiSi2 combination reported here, adds value in that it permits fundamental studies to 

discern what role carbon support plays in existing devices. In addition, these open structures may 

prove effective in enabling high current densities, which is a highly coveted feature for applications 

such as electric transportation. 
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Chapter 4  Ru/TiSi2: A Non-carbon Electrode for  

Lithium Oxygen Batteries 

 

This chapter is adapted from: Xie, J.; Yao, X.; Madden, I. P.; Jiang, D.-E.; Chou, L.-Y.; Tsung, C.-

K.; Wang, D. Selective Deposition of Ru Nanoparticles on TiSi2 Nanonet and Its Utilization for 

Li2O2 Formation and Decomposition. J. Am. Chem. Soc. 2014, 136, 8903-8906. 

 

Li-O2 battery promises high capacity to meet the need for electrochemical energy storage 

applications.  Successful development of the technology hinges on the availability of stable 

cathodes.  The reactivity exhibited by carbon support compromises the cyclability of Li-O2 

operation.  A non-carbon cathode support has therefore become a necessity.  Using TiSi2 nanonet 

as a high surface area, conductive support, we obtained a new non-carbon cathode material that 

corrects the deficiency.  To enable oxygen reduction and evolution, Ru nanoparticles were 

deposited by atomic layer deposition onto TiSi2 nanonets.  A surprising site-selective growth 

whereupon Ru nanoparticles only deposit onto the b planes of TiSi2 was observed.  DFT 

calculations show that the selectivity is a result of different interface energetics.  The resulting 

heteronanostructure proves to be a highly effective cathode material.  It enables Li-O2 test cells that 

can be recharged more than 100 cycles with average round-trip efficiencies greater than 70%. 

 

4.1 Experimental Details 

TiSi2 Nanonet Synthesis: TiSi2 nanonets were prepared by a chemical vapor deposition (CVD) 

method.  A Ti mesh (Cleveland Wire Cloth) was placed in the reaction chamber and heated to 



 

70 
 

675 °C.  SiH4 (10% in He, Voltaix; at 50 standard cubic centimetres per minute, or sccm), TiCl4 

(98%, Sigma-Aldrich; 2 sccm), and H2 (industrial grade, Airgas; 60 sccm) were introduced to the 

chamber concurrently.  The growth lasted typically 10 to 120 min with the pressure maintained at 

5 Torr.  

 

Atomic Layer Deposition of Ru: Ru nanoparticles were deposited on as-grown TiSi2 nanonets in 

an Arradiance (Gemstar) ALD system.  The growth temperature was 290 °C, with 

bis(ethylcyclopentadienyl) ruthenium(II) (Ru(EtCp)2, heated to 110 °C) and compressed air (room 

temperature) as reaction precursors.  Each cycle consisted of 4 repeated pulse/purge sub-cycles of 

Ru(EtCp)2 for sufficient surface adsorption and 1 pulse/purge of O2 to decompose Ru(EtCp)2.  The 

purge gas was N2, and its flow rate was 90 sccm.  The loading of Ru was quantified using 

inductively coupled plasma optical emission spectrometry (ICP-OES) at the MIT Center for 

Materials Science and Engineering (CMSE) using an ACTIVA S (Horiba) ICP-OES Spectrometer. 

 

Material Characterizations: Samples were imaged using a transmission electron microscope (JEOL 

2010F) operating at an acceleration voltage of 200 kV.  Raman spectra were obtained in a 

customized air-tight sample holder using Horiba XploRA micro Raman system with excitation 

laser of 532 nm.  The surface species and oxidation states were characterized by an X-ray 

photoelectron spectrometer (K-alpha XPS, Thermo Scientific, Al Kα=1486.7eV). 

 

Electrochemical Characterizations:  0.1M LiClO4 in dimethoxyethane (DME) with water level 

lower than 10 ppm was used as purchased from Novolyte (BASF).  Tetraethylene glycol dimethyl 

ether (TEGDME, ≥ 99%, Sigma-Aldrich) was first stored over freshly activated 4 Å molecular 

sieves and then distilled.  The distilled TEGDME was stored over molecular sieves before usage.  
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LiClO4 (99.99%, Battery grade, Sigma-Aldrich) was further baked at 130 °C under vacuum in the 

heatable tray of a glove box (MBraun) and then dissolved into TEGDME to give a 1M solution.  

Customized Swagelok type cells were used as the electrochemistry study platform.  Cells were 

assembled in the glove box (O2 and H2O levels < 0.1 ppm) with Li foil as the anode, 2 Celgard 

2500 film sheets as the separator, 0.1 M LiClO4 in DME or 1 M LiClO4 in TEGDME as the 

electrolyte.  Ru-decorated TiSi2 nanonets on Ti mesh (1 cm2) were used as the cathode directly 

without further treatment.  No binder or carbon was added in our system. The mass loading of TiSi2 

on Ti mesh is 0.1mg/cm2 and Ru loading on each cathode is approximately 0.1mg/cm2.  The fianl 

weight ratio of Ru:TiSi2 was 1:1.  The loading quantity of each individual sample was measured by 

the mass gain after ALD growth using a microbalance and also confirmed by the ICP-OES.   

 

For comparison, carbon black cathode was prepared by dispersing carbon black (Vulcan XC72) 

and Polytetrafluoroethylene (PTFE, 60wt% dispersion, Sigma-Aldrich ) with weight ratio of 8:2 in 

Isopropanol (10mg carbon/mL) then drop coated on Ni foam with the loading density of 1mg/cm2. 

The cathode was further dried in the vacuum oven at 100°C overnight. The Ru decoration was 

performed in the same fashion by ALD as described above after the preparation of the carbon 

electrode, and the result loading was around 5:1 for Carbon:Ru. 

 

 After cell assembly, oxygen (Ultrahigh purity, Airgas) was purged into the cell to replace Argon 

and the cell was then isolated from the gas line after reaching 780 Torr. Electrochemical 

characterizations were carried out on an electrochemical station (Biologic, VMP3). 

 

DFT Calculation: The Vienna ab initio simulation package (VASP)1, 2 was used to perform periodic 

density functional theory calculations with planewave bases.  The projector augmented wave (PAW) 
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method was used to describe the interaction between electrons and the nuclei;3 standard VASP-

PAW potentials were used for Ti, Si, Pt, and Ru with a recommended kinetic energy cutoff of 245 

eV.  The Perdew-Burke-Ernzerhof form of the generalized gradient approximation was used for 

electron exchange and correlation.4  Due to the large unit cell of the simulated systems, only �-

point was used for the k-point sampling for structural optimization with a force convergence 

criterion of 0.025 eV/Å.  The DFT optimized lattice parameters of the TiSi2 C49 structure (a=3.54 

Å, b=13.54 Å, c=3.58 Å) are in excellent agreement with the experiment (a=3.56 Å, b=13.61 Å, 

c=3.56 Å).5  The metal nanoparticle was modeled as a 38-atom cluster.  Both the TiSi2 b plane [the 

(010) surface] and the c plane [the (010) surface] were modeled as a six-layer slab.  The 

nanoparticle was placed on top of the surface; the bottom three layers of the surface were fixed at 

their bulk positions.  The adsorption energy, Ead, is defined as Ead = ENP/TiSi2 – ENP – ETiSi2, where 

ENP/TiSi2, ENP, and ETiSi2 are the energies of the adsorbed system, the isolated nanoparticle, and the 

clean TiSi2 surface, respectively.  So a negative Ead indicates a favorable interaction.  

 

DEMS Detection: For the Differential Electrochemical Mass Spec (DEMS) characterization, the 

cell was first discharged under 780 Torr pure O2.  The cell was then evacuated for 3 hours to remove 

O2 in the chamber prior to DEMS characterization.  The gas content was analyzed using a 

customized mass spectrometer with quadrupole rods mass analyzer (Microvision 2, MKS). 

 

The cell was further studied in two ways – in situ and accumulation modes. For in situ analysis, the 

cell was connected to the Mass Spectrometer under vacuum with a dry rotary pump (nXDS 10i, 

Edwards) as the primary pump and a turbo pump to power the Mass Spectrometer.  The cell was 

wired to a potentiostat (609D, CH Instruments) for galvanostatic recharging.  For a typical in situ 

test, a constant current (500 mA/gRu) was applied to the cell and the gas generated was analyzed in 



 

73 
 

real time to obtain the profile of gas content at the different stages of recharge.  Every MS scan was 

collected from 28 to 44 amu within 2s to give both the desired time resolution and accuracy. 

 

For the Faradic efficiency test (accumulation mode), the cell was treated in the same way to 

generate an evacuated discharged cell as described above.  The cell was then sealed and recharged 

(200 mA/gRu, 1000 mAh/gRu) to the capacity which matches that of the discharge.  At the end of 

recharge, all gases generated were introduced to the MS at once with the same set up as described 

above, and O2 (m/Z=32) signal was acquired and integrated to obtain the peak area.  Calibration 

was performed by introducing a known amount of oxygen into the cell and carrying out the same 

data acquisition and analysis.  A linear relationship between the peak area and amount of O2 in the 

cell was established.  The final Faradic efficiency was calculated by dividing the amount of O2 

detected in the MS by the theoretical value calculated from the charges passed to the cell.  

Raman Characterization: Raman spectra were acquired using a micro-Raman system (XploRA, 

Horiba) with a 532nm laser excitation.  Discharged/charged cell was first disassembled in an O2 

tolerated Argon filled glove box (dew point -100°C) and washed by pure anhydrous DME (Signal-

Aldrich) three times.  Then the cathode was assembled into a custom-made air-tight sample holder 

with a thin glass window.  The discharged cathode was examined by Raman within the sample 

holder and no obvious peak of Li2O2 or Li2CO3 was detected.  When the same sample was exposed 

to ambient air for several hours, significant Li2CO3 signal was observed on the same piece of sample.  

The fact that no Li2O2 signal was observed indicates that electrodeposited Li2O2 may be of poor 

crystallinity to produce significant Raman response.  Once exposed to H2O and CO2 from ambient 

air, it was transformed to Li2CO3 that was easier to be detected.   
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XPS Characterization: Surface analysis was carried out using a K-Alpha XPS (Thermo Scientific) 

with Al K-alpha micro-focused monochromator.  The beam spot size was 400µm.  The sample was 

also washed by DME with the same procedure described above and mounted on the sample stage 

with minimal exposure to the ambient air before entering the load lock (on the order of minutes).  

The chamber was pumped down to 8×10-8 mbar prior to tests.  Data were fitted by CasaXPS after 

correction by setting the internal reference C1s peak to 248.8eV.  Li 1s peak of Li2O2 peak was 

assigned at 55.1 eV, that of LiOH was assigned at 54.3 eV, and that of Li2CO3 was assigned at 55.7 

eV.  The absolute values of these peaks may vary from different reports, but the relative position 

remained constant.  

 

XPS was performed at the Center for Nanoscale Systems (CNS), a member of the National 

Nanotechnology Infrastructure Network (NNIN), which is supported by the National Science 

Foundation under NSF award no. ECS-0335765. CNS is part of Harvard University. 

 

4.2 Results and Discussions 

Modern technological developments have made electrical energy storage an indispensable need of 

the society.  Existing battery technologies, Li-ion batteries being the state-of-the-art, do not meet 

our demands in terms of energy capacity and power density.6  Significant research is required to 

bridge the gap.  The capacity of batteries can be readily increased if we move away from 

intercalation chemistry that powers Li-ion batteries and turn to conversion reactions.  Li-O2 battery, 

enabled by the conversion between O2 and Li2O2, is expected to offer one of the highest capacities.  

For this reason, it has received rapidly growing attention.7-9  Before the potential of the Li-O2 

technology can be fully realized, however, a number of important issues must be addressed.  At the 

center of these issues are the poor cyclability and low discharge/charge efficiency.  It is recently 
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recognized that these issues are intimately connected to the electrode design, the choice of 

electrolyte, and their interactions.10, 11  In particular, the widely used carbon support has been shown 

unstable under Li-O2 operation conditions.10, 12  Because the purported reversible Li2O2 formation 

and decomposition primarily takes place on the surface of the carbon cathode, the instability of 

carbon poses a significant challenge.  The problem can in principle be solved by replacing carbon 

with other cathode materials.13-15  Here we present TiSi2 nanonet as a new, non-carbon cathode 

support that permits Li-O2 operations for over 100 cycles with negligible performance degradation. 

 

 

(Figure 4.1 Schematic illustration of the overall design.  Two-dimensional TiSi2 nanonets are 

grown on a metal foam to be used directly as air cathode without binders or other additives.  Ru 

nanoparticles (golden balls in the magnified view) preferably deposit on the b plans of TiSi2.  Li2O2 

particles (semi-transparent spheres surrounding golden balls) form and decompose around Ru 

catalysts.) 

 

As schematically shown in Figure 4.1, our design takes advantage of the high surface area 

(~100m2/g)16 and good conductivity (�~10μΩ∙cm)17 offered by the TiSi2 nanonet.18  Important to 

our design, the TiSi2 nanonet exhibits no significant reactivity toward oxygen reduction or 

evolution when examined in the dimethoxyethane (DME) or tetra ethylene glycol dimethyl ether 
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(TEGDME) electrolyte systems (Figure 4.7 and 4.8).  By comparison, many forms of carbon have 

proven catalytically active toward oxygen reduction reaction (ORR).19  While the ORR reactivity 

may be perceived as an advantage because it helps reduce discharge overpotentials, the reactivity 

also creates a critical problem.  For instance, on the one hand, carbon is susceptible to reactions 

with superoxide anion (O2
-) that is an important intermediate during discharge,20 leading to cathode 

erosion over repeated charge/discharge.21  On the other hand, ORR activity by carbon produces 

Li2O2 products at locations away from oxygen evolution reaction (OER) catalysts, artificially 

increasing overpotentials necessary to decompose Li2O2 during recharge.  This is because carbon 

only catalyzes ORR but not OER.  As a result, high recharge potentials, especially toward the end 

of the recharge cycle, are required to fully decompose Li2O2.  Electrolyte and carbon support are 

known to decompose at such high potentials.10, 22  These negative influences can be mitigated by 

the application of a non-carbon cathode support that does not catalyze ORR.  The TiSi2 nanonet 

meets the need. 

 

 

(Figure 4.2 Site-selective growth of Ru nanoparticles on TiSi2 nanonets.  DFT calculations show 

that Ru clusters prefer the b planes (A) over the c planes of C49 TiSi2 (B).  The prediction is 
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consistent with experimental observations by TEM from the top (C), where b planes are parallel to 

the viewing direction.  Inset: size distribution of Ru nanoparticles by a 100-cycle ALD growth.  

When viewed from the side (D), where b planes are perpendicular to the viewing direction, no Ru 

nanoparticles are seen on the c or a planes.  Inset: high-resolution TEM confirming the crystalline 

nature of the Ru nanoparticles.) 

 

To promote ORR, we chose to modify the surface of TiSi2 with Ru nanoparticles.  Less active than 

Pt and Pd but more so than Au in terms of ORR activities,19 Ru costs much less than the other 

precious metals.  Nanoparticles of Ru have been shown active toward ORR in nonaqueous systems 

as well.14, 23, 24  More important, unlike Pt, Ru does not promote electrolyte decomposition.25  For 

this proof-of-concept demonstration, Ru was grown on TiSi2 by atomic layer deposition (ALD) to 

afford ligand-free surfaces for better catalytic activities.  Intriguingly, site-selective growth was 

obtained, and Ru nanoparticles were observed only on the top and bottom surfaces of C49 TiSi2 

(Figure 4.2c and 4.2d), similar to our previous observations of Pt nanoparticle growth on the TiSi2 

nanonet.26  To understand what governs the unique site-selectivity, we carried out density functional 

theory (DFT) calculations, where the metal was modeled as a 38-atom cluster and TiSi2 was treated 

as a 6-layer slab (see Experimental Section in SI).  After optimization, a strong mixing at the 

interface between Ru38 and C49 TiSi2 is obvious (Figure 4.2a), suggesting greater interaction 

between the Ru nanoparticle and the Si layer of the b planes in TiSi2.  The degree of such interfacial 

interaction is much weaker in the a or c plane as evidenced in Figure 4.2b.  The difference is 

quantified by the adsorption energy of the nanoparticle on the two TiSi2 surfaces: -54 eV on the b-

plane and -38 eV on the c-plane.  The preferred adsorption of Ru onto the b-plane can also be 

viewed from the adhesion perspective.  Using the area of the interface (ca. 110 Å), an adhesion 

energy of -7.8 J/m2 is obtained for the Ru/TiSi2-b-plane interface.  This value is much higher than 
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the typical metal/silicide adhesion (e.g., -3.85 J/m2 between Fe and MoSi2).27  Similar DFT results 

were obtained for the Pt/TiSi2 system (Figure 4.16).26  It is noted that the growth of Ru was not yet 

optimized in terms of size distribution (Figure 4.2c inset) because this proof-of-concept work is 

intended to examine the suitability of TiSi2 nanonet as a support for Li-O2 batter operations.  Should 

it become necessary to achieve uniform size distribution, the system can be readily optimized by 

adjusting the ALD growth parameters, as has been shown in the case of bimetallic nanoparticles 

preparation reported by J. Elam et al.28  It is also noted that the alloying between Ru and Si as 

shown in Figure 4.2 is not expected to significantly alter the electrochemical properties of the Ru 

catalyst as discussed next. 

 

The activity of the Ru/TiSi2 system was next characterized in DME electrolyte.  For the first cycle 

upon discharge, a plateau at 2.65 V was obtained, corresponding to a kinetic overpotential of 0.31 

V at 200mA/gRu (all capacities normalized to the mass loading of Ru, see SI for more details).  

When the polarity of current was switched, the recharge potential was first on a fast rising slope, 

reaching 3.39 V at 20% of the full discharged capacity.  The potential increase slowed afterward, 

reaching a pseudo plateau with an average potential of 3.64 V between 20% and 100% of the full 

discharge capacity.  At the end of the recharge cycle, a potential of 3.86 V was measured.  

Remarkably, the discharge plateau potential for the 100th cycle was only 45 mV more negative than 

that of the 1st cycle.  The recharge plateau potential increased by 111 mV for the 100th cycle when 

compared with the 1st one.  To quantify the round-trip efficiencies, the average recharge potential 

was divided by the average discharge one, and the data were plotted in Figure 4.3b.  The round-trip 

efficiency was consistently greater than 70%, representing one of the highest in the literature. 
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(Figure 4.3 Electrochemical characterization of the Ru/TiSi2 cathode in DME (0.1M LiClO4).  (A) 

Potential vs. Capacity plots of a cell during the 1st, 20th, and 100th cycle, respectively.  The capacity 

was normalized to the mass of Ru catalysts.  The dotted horizontal line marks the thermodynamic 

equilibrium potential of 2.96 V.  (B) Average discharge (solid circle), recharge (hollow circle), and 

round-trip efficiencies over 100 cycles.  For clarity, one data point for every 5 cycles is shown. (See 

Figure 4.17 for complete plots).) 

 

It has been previously shown that the decomposition of the electrode or the electrolyte or both could 

yield discharge/charge characteristics similar to what is presented above.  It is therefore of critical 

importance to confirm that the recorded performance was indeed a measure of the reversible 

conversion between O2 and Li2O2.  For this purpose, we next employed differential electrochemical 

mass spectrometry (DEMS), Raman spectroscopy, transmission electron microscopy (TEM), and 

X-ray photoelectron spectroscopy (XPS) to examine the products.  

 

DEMS was set up to detect the recharge products.  For a true reversible conversion of Li2O2, every 

2 e-’s passed would produce 1 gaseous O2 molecule.29  Other than O2, CO2 is a common by-product 

due to decomposition of carbonate, whose appearance would indicate undesired side reactions such 

as electrode or electrolyte decomposition that produce inorganic and organic carbonates.  As is 

shown in Figure 4.4a, two O2-production peaks were observed during recharge, one at ca. 20% of 

the full discharge capacity and the other at very late stage of recharge.  Although the in situ O2-
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detection shown in Figure 4.4a does not take into account of the complex mass transport within the 

test cell and, as such, may not reflect the true instantaneous O2 release characteristics, the two-stage 

decomposition of Li2O2 is qualitatively accurate.  The characteristics are consistent with the 

mechanistic switch of the Li2O2 decomposition at different stages of recharge proposed by Shao-

Horn et al.30  The results that O2 evolution happens at two voltages are also consistent with what 

has been reported by Bruce et al.15  Important to our discussion, minimum CO2 (the product of 

carbonate decomposition) was detected, supporting that carbonates formed during 

discharge/recharge were insignificant.  The conclusion was later confirmed by Raman 

spectroscopy.  It is noted that electrolyte (DME or TEGDME) instability is a known issue,31 the 

decomposition of which produces carbonates.  Because the cathode studied here is carbon free, any 

observed carbonate is likely a result of electrolyte decomposition.   

 

 

(Figure 4.4 Detection of recharge products. (A) Real time mass spectrometry detection of gases 

generated at a fast 500 mA/gRu charging rate.  (B) Accumulated counts of CO2 and O2.  Data 

collected in 1.0M LiClO4 in TEGDME.) 

 

To ensure the measured O2 was not a result of cell leakage from ambient air, N2 was constantly 

monitored as an internal reference, which remained constant during the experiment (Figure 4.4a) 

supports the measured O2 reflects Li2O2 decomposition.  The total charge was obtained by 

integrating the calibrated intensity over time, and the result was plotted in Figure 4.4b.  It is noted 

that the DEMS results were collected at a significantly higher charge rate (500 mA/gRu) than the 
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rate under which cyclability data were presented (200 mA/gRu).  Fast rate was necessary to meet 

the real-time detection limit of the mass spectrometer used for this study.  The actual cell used to 

measure the cyclability was studied at much slower discharge/charge rate.  Using a separate 

injection method, we obtained a faradaic efficiency of 94.1% (see Experimental Section in SI).  The 

result is quantitatively consistent with literature reports of O2 detection by similar methods.29 The 

detection establishes that the observed charge/discharge behavior was indeed a measure of Li2O2 

formation and decomposition.  By comparison, Ru/CB showed a poor rate capability.  The test cell 

could only recover a small portion of discharged capacity during a fast recharge when the upper cut 

off voltage was limited to 4.2 V (used for Ru/TiSi2 as shown in Figure 4.4a).  When the upper cut-

off voltage was increased to 4.5 V, significant CO2 generation was detected (see SI).  The 

comparison highlights the stability of the Ru/TiSi2 system over Ru/C. 

 

The formation of Li2O2 was directly observed by TEM (Figure 4.5a).  Due to the known instability 

of Li2O2 under focused electron beams,32 we were unable to study the crystallinity of the product.  

Nevertheless, particles of 20-30 nm in diameters were abundant (Figure 4.5a).  The existence of 

Li2O2 was also confirmed by XPS.  Upon recharge, the deconvoluted peak that can be assigned to 

Li2O2
33, 34 disappeared (Figure 4.5b).  Because our XPS experiment involved a brief exposure of 

the samples to ambient air (see SI for experimental procedures), Li2CO3 was likely formed by 

reactions between Li2O2 and CO2 during the exposure.  Correspondingly, a Li2CO3 peak was 

persistent at all stages of the XPS characterizations (discharged and recharged, Figure 4.5b).  As 

noted previously, the employment of a non-carbon cathode does not address instability issues of 

the electrolyte.  Carbonate formation due to DME or TEMDME decomposition cannot be ruled 

out.  It is another important reason why carbonates were observed in the XPS spectra. 
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(Figure 4.5 Product detection.  (A) TEM showing the morphology of Li2O2 (highlighted by 

arrows).  (B) Li 1s peaks of Ru/TiSi2 cathode at different stages by XPS.  (C) Raman spectra of 

Ru/TiSi2 cathode at different stages.  Reference spectra of Li2O2 and Li2CO3 of commercial samples 

are shown at the bottom.  The peaks between 200 and 400 cm-1 (outlined by a dotted circle) are 

indicative of C49 TiSi2.) 

 

Lastly, we used Raman spectroscopy to identify the chemical nature of as-prepared, discharged, 

and recharged Ru/TiSi2 samples, respectively.  Our goal was to observe whether Li2CO3 formed 

during the reactions.  As shown in Figure 4.5c, other than the sample exposed to ambient air, no 

Li2CO3 was seen, suggesting that no significant Li2CO3 formation or accumulation took place.  We 

caution that the absence of Raman signals alone is inadequate to rule out the formation of Li2CO3.  

The conclusion is supported by our DEMS data presented earlier in this communication.  The lack 

of Li2CO3 on the Ru/TiSi2 sample is understood as a result of improved stability by the usage of a 

non-carbon cathode support.  Our attempt to directly observe Raman signal corresponding to Li2O2 

failed short. It is possible that the discharge products are of poor crystallinity under our test 

conditions (rate: 200mA/gRu).  It is also possible that the electrochemically grown Li2O2 is 
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fundamentally different from the commercial Li2O2 reference used to generate Figure 4.5c.35  It is 

noted that the lack of Li2O2 Raman peaks has been reported by other researchers as well and is not 

unique to our system.36  The existence of Li2O2 may be indirectly confirmed by exposing the 

discharged sample to ambient air, which would produce Li2CO3 upon reaction with CO2 and H2O.  

This was indeed observed in our experiments (green trace in Figure 4.5c).  Taken as a whole, the 

DEMS, TEM, XPS, and Raman characterizations collectively support that the electrochemical 

characteristics presented in Figure 4.3 are a reflection of reversible formation and decomposition 

of Li2O2.  The long cyclability (>100 cycles) is among the best reported on any cathode materials 

in the literature. 

 

4.3 Supplementary Information 

 

(Figure 4.6 Stability of DME and TEGDME electrolyte.  (a) Ru/TiSi2 discharged and then 

recharged in DME, without O2 (Ar environment); (b) Ru/TiSi2 charged directly without discharge 

in DME O2 environment; (c) Ru/TiSi2 discharged and then recharged in TEGDME Ar environment; 

(b) Ru/TiSi2 charged directly without discharge in TEGDME O2 environment. Current density: 

100mA/gRu.  Negligible capacity was measured at potentials below 4.2 V, which is the condition 



 

84 
 

used for the characterization of Ru/TiSi2 system in the main text, supporting that electrolyte 

decomposition should contribute little to the reported performance.) 

 

 

(Figure 4.7 Cyclic Voltammetry of TiSi2 and Ru/TiSi2 in DME Electrolyte.  Black and red curves 

are Ru/TiSi2 in O2 and Ar, respectively. Blue and purple curves are bare TiSi2 in O2 and Ar, 

respectively.  It is observed from this set of data that TiSi2 does not exhibit reactivity toward ORR 

or OER, while Ru/TiSi2 are active toward both ORR and OER.  We also see from this set of data 

that Ru/TiSi2 does not induce measurable redox reactions in the absence of O2.) 

 

 

(Figure 4.8 Electrochemical characterization of TiSi2 cathode with and without Ru catalyst. 

Current density: 100mA/gTiSi2 and 100mA/gRu respectively.  It can be seen that Ru as a catalyst is 

indispensable to the measured performance.) 
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(Figure 4.9 Structures of Ru/TiSi2 heteronanostructures.  (a) As-prepared Ru/TiSi2; (b) Ru/TiSi2 

discharged for the 1st cycle; (c) Ru/TiSi2 recharged for the 1st cycle) 

 

 

(Figure 4.10 Structures of Ru/TiSi2 heteronanostructures after 100 cycles. (a) SEM 

characterization; (b) TEM characterization.  It can be seen that there was no observable erosion of 

the cathode material.) 
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(Figure 4.11 (a), (c), and (e) in-situ MS detection of gas generation at a fast 500mA/g charge rate 

for Carbon Black (up to 4.5 V vs. Li+/Li), Ru/Carbon Black (up to 4.5 V vs. Li+/Li), and Ru/Carbon 

Black (up to 4.2 V vs. Li+/Li); (b), (d), and (f) accumulated counts of mass 32 and mass 44 species 

for above samples.  Unless the upper cut-off voltage is set below 4.2 V, CO2 formation is significant.  

This set of data supports that carbon support participates in the carbonate formation significantly.) 

 

 

(Figure 4.12 (a) in-situ MS detection of gas generation at a fast 500mA/g charging rate for Ru/TiSi2 

(up to 4.2 V vs. Li+/Li, after 5 cycles); (b) accumulated counts of mass 32 and mass 44 species.  

After 5 cycles of repeated discharge/recharge, no significant CO2 formation is measured.) 
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(Figure 4.13 O 1s peak spectra of as grown, discharged and charged cathodes.  The results are 

consistent with the Li 1s data as shown in the main text.) 

 

 

(Figure 4.14 C 1s and Ru 3d spectra of as grown cathode.) 
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(Figure 4.15 Initial (a) and final (b) states of the Ru38 nanoparticle on the b-plane of the TiSi2 C49 

structure; initial (c) and final (d) states of the Ru38 nanoparticle on the c-plane of the TiSi2 C49 

structure. Ru, red; Si, blue; Ti, yellow. The adsorption energy of the nanoparticle on the two TiSi2 

surfaces: -54 eV on the b-plane and -38 eV on the c-plane.) 
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(Figure 4.16 Initial (a) and final (b) states of the Pt38 nanoparticle on the b-plane of the TiSi2 C49 

structure; initial (c) and final (d) states of the Pt38 nanoparticle on the c-plane of the TiSi2 C49 

structure. Pt, green; Si, blue; Ti, yellow. The adsorption energy of the nanoparticle on the two TiSi2 

surfaces: -49 eV on the b-plane and -40 eV on the c-plane.) 

 

 

(Figure 4.17 Electrochemical characterization of the Ru/TiSi2 cathode in DME (0.1M LiClO4).  (A) 

Potential vs. Capacity plots of a cell from 1st cycle to 100th cycle.  The dotted horizontal line marks 

the thermodynamic equilibrium potential of 2.96 V between reversible Li+ and Li2O2 conversion.  

(B) Average discharge (solid circle), recharge (hollow circle), and round-trip efficiencies over 100 

cycles.) 

 

 

(Figure 4.18 Electrochemical characterization of the carbon based cathode in DME (0.1M LiClO4).  

(a) Potential vs. Capacity plots of Carbon black cathode for first 11 cycles. (b) Potential vs. 

Capacity plots of Ru/Carbon black cathode for first 9 cycles. All capacities were normalized to 

weight of Carbon black. Bare Carbon black and Ru/Carbon Black samples failed to reach the set 

capacity of 1000 mAh/gC before reaching the cut off voltage of 2.0V at 11th cycles and 9th cycles, 
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respectively. During the initial serveral cycles, significant side reactions took place and caused the 

overpotnetial to increase.) 

 

 

(Figure 4.19 Raman characterizations of pristine Carbon black cathode (black) and discharge 

Carbon black cathode after cycles (red) within air-tight container. A small Li2CO3 peak was 

observed after discharge.) 

 

4.4 Conclusions 

Reversible formation and decomposition of Li2O2 is key to successful operation of a rechargeable 

aprotic Li-O2 cell.  As an important step toward this goal, we presented Ru nanoparticles-decorated 

TiSi2 nanonet as a new cathode system.  Compared with the popularly used carbon support, TiSi2 

nanonet is advantageous in that it does not show measurable reactivity toward reaction 

intermediates such as superoxide ions.  As a result, long cyclability (>100 cycles) with confirmed 

Li2O2 formation and decomposition was obtained.  The new cathode system is expected to play 

positive roles in fundamental understandings of electrolyte stability as well because of its inert 

nature. 
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Chapter 5  Protected 3DOm Carbon for 

Lithium Oxygen Batteries 

 

This chapter is adapted from: Xie, J.; Yao, X.; Cheng, Q.; Madden, I. P.; Dornath, P.; Chang, C.-

C.; Fan, W.; Wang, D. Three Dimensionally Ordered Mesoporous Carbon as a Stable, High-

Performance Li-O2 Battery Cathode. Angew. Chem. Int. Ed. 2015, 127, 4373-4377. 

 

Enabled by the reversible conversion between Li2O2 and O2, Li-O2 batteries promise theoretical 

gravimetric capacities significantly greater than Li-ion ones.  The poor cycling performance, 

however, has greatly hindered the development of this technology.  At the heart of the problem is 

the reactivity exhibited by carbon cathode support under cell operation conditions.  One strategy is 

to conceal the carbon surface from reactive intermediates.  Here we show that long cyclability can 

indeed be achieved on three-dimensionally ordered mesoporous (3DOm) carbon by growing a thin 

layer of FeOx using atomic layer deposition (ALD).  3DOm carbon distinguishes itself from other 

carbon materials with well-defined pore structures, providing a unique material platform for 

fundamental understandings of processes important to Li-O2 battery operations.  When decorated 

with Pd nanoparticle catalysts, also prepared by ALD, the new cathode exhibits a capacity >6000 

mAh/gcarbon and cyclability >68 cycles. 

 

5.1 Experimental Details 

Material synthesis: 3DOm carbons were made by following the method reported in literature.1, 2 A 

precursor solution made of furfuryl alcohol and oxalic acid with a weight ratio of 200:1 was 
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impregnated within silica colloidal crystal templates composed of highly monodisperse 12 or 35 

nm silica nanoparticles (SNPs).  The resulting samples were heated to 70 oC for 2 days to 

polymerize furfuryl alcohol, followed by heating at 200 oC in flowing N2 for 3 h to cure the polymer, 

and then heated at 900 oC for an additional 2 h to carbonize the samples.  The SNPs were dissolved 

in 6 M KOH solution at 150 oC for 2 days to yield 3DOm carbon replica.  The resulting carbon 

material was then thoroughly washed with 70 °C deionized water until the resulting solution was 

near neutral.  Finally, the 3DOm carbon was dried at 70 oC for 24 h.   

 

Carbon and polytetrafluoroethylene (PTFE) were mixed in isopropyl alcohol (IPA) with a mass 

ratio of 8:2.  The mixture was dispersed by sonication and coated on the Ni foam (1.6mm in 

thickness originally, MTI Corp.). The electrode was further dried in vacuum oven overnight to 

remove the residual solvent. 

 

The growth of FeOx has been reported by us previously.3-5  The as-prepared carbon electrodes were 

placed in the ALD (Savannah S100, Ultratech/CambridgeNanoTech) chamber and heated to 180 °C.  

Iron tert-butoxide (Fe2(tBuO)6) and water were employed as precursors at 120 °C and 25 °C, 

respectively.  Each cycle of the growth followed the repeated sequence of 3 s Fe precursor pulse, 

60 s Fe precursor diffusion/adsorption/reaction, 90 s N2 purging; 0.05 s water pulse, 60 s water 

precursor diffusion/adsorption/reaction, and another 90s N2 purging.  A typical growth lasts 50 

cycles to yield desired coating of FeOx of ca. 1.4 nm in thickness. 

 

Pd nanoparticles were deposited using ALD as well.  The growth temperature was 250 °C, with 

Pd(hfac)2 (Palladium(II) hexafluoroacetylacetonate, 60 °C) and formalin (37 wt% in H2O, 25 °C) 
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as precursors.  Each cycle consisted of 5 repeated pulse/purge sub-cycles of Pd(hfac)2 and formalin 

for sufficient surface adsorption in the high aspect ratio 3DOm carbon.   

 

The loading quantity was examined by microbalance (Sartorius, CPA2P). The resulting loading of 

carbon on Ni foam (15-30mg per piece) varied between 0.5mg/cm2 to 1mg/cm2. The weight ratio 

of FeOx:C and Pd:C was measured as 1:5 and 1:10, respectively.  

 

Electrochemical characterization: LiClO4 in dimethoxyethane (0.1 M) was used as purchased from 

Novolyte (BASF) with water level <10 ppm.  Tetraethylene glycol dimethyl ether (TEGDME, ≥ 

99%, Sigma-Aldrich) was first stored over freshly activated 4 Å molecular sieves and then distilled.  

The distilled TEGDME was stored over molecular sieves before usage.  LiClO4 (99.99%, Battery 

grade, Sigma-Aldrich) was baked at 130 °C in a vacuum oven within the glove box and mixed with 

TEGDME to generate the 1 M electrolyte solution.  Customized SwagelokTM type cells were 

assembled in the glove box (H2O and O2 levels < 0.1 ppm, MBraun) with Li metal(380μm in 

thickness, Sigma-Aldrich) as the anode, Celgard 2400 films as the separator, 100 to 200μL 0.1 M 

LiClO4 in DME or 1.0 M LiClO4 in TEGDME as the electrolyte.  Batteries were studied using 

potentiostats (VMP3, Bio-Logic). 

 

For DEMS characterization, the cell was first discharged in TEGDME under pure O2 to a given 

capacity.  The discharged cell was then evacuated for 5 h to remove remaining O2.  For in situ 

analysis, the cell was connected to the mass spectrometer with a dry rotary pump (nXDS 10i, 

Edwards) as the differential pump.  The cell was wired to a potentiostat (609D, CH Instruments) 

for galvanostatic recharging, while gas content was analyzed using a customized mass spectrometer 
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with quadrupole mass analyzer (Microvision 2, MKS).  Each scan was collected from 28 to 44 amu 

within 3 s to give desired time resolution and accuracy.  

 

Material characterization:  Scanning electron microscopy (SEM) images were taken on a JEOL 

6340F microscope and TEM were performed on a JEOL 2010F microscope operated at 200 kV.  

X-ray diffraction (XRD) measurements were performed on PANalytical X’Pert Pro diffractometer 

with Cu Kα radiation.  The cell was first transferred to an O2-toleranted Ar-filled glove box (H2O 

level < 0.1 ppm, MBraun) and disassembled inside to extract the cathode, which was then rinsed 

with pure anhydrous DME (Sigma-Aldrich) for 3 times to remove remaining salts.  An airtight 

sample holder with an X-ray transparent Kapton film window was used to transfer the sample and 

carry out XRD characterizations without exposing the sample to the ambient air.  Raman spectra 

and mapping were acquired using a micro-Raman system (XploRA, Horiba) with a 532nm laser 

excitation. The N2 adsorption/desorption experiments were carried out on an automatic gas sorption 

analyzer (Autosorb iQ, Quantachrome) at 77 K.  The pore size distribution and cumulative pore 

volume were obtained by applying a built-in quenched state density functional theory (QSDFT) 

adsorption model with cylindrical/spherical configuration for carbon (ASiQwin v3.0, 

Quantachrome). Surface analysis was carried out using a K-Alpha XPS (Thermo Scientific). The 

sample was also washed by DME with the same procedure as described above and mounted on the 

sample stage with a short exposure to the ambient air (typically <5 min) before entering the load 

lock. XPS data was calibrated by adventitious carbon at 284.8eV and fitted using XPS Peak 4.1 

software. For example, for oxygen species, linear background was subtracted and mixed 

Lorentzian-Gaussian shape peaks were adopted, peak positions for different oxygen species were 

adopted from previous literature reports. 
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5.2 Results and Discussions 

Metal-air battery has been studied for decades, with the interest in Li-O2 battery intensified recently 

for its potentially high gravimetric capacities.6-9  The key to successful operation of a Li-O2 battery 

is the control over Li2O2 formation and its decomposition.  Many of the observed failing 

mechanisms are connected to these two processes.10, 11  For instance, discharge products other than 

Li2O2 are often found difficult to decompose upon recharge, leading to fast capacity fading.  Side 

reactions other than Li2O2 formation and decomposition degrade the electrode or the electrolyte or 

both.12, 13  Synergistic effects between carbon support and the electrolyte have been recently 

recognized to contribute to these side reactions.14  Existing reports on details of Li2O2 formation 

concerning, for example, their sizes, morphologies, and crystallinity vary, making it difficult to 

draw a unified understanding of the key processes involved in Li-O2 battery operations.15-18 The 

issue is compounded in part by the poorly defined pore structures and surfaces of carbon support 

reported to date.  It becomes clear that detailed studies of Li2O2 formation and decomposition on a 

cathode support of well-defined structures and surfaces should be of great value.19-22  Within this 

context, 3DOm carbon, an inverse replica of face-centered-cubic (FCC) close-packed structures 

(Figure 5.1a), presents a unique opportunity to understand Li-O2 battery operations.23, 24  
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(Figure 5.1 Structure and cycling performance of 3DOm carbon with well-defined pore sizes.  A. 

The structure is represented by a three-dimensional model, where only the large pores are shown.  

B. In a simplified two-dimensional representation, the formation and accumulation of by-products 

are shown here.  Undesired byproducts accumulate faster on 3DOm carbon with small pores 

(bottom panels) than large ones (top panels).  Left: pristine carbon; middle: with discharge product 

(Li2O2); right: after recharge, where green deposits represent byproducts that cannot be easily 

decomposed.  C. Cycling performance of bare 3DOm carbon of different pore sizes.  The capacity 

is limited to 500 mAh/gcarbon; rate: 100 mA/gcarbon.  Data legend: 3DOm carbon of 35 nm pores in 

black square; 12 nm pores with high wall density in green triangle; 12 nm pores with low wall 

density in red circle.  D. Discharge/charge behaviors normalized to pore volumes.  The only 

constraint set during test was the discharge potential, �2 V (vs. Li+/Li).) 

 

The size of pores and windows connecting the pores in the 3DOm carbon can be independently 

tailored as has been reported previously.23  This feature makes 3DOm carbon distinctly different 

from other carbon support (e.g., super P or Vulcan carbon) where well-defined pores in the range 

of tens of nanomaterials are not available.25, 26  In this regard, 3DOm carbon also distinguishes itself 

from carbon nanotubes whose sidewalls are essentially open spaces.27  Similarly, spaces between 

randomly arranged graphene (and other graphene derivatives including reduced graphene oxides) 

are also less than uniform.28  To demonstrate what the well-defined pores enable, we next study 

how the cyclability depends on the pore sizes.  Our understanding as depicted in Figure 5.1b is 

based on the following assumptions.  First, side-reactions other than Li2O2 formation and 

decomposition on the surfaces of carbon are inevitable during Li-O2 battery operations.29  Second, 

these reactions result in accumulation of by-products that will eventually clog the pores of 3DOm 

carbon.10, 12, 30  Third, once the pores are clogged, the volume accessible for Li2O2 deposition drops 
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dramatically to result in cell failure.  Since smaller pores correspond to greater surface-to-volume 

ratios, they will be clogged more easily than bigger pores.  We therefore expect poorer cyclability 

on 3DOm carbon of smaller pores.  The expectation was indeed verified in Figure 5.1c.  Even by 

limiting the discharge capacity to a modest 500 mAh/gcarbon, less than 10% of the total achievable 

capacities, we observed severe capacity fading by the 15th cycle of recharge for 3DOm carbon of 

35 nm pores.  Poorer cycling performance was witnessed on 3DOm carbon of smaller pores (6th to 

7th cycle for 12 nm pores, see Figure 5.1c and Figure 5.9).   

 

As far as capacity is concerned, we expect it only depends on the accessible mesopores (i.e., pores 

defined by the silica beads) but not the micropores in the carbon walls (d�2 nm).  This is because 

the micropores are too small to support Li2O2 deposition.  Indeed, upon deep discharge, the 

capacities normalized to the volumes specific to the large pores as shown in Figure 5.1d are 

comparable (1700 mAh/mLpore for 35 nm and 2000 mAh/mLpore for 12 nm 3DOm carbon; see 

Figure 5.5, 5.6 and Table 5.1).  Most strikingly, we see negligible difference between the capacities 

measured on 3DOm carbon of similar pore sizes (ca. 12 nm) but different micropore volumes (green 

and red traces in Figure 5.1d), strongly supporting that micropores do not contribute to the 

capacities.   

 

Next, we seek to address an important concern in using carbon support for Li-O2 battery operations 

– the reactivity of carbon.31  Increasing evidence suggests that carbon is unstable against O2
- during 

discharge.29  Carbon is also reactive under high recharge potentials.14, 30  Our strategy to address 

the issue is to physically separate carbon surface from Li2O2, any reaction intermediates, as well as 

the electrolyte.  The goal is achieved by growing a thin, uniform layer of metal oxides on 3DOm 

carbon (Figure 5.2a).  Thanks to the synthesis procedures of 3DOm carbon, its surface is inherently 
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hydrophilic, ideal for growing oxides by atomic layer deposition (ALD).  ALD growth has the 

benefit of affording complete coverage with minimum defects.  In this study, we demonstrate that 

amorphous FeOx as an effective protection layer.  The uniformity of the FeOx growth is confirmed 

by the following experiments.  First, Brunauer-Emmett-Teller (BET) pore size measurements as 

shown in Figure 5.2b clearly verify that the average pore sizes have been reduced from 33.0 nm to 

30.2 nm, corresponding to a wall thickness of 1.4 nm for FeOx, consistent with what is expected 

from a 50-cycle ALD growth.  Second, the bright field transmission electron micrographs (TEM) 

before and after the ALD treatment (Figure 5.2c) unambiguously confirm the deposition of FeOx.  

Lastly, the existence and distribution of FeOx can be visualized by Raman mapping (supporting 

information, Figure 5.7).  Taken as a whole, the BET measurements, TEM micrographs, and Raman 

mapping confirm that the coverage of FeOx on carbon is uniform.  The uniform FeOx coating is 

expected to provide a desired protection to minimize side reactions inherent to bare carbon surfaces.   

 

 

(Figure 5.2 Protection of 3DOm carbon by FeOx and decoration with Pd nanoparticle catalysts.  A. 

The design is schematically shown.  B. Pore volume measurements confirm a uniformly pore 
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diameter reduction from 33.0 nm to 30.2 nm.  C. The deposition is clearly seen from the 

transmission electron micrographs.  Left: bare 3DOm carbon; middle: after FeOx deposition; right: 

after Pd deposition.) 

 

The separation of carbon surface from reaction intermediates serves another important purpose.  It 

hinders the well-recognized oxygen reduction reactions (ORR) activities of carbon.  At the first 

glance, this may seem counterintuitive.  After all, the first step of Li-O2 battery discharge is to 

reduce oxygen.  As such, the ORR activity of carbon would be a beneficial property.  However, as 

shown in Figure 5.3a (upper panel), the ORR activity of carbon promotes Li2O2 formation randomly 

on the surface of carbon, at or away from oxygen evolution reactions (OER) sites.  Note that OER 

catalysts are necessary to decompose Li2O2 at relatively low recharge overpotentials.32  Li2O2 reside 

far away from OER sites are difficult to decompose, increasing the need for overpotentials and 

driving up the recharge potentials.  Even worse, they may remain during the following cycles, 

accumulate, and eventually lead to capacity fading.  The FeOx coating is a known OER catalyst in 

aqueous systems.3  We are therefore interested to examine whether they serve to decompose Li2O2 

in nonaqueous electrolytes.  As will be discussed next (also see Figure 5.3b), the OER activity of 

FeOx in DME is indeed obvious.  As such, their uniform presence on the carbon surface ensures 

complete decomposition of Li2O2 at relatively low overpotentials (Figure 5.3a, lower panel).  To 

compensate for the loss of ORR activity, we resolve to grow Pd nanoparticles, one of the best-

known ORR catalysts in both aqueous and nonaqueous electrolytes (Figure 5.2a),20, 33 by ALD after 

the deposition of FeOx.  The success in growing uniform Pd nanoparticles within 3DOm carbon 

pores is confirmed by TEM in Figure 5.2c (far right panel). 
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The efficacy of the above-outlined material design and preparation strategy is obvious.  We see in 

Figure 5.3b that the average discharge potential measured on bare 3DOm carbon was 2.76 V (vs 

Li+/Li), representing an overpotential of 0.20 V.  The overpotential increased to 0.26 V when carbon 

was covered by FeOx, but dropped back to 0.23 V with Pd decorations.  Similarly, bare 3DOm 

carbon exhibited high recharge overpotentials (0.82 V).  Adding Pd led to a reduction to 0.68 V 

because Pd is a moderately effective OER catalyst as well.  The presence of FeOx enabled the 

greatest overpotential reduction, with or without Pd (0.48 V and 0.51 V, respectively).  The result 

strongly supports that OER were primarily catalyzed by FeOx but not Pd, a desired feature of the 

material design principle as shown in Figure 5.3a. 

 

 

(Figure 5.3 Effect of FeOx and Pd decoration on 3DOm carbon.  A.  Without FeOx, carbon 

inherently promotes ORR, producing Li2O2 far away from OER sites that are difficult to decompose.  

FeOx coating serves as OER catalyst.  When combined with ORR catalysts such as Pd, the 

decomposition of Li2O2 can be more complete.  B.  The understanding as shown in (A) is supported 

by the 1st cycle discharge/recharge characteristics.  (Current density: 100mA/gC)  C & D.  More 
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complete decomposition of Li2O2 corresponds to better cyclability in the deep discharge/recharge 

cycles.) 

 

The most important goal we hope to meet by adding FeOx and Pd is to increase cyclabilities of Li-

O2 battery operations, because better controls over Li2O2 formation and decomposition are expected 

to correspond to better cyclability.  To evaluate the cathode performance and in accordance with 

practices most commonly reported in the literature, we limited the capacity at 500 mAh/g and 

recorded the voltage-capacity behaviors as shown in Figure 5.3c.  When the discharge potential 

dropped below 2.0 V, we considered the cell to have failed.  It is seen in Figure 5.3c & 5.3d that 

bare 35nm 3DOm carbon cathode failed after the 16th cycle; addition of Pd improved the cyclability 

to the 31st cycle, presumably through the OER properties of Pd; the presence of FeOx significantly 

stabilized the cathode, and the cell did not fail until the 68th cycle, which is the highest cycling 

numbers obtained on carbon-based cathode support in DME-based electrolyte, to the best of our 

knowledge.  Because the decomposition of all known and tested electrolyte systems is a recognized 

issue, the eventual degradation of the cell performance is expected.  Within this context, we are 

excited to see that the lifetime of a carbon cathode is extended by more than 4-fold by a simple 

FeOx coating and Pd decoration.   

 

Our next task is to confirm that the measured performance indeed represents the formation and 

decomposition of Li2O2. .  First, X-ray diffraction (XRD, Figure 5.4a) unambiguously confirmed 

the formation of Li2O2 upon discharge.  The peaks at 32.9°, 35.0° and 40.7° agreed well with 

documented diffraction peaks of Li2O2 (JCPDS 74-0115). Notably, no peaks corresponding to 

Li2CO3, an important undesired by-product of Li-O2 operation, were found in the XRD pattern.  

Upon recharge, the Li2O2 diffraction peaks disappeared.  Significantly, at the 61st cycles, the 
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diffraction peaks of Li2O2 were still prominent while no Li2CO3 peaks were observed.  Next, X-ray 

photoelectron spectroscopy (XPS) was used to confirm the existence of Li2O2 from O 1s spectra. 

Before discharge, only species corresponding to iron oxide were identified:  the peak located at 

529.9 eV is attributed to O2- in the lattice of Fe2O3 and the peak at 531.7eV to surface hydroxide 

terminal groups on Fe2O3.  A third, much less prominent broad peak at 534.2 eV was assigned to 

Pd 3p3/2 of oxides on Pd nanoparticle surfaces.  After discharge, three distinct peaks were obtained.  

Among them, the peak at 529.9 eV (from iron oxide) remained unchanged.  At 531.9 eV was a new, 

most significant peak corresponding to Li2O2.  The peak at 533.4 eV increased in intensity.  It can 

be assigned to O in Li2CO3 due to the short exposure of sample to the ambient air before loading 

into the XPS instrument.  Upon recharge, the spectrum was nearly identical to before discharge.  

 

Third, differential electrochemical mass spectrometry (DEMS) was used to quantify the gaseous 

recharge product.  For this set of experiments, tetraethylene glycol dimethyl ether (TEGDME) was 

chosen as the electrolyte solvent for its relatively low vapor pressures.  During the 1st cycle recharge, 

O2 accounted for 96.6% of the total gas evolved.  Despite the protection, CO2 was detected (3.4% 

of the total amount).  It is noted that O2 diffusion coefficient in TEGDME (2.17×10-6 cm2/s) is 

lower than in dimethoxyethane (DME; 1.22×10-5 cm2/s),34 which was the primary solvent used for 

all characterizations other than DEMS.  Consequently, the average recharge potentials in TEGDME 

(3.69 V) was greater than in DME (3.44 V).  We therefore expect more severe side reactions when 

TEGDME is used.  The Li2O2 formation and decomposition on protected 3DOm carbon electrode 

was also visualized by SEM (Figure 5.14). It is noted that the morphology and sizes of Li2O2 as 

reported in the literature vary depending on the cathode materials and the detailed discharge 

conditions.  For instance, recent studies reported the formation of toroid Li2O2 in water 

contaminated ether electrolytes and other electrolytes with high donor numbers.35, 36 In the present 
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study, toroid was not observed in 3DOm carbon electrode (see supporting information for test 

conditions and cell design in Figure 5.17). 

 

 

(Figure 5.4 Product detection.  A.  X-ray diffraction peaks before discharge (black), after the 1st 

cycle discharge (green), the 1st cycle recharge (red), and fully discharged after 60 cycles of 

operations (purple).  B.  X-ray photoelectron spectra before discharge (bottom), after discharge 

(middle), and after recharge (top).  The assignment of deconvoluted peaks are color-coded and 

labelled in the viewgraph, with the element of interest underlined (e.g., O peaks in Li2O2 labelled 

as Li2O2).  C.  Mass-spectrometry detection of N2 as a control (mass 28), O2 (mass 32), and CO2 

(mass 44).  The corresponding voltages were plotted against the right axis.) 

 

5.3 Supplementary Information 
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(Figure 5.5 N2 sorption isotherm, pore size distribution, and cumulative pore volume of as-

prepared 12nm 3DOm carbon with high wall density (a, b, c), 12nm 3Dom carbon with low wall 

density (d, e, f) and 35nm 3DOm carbon (g, h, i).) 

 

The N2 adsorption/desorption experiments were carried out on an automatic gas sorption analyzer 

(Autosorb iQ, Quantachrome) at 77 K. Prior to the measurement, the samples were degassed at 

25 °C for 24 h in vacuum. The pore size distribution and cumulative pore volume were obtained 

by applying a built-in QSDFT (quenched state density functional theory) adsorption model with 

cylindrical/spherical configuration for carbon (ASiQwin v3.0, Quantachrome). 
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(Figure 5.6 Small angle X-ray diffraction of the 3DOm carbon samples used in the study.)  

 

XRD patterns at small angle were collected on a pinhole small-angle X-ray scattering system (S-

Max3000, Rigaku) using monochromatic Cu Kα radiation with a diameter of 0.4 mm. The SAXS 

intensity was measured by a two-dimensional gas filled wire array detector at a distance of 1.5 m 

from the sample. 

 

 

(Figure 5.7 Raman mapping of FeOx coated 3DOm carbon. Top left: optical image of the carbon 

particle studied. Top right panels: carbon signal mapping at 0, 2.0 	m, and 4.0 	m focal depth, 

respectively; bottom right panels: FeOx signal mapping at the same depths.  Scale bars: 5 	m.) 

 

The uniformity of FeOx within 3DOm carbon is also confirmed by Raman mapping. The existence 

and distribution of FeOx can be visualized by Raman mapping, in which one can use one or multiple 

signature Raman shift peaks to observe how FeOx is distributed.  As shown in Figure 5.7, the Raman 

maps of FeOx at different focal depths track those of carbon.   
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(Figure 5.8 pore size distribution of fresh and discharged 35nm 3DOm carbon electrode.)  

 

For a fully discharged 35nm 3DOm carbon electrode, not all pores would be occupied. Specifically, 

the pores on the surface would be filled up at a faster rate than pores deep underneath the 

electrode/electrolyte interface (see calculation in figure 5.16).  This is because oxygen 

concentration on the top is the highest and will produce Li2O2 at a faster rate. We indeed see from 

Figure 5.8 that the pore size distribution is broadened upon discharge. 

 

 Total pore volume 

a (cc/g) 

surface area 

a (m2/g) 

Micropore volume b 

(cc/g) 

12 nm 3DOm carbon  with 

high wall density 

1.85 901 0.012 

12 nm 3DOm carbon with 

low wall density 

2.64 1902 0.19 

35 nm 3DOm carbon 3.82 1028 0.078 

Fresh electrode  3.76 809 ~0 

Discharged electrode 2.17 657 ~0 

35 nm 3DOm carbon with 

50 cycle ALD FeOx 

3.94 1045 0.071 

(Table 5.1 Textural data from N2 sorption measurement for the carbons and electrodes.) 
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a From QSDFT model 

b From the cumulative pore volume calculated from the QSDFT analysis when the pore size is 

smaller than 2 nm.  

 

 

(Figure 5.9 full data set of cycle performance of bare 12nm, 20nm and 35nm 3DOm carbon.) 

 

Full data set of cycle performance of 12nm, 20nm and 35nm 3DOm carbon electrode. The 

discharge and recharge overpotentials for all three types of samples increased with increasing cycle 

numbers, indicating byproduct building up during cycling. The cut off potential for discharging 

was set at 2.0V vs. Li+/Li. Cycling was stopped when a cell failed to deliver the 500mAh/gc set 

point. 

 

 

(Figure 5.10 First cycle performance of Super P carbon, Vulcan carbon and 3DOm carbon. Tests 

were performed at 200mA/gc.) 
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The specific capacity of pristine 35nm 3DOm carbon electrode reaches more than 6000mAh/gc. 

 

 

(Figure 5.11 Raman characterization of Pd and FeOx modified 3DOm carbon electrode.) 

 

Raman characterization was carried out to confirm the coating uniformity of FeOx. According to 

control experiment on glass (red trace in figure 5.11), FeOx gave a series of characteristic peaks at 

low Raman shift region. Such characteristic peaks also existed at different depths of FeOx coated 

electrodes, indicating the ALD growth of FeOx was able to penetrate into the pores to produce 

coatings of high uniformity. 

 

 

(Figure 5.12 XPS characterization of (a) Fe 2p peaks and (b) Pd 3d peaks of pristine, discharged 

and recharged cathodes respectively.) 
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For fresh FeOx and Pd modified electrodes, they showed characteristic Fe3+ 2p1/2 and Fe3+ 2p3/2 

peaks. The peaks were diminished after discharging, which possibly due to a high Li2O2 coverage 

on top of FeOx. After recharging, both peaks restored. Similar phenomena were also observed for 

Pd 3d3/2 and Pd 3d5/2 peaks.  

 

 

(Figure 5.13 TEM characterizations of (a) pristine Pd/FeOx modified 35nm 3DOm carbon and (b) 

fully discharged Pd/FeOx modified 35nm 3DOm carbon samples.) 

 

The ordered porous carbon networks were still distinct after FeOx and Pd decoration (before 

discharge). After discharge, the mesopores within each micrometers size carbon particles were 

filled with Li2O2. Most products formed inside the pores as shown in the inset of Figure 5.13b. Few 

large particles were observed outside the pores.  
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(Figure 5.14 Scanning electron micrographs of 3DOm carbon surfaces at different stage of 

discharge and recharge.) 

 

To directly observe the product morphology and distribution, we employed SEM to characterize 

3DOm carbon at different stages of discharge/recharge.  As is seen in Figure 5.14, the porous nature 

of the surfaces remained intact up to 4000 mAh/g, >67% of the full state of discharge (SOD, ca. 

6000 mAh/g).  The evidence strongly supports that majority of the Li2O2 products deposit within 

the large pores of 3DOm carbon.  The growth of Li2O2 within the pores of 3DOm carbon was also 

confirmed by TEM characterizations (Figure 5.13).  As the Li2O2 particle sizes are not expected to 

exceed the dimensions of the hosting pores, for the first time we obtained complete control over 

the site and size of Li2O2 growth in Li-O2 operations.  The relatively small pore sizes are considered 

advantageous because they minimize impact of electronic and ionic polarizations within Li2O2 on 

the discharge/recharge overpotentials.37, 38  Toward the end of discharge, starting at 5000 mAh/g, 

we started to observe particulate Li2O2 appearance on the exterior of 3DOm carbon (Figure 5.14g).  

Presumably due to the uniform distributions of ORR catalysts (Pd nanoparticles) on 3DOm carbon, 
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only small (<500 nm) plates of Li2O2 were observed.  The porous surface of 3DOm was fully 

exposed with no visible residues upon recharge (Figure 5.14i). 

 

 

(Figure 5.15 DEMS result of 1st charge cycle of pristine 35nm 3DOm carbon electrode.) 

 

DEMS result of 1st charge cycle of pristine 35nm 3DOm carbon electrode in TEGDME electrolyte. 

It supports that CO2 only evolves at the end of the charging cycle when potential is high (>4.0 V). 

The generation of CO2 in this case may come from two sources: (a) the decomposition of TEGDME 

electrolyte; (b) carbon corrosion. 

 

 

(Figure 5.16 Pore size distribution at different depths and discharge times.) 

 

Calculations of pore filling by Li2O2 within a 35nm 3DOm electrode based on an oxygen diffusion 

model was performed. The calculations were based on the following assumptions.  First, the 
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deposition rate of Li2O2 is first order to O2 concentration.  Second, the diffusion of O2 follows the 

Fick’s law.  Third, O2 is saturated in the electrolyte at the beginning of the discharge reactions.  

Fourth, the only source of O2 supply comes from the electrolyte/gas surface. 

 

We see from Figure 5.16 that the Li2O2 distribution becomes less uniform (more Li2O2 close to the 

electrode/electrolyte interface) at a deeper level of DOD.  The reason is that O2 concentration is 

higher at locations closer to the electrolyte/gas interfaces. At the end of the discharge, the surface 

pores are completely filled by Li2O2.  At the stage, no additional O2 will be supplied, and discharge 

overpotential will increase sharply.  Pores far away from the electrode/electrolyte interface are not 

yet filled, leading to broadening of pore size distribution by BET measurements.   

 

Our calculations further reveal that the pore filling percentage (which directly corresponds to 

achievable capacities) also depends on: (1) the type of electrolyte (through influencing O2 diffusion 

coefficient and solubility); (2) loading density of carbon materials (through changing the overall 

normalized specific capacities); (3) discharge current densities (by dictating reaction kinetics). 

 

Simulation based on oxygen diffusion model: Pore filling by discharge product during discharging 

was simulated based on a simplified oxygen diffusion model using MATLAB.  Briefly, we assume  

(1) The diffusion of O2 follows Fick’s law with porosity consideration.39 
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                                                       (1) 

(2) The reaction rate is first order proportional to (a) oxygen concentration and (b) 

electrode/electrolyte interface area.  
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(3) The reaction product (Li2O2) form a thin film to coat the inner pores and cause the local porosity 

to decrease.  
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(4) At the oxygen/electrolyte interface, the oxygen concentration in the electrolyte always equals 

to saturation concentration due to fast dissolution. At the electrode/separator interface, oxygen does 

not pass the boundary. 
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Symbols Meaning Value Unit 

�  Local porosity of carbon   

c  Local oxygen concentration  mol/cm3 

t  Elapsed time since discharging started  s 

x  Distance from oxygen/electrode interface  cm 
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D  Diffusion coefficient of oxygen in the 

electrolyte34 

-51.22 10�  cm2/s 


  Bruggeman coefficients 3   

R  Oxygen consumption rate per unit distance  A 

F  Faraday constant 96485  As/mol 

s  Surface area  cm2 

L  The overall thickness of carbon electrode  cm 

j  Cell discharge current  A 

0�  Initial porosity 0.74  

M  Molar mass of Li2O2 46 g/mol 

�  Density of Li2O2 2.3 g/cm3 

0c  Maximum oxygen solubility in the electrolyte40 -69.57 10�  mol/cm3 

(Table 5.2 Definition of all symbols.) 

 

 

(Figure 5.17 A SwagelokTM cell design.) 

 

The design of our cell was modified from literature reports.41  
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5.4 Conclusions 

Before the full potentials of Li-O2 can be materialized, significant advances in many areas, 

including the discovery of stable electrolytes and anodes, are necessary.  Among them, controls 

over the product (Li2O2 in the case of Li-O2 battery) formation and decomposition are critical.  

Availability of material platforms that can enable detailed studies of the processes will contribute 

significantly to this field.  Within this context, 3DOm carbon offers unprecedented opportunities.  

The demonstrated high capacity and preferred deposition within the large pores of 3DOm carbon 

build a foundation for high performance Li-O2 battery operations.  A facile FeOx ALD growth, in 

conjunction with ORR catalyst decorations of ligand-free Pd nanoparticles, readily addresses the 

inherent reactivity of carbon and extends the cyclability from 16 to 68.  Importantly, the 3DOm 

carbon platform allows for control over the size and location of Li2O2 deposition.  We anticipate 

3DOm carbon to play an increasingly more important role in the field energy storage. 
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