
 
 

Delft University of Technology

Making Better Batteries
Following Electrochemistry at the Nano Scale with Electron Microscopy
Basak, Shibabrata

DOI
10.4233/uuid:66553334-94e2-4b82-8a94-8286cc72cf09
Publication date
2017
Document Version
Final published version
Citation (APA)
Basak, S. (2017). Making Better Batteries: Following Electrochemistry at the Nano Scale with Electron
Microscopy. [Dissertation (TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:66553334-
94e2-4b82-8a94-8286cc72cf09

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:66553334-94e2-4b82-8a94-8286cc72cf09
https://doi.org/10.4233/uuid:66553334-94e2-4b82-8a94-8286cc72cf09
https://doi.org/10.4233/uuid:66553334-94e2-4b82-8a94-8286cc72cf09


 
 

 

Making Better Batteries: 

Following Electrochemistry at the Nano Scale  

with Electron Microscopy 

 

 

 

 

 

	  

	    

Shibabrata Basak 



 

 

 



 
 

Making Better Batteries: Following 
Electrochemistry at the Nano Scale with 

Electron Microscopy 

 

 

Proefschrift 

 

 

 
ter verkrijging van de graad van doctor 
aan de Technische Universiteit Delft, 

op gezag van de Rector Magnificus prof.ir. K.C.A.M. Luyben; 
voorzitter van het College voor Promoties, 

in het openbaar te verdedigen op 

woensdag 26 april 2017 om 12:30 uur 

 
 

 

door 

 

 

 

Shibabrata BASAK 

Master of Technology in Solid State Technology, Indian Institute of Technology Kharagpur, 
India 

Geboren te Kolkata, India 



This dissertation has been approved by the promotor:

Prof.dr. H.W. Zandbergen

Composition of the doctoral committee:
Rector Magnificus Prof.dr. 
H.W. Zandbergen

Chairman
Delft University of Technology, promotor

Independent members:
Prof.dr. E. Olsson Chalmers University of Technology, Sweden
Prof.dr. J. Mayer RWTH Aachen University & Ernst Ruska-Center Jülich, Germany
Prof.dr. M. Huijben University of Twente, The Netherlands
Prof.dr. B. Dam Delft University of Technology
Prof. P. French Delft University of Technology
Dr. E.M. Kelder Delft University of Technology

This research was financially supported by NWO NANO project 11498 and ERC project 
267922.

Keywords:

Printed by:
Cover design:

Li-ion  battery,  Li-O2 battery,  electrochemistry,
microscopy, In-situ, MEMS.
Gildeprint
Shibabrata Basak and Sourav Kumar Dutta

transmission electron

Copyright 2017 by Shibabrata Basak
Author email: basak.shibabrata@gmail.com

ISBN: 978-90-8593-293-2
Casimir PhD series, Delft-Leiden 2017-09

An electronic version of this dissertation is available at: http://repository.tudelft.nl



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To Sarmila 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 



 
 

i 

CONTENTS 
	  

	  

Chapter	  1:	  Introduction	  to	  Battery	  Technology	   	  

1.	  Energy	  and	  us	   	  	  	  2	  
1.1.	  Global	  warming	  vs.	  conventional	  and	  renewable	  energy	   2	  
1.2.	  Batteries	  and	  us	   3	  

2.	  Basics	  of	  Batteries	   3	  
2.1.	  Battery	  timeline	   4	  
2.2.	  Thermodynamics	  and	  kinetics	   5	  

3.	  State-‐of-‐the-‐art	  battery	  technologies	   7	  
3.1.	  Lithium-‐ion	  battery	   8	  
3.2.	  Na-‐ion	  battery	   9	  
3.3.	  Li-‐S	  batteries	   9	  
3.4.	  Li-‐O2	  batteries	   10	  

4.	  Goal	  of	  this	  dissertation	   13	  
4.1.	  Thesis	  structure	   14	  

References	   15	  

Appendix	  A	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   19	  
 

Chapter	  2:	  Experimental	  Techniques	   	  

1.	  Transmission	  electron	  microscopy	  	   	  26	  
1.1.	  Contrast	   29	  
1.2.	  Microanalysis	  in	  TEM	   30	  

2.	  Scanning	  electron	  microscopy	   32	  

3.	  In	  situ	  TEM	  experiments	   34	  
3.1.	  TEM	  holders	   35	  
3.2.	  Electrical	  measurements	  setup	   36	  
3.3.	  Sample	  preparation	  for	  in	  situ	  TEM	  study:	  Focus	  ion	  beam	   37	  

References	   38	  



 
 

ii 

 

Chapter	  3:	  High-‐Capacity	  and	  High-‐Power	  Batteries	  Using	  Electron	  
Microscopy	  

1.	  Lithium-‐ion	  batteries	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  42	  
1.1.	  Improving	  the	  reversible	  capacity	  of	  amorphous	  TiO2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  42	  	  
1.2.	  High-‐performance	  Si	  anode	  from	  direct	  deposition	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  45	  	  
1.3.	  Li6PS5Br	  solid	  electrolyte	  for	  fast	  Li-‐ion	  transport	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  49	  	  	  	  	  

 

2.	  Na-‐ion	  batteries	   51	  
2.1.	  Reversible	  Na-‐ion	  uptake	  in	  Si	  nanoparticles	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  51	  

3.	  Li-‐S	  batteries	   53	  
3.1.	  Graphene-‐graphene	  oxide-‐based	  cathodes	  for	  Li-‐S	  batteries	  	  	  	  53	  

4.	  Li-‐air	  batteries	   55	  
4.1.	  Using	  nanoseed	  crystals	  to	  control	  peroxide	  morphology	  	  	  	  	  	  	  	  	  	  55	  

References	   58	  
 

Chapter	  4:	  Optimization	  of	  Experimental	  Parameters	  for	  Reliable	  TEM	  
Investigation	  of	  Li-‐O2	  Battery	  

1.	  Introduction	   64	  

2.	  Experimental	  details	   65	  
2.1.	  Graphene	  cell	  preparation	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  65	  
2.2.	  TEM	  measurements	  and	  dose	  calculation	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  66	  
2.3.	  Fit	  procedure	  for	  EELS	  series	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  66	  

3.	  Results	   67	  

4.	  Discussion	   73	  

5.	  Conclusions	   76	  

References	   77	  

	  Appendix	  B	   79	  

	  



 
 

iii 

Chapter	  5:	  Unveiling	  Mechanisms	  Of	  Li-‐O2	  Batteries	  Using	  TEM	  Grids	   	  

1.	  Introduction	   84	  

2.	  Materials	  and	  Methods	   85	  

3.	  Results	  and	  discussions	   86	  

4.	  Conclusion	   90	  

References	   91	  

	  Appendix	  C	   93	  
 

Chapter	  6:	  Fabrication	  Of	  MEMS	  Devices	  For	  Operando	  TEM	  	  
Experiments	  

1.	  Basics	  of	  chips	  fabrication	   96	  
1.1.	  Preparing	  Markers	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  96	  
1.2.	  Preparing	  electrical	  connections	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  97	  

    1.3.	  Preparing	  electron	  transparent	  window	   97	  

2.	  Key	  fabrication	  steps	   97	  
2.1.	  Substrate	  Cleaning	   97	  
2.2.	  Lithography	   98	  
2.3.	  Deposition	   100	  
2.4.	  Etching	   100	  

3.	  Fabrication	  of	  Nanobattery	  chips	   102	  

4.	  Fabrication	  of	  MEMS	  heater	   105	  
4.1.	  Fabrication	  of	  MEMS	  heater	  with	  thin	  windows	   105	  
4.2.	  Fabrication	  of	  flat	  center	  MEMS	  heater	  with	  metalelectrodes107	  

5.	  Fabrication	  of	  Nanoreactors	   107	  

Reference	   112	  
 

Chapter	  7:	  Improving	  Thin	  Film	  Batteries	  Using	  In	  situ	  TEM	  Studies	   	  

1.	  Real	  time	  observation	  of	  LiFePO4	  crystallization	   114	  
1.1	  Materials	  and	  methods	   115	  



 
 

iv 

1.2.	  Result	  and	  discussions	   115	  

2.	  In	  situ	  TEM	  observation	  of	  electromigration	  in	  Ni	   119	  

References	   122	  
 

Chapter	  8:	  Designing	  Reliable	  In	  situ	  TEM	  Battery	  Experiments	   	  

1.	  Introduction	   126	  

2.	  Nanowire	  battery	  setup	   128	  

3.	  Nanoparticle	  battery	  setup	   130	  

4.	  Conclusion	   132	  

References	   133	  
 

Chapter	  9:	  Future	  Work	   	  

1.	  Observation	  of	  charge	  distribution	  evolution	  in	  Solid-‐State	  	  
battery	   135	  

2.	  Liquid	  cell	  in-‐situ	  TEM	  battery	   138	  
2.1.	  Understanding	  the	  role	  of	  SEI	  layer	  on	  battery	  performance	  138	  
2.2.	  Visualizing	  the	  formation	  and	  dissolution	  of	  Li2O2	   138	  

3.	  Revealing	  mechanism	  of	  Na-‐O2	  battery	   139	  
	  References	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  140	  

Summary	   143	  

Curriculum	  Vitae	   149	  

Publications	   151	  

Acknowledgements	   153	  
 

 

 



 
 

 
CHAPTER 1 

INTRODUCTION TO BATTERY TECHNOLOGY    

 
 

In this introductory chapter, first the basics of battery operation are discussed in a 
brief. This followed by brief glance into the state-of-the-art battery technologies; the 
main challenges are also briefly discussed. At the end of this chapter, the goal of this 
dissertation and the structure of the thesis are presented.  
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1. Energy and us  

Starting from heating, cooling or lighting our houses, to operate our household 
appliances, powering computers, mobile phones and other electronic gadgets, 
driving cars and moving cargo, to manufacture the products we need in our 
daily lives: All these functions require energy. Energy has become an 
indispensable part of our lives.  

1.1. Global warming vs. conventional and renewable energy 

Most of the energy we use in our daily lives comes from burning coal or fossil 
fuel [1,2]. The downside of these energy sources is that they produce 
greenhouse gases [3]. The growing amount of greenhouse gases in the 
atmosphere is increasing the earth’s absorption of the sun’s radiation, which is 
raising the temperature of our atmosphere [4]. The melting of glacial ice mass 
clearly demonstrates the impact of rising temperatures around the world [5]. If 
the global temperature continues to rise, glaciers will melt faster, which in turn 
will raise sea levels. This will obviously be a devastating development, 
especially for coastal regions [5], not to mention the adverse health issues due 
to heightened air pollution levels [6]. 

At the 2015 Paris climate conference (COP21), 188 countries agreed on a 
global action plan to avoid dangerous climate changes by limiting global 
warming to well below 2°C above pre-industrial levels. This includes a 
reduction in greenhouse gases, increased use of renewable energy sources, and 
improved energy efficiency. By 2030, the European Union has committed to 
reducing greenhouse gas emissions by 40% (compared to 1990), increasing its 
use of renewable energy sources by at least 27% and improving energy 
efficiency by at least 27% [7].  

Wind, solar and hydropower are the three main sources of renewable energy. 
These resources can provide energy with zero or nearly zero emissions of air 
pollutants and greenhouse gases. One drawback of renewable energy is that its 
supply is time-dependent. For example, solar energy can clearly only be 
harvested during the daytime, and wind energy obviously depends on 
sufficiently strong air currents. To meet minimum grid-level energy supplies, 
storage capabilities are essential [8–10].     

Vehicles are one of the major sources of air pollution, especially in developed 
countries. For example, the U.S. transportation sector produces about 26% of 
that country’s climate-changing emissions [11]. Globally, about 14% of 
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manmade carbon dioxide comes from cars, trucks, airplanes, ships and other 
vehicles [3]. As passenger vehicles become more numerous throughout the 
world, pollution will increase dramatically unless emission-reduction measures 
are put in place. 

1.2. Batteries and us 

Battery powered energy grids can improve utilization of renewable energy 
sources [8–10]. And the battery-powered all-electric vehicles powered with 
energy from renewable energy sources will enable truly green transport.  

Batteries have already played a crucial role in the revolution of portable 
electronics over the past two decades. Increasing use of portable electronic 
devices like mobile phones, laptops, cameras in our daily life sought for better 
batteries. Batteries are not only used in electronic appliances but also in 
healthcare devices such as pacemakers. Further the performance of battery will 
play a vital role determining the success of the upcoming wearable circuits, 
which can be utilized in remote healthcare monitoring.  

So, overall the need for long lasting, better performing and low cost batteries is 
truly evident.      

2. Basics of Batteries 

An electrochemical cell is a device that stores electricity in the form of 
chemical energy. To meet the voltage or current demands for a specific 
application, these cells are connected in series or parallel: series connection 
multiplies the voltage, whereas parallel connection multiplies the current. An 
array of one or more electrochemical cell(s) is called a battery [12,13]. 

In batteries, two different materials of different positive standard reduction 
potential function as electrodes, separated by an electrolyte. Electrolyte is an 
ionic conductor in aqueous, aprotic or solid form that allows ions but not 
electrons to be transported. The electrodes are connected to current collectors, 
thus allowing electrical input/output from the battery. Figure 1 schematically 
represents a simple electrochemical cell. 

All the components of a battery should be abundant in nature, i.e. inexpensive, 
and environmentally friendly, i.e. non-toxic and non-hazardous. Furthermore, 
ideal cathode and anode materials should have the following characteristics: (a) 
high capacity, (b) high potential difference, which is set by the cathode–anode 
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combination, (c) good ionic and electronic conductivity to allow fast 
(de)insertion of ions during (dis)charge, and (d) structural and chemical stability 
in combination with the electrolyte for stability.  

 

Figure 1: Electrochemical operation of a battery (a) discharge, (b) charge.i 

Electrolytes should possess the following features: (a) good ionic but no 
electronic conductivity, (b) a wide potential window to allow electrochemical 
(dis)charge without degrading the electrolyte, (c) high thermal stability to 
prevent degrading the electrolyte in case of increased battery temperature 
during fast (dis)charge, and (c) nonreactivity towards the anode, cathode, 
separator and current collectors to prevent corrosion.  

Current collectors should (a) be corrosion-resistant, (b) electrochemically stable 
at the working potential of the electrodes, and (c) have good adhesion properties 
between the electrode composite and current collectors.  

2.1. Battery timeline  

In 1800, Italian physicist Alessandro Volta invented the first true battery, the 
voltaic pile, consisting of pairs of copper and zinc disks stacked on top of each 
other, separated by a layer of cloth or cardboard soaked in brine, which acted as 
the electrolyte. Volta’s battery was a primary battery. In 1804, German 
physicist Johann W. Ritter invented the first rechargeable battery. However, at 
                                                        
i As batteries supply electrical energy during discharge, the negative electrode is often known as 
an anode and the positive electrode as a cathode. 
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that time there was no means of recharging batteries until the generator was 
invented. In 1859, French inventor Gaston Planté constructed the first practical 
rechargeable lead acid battery, which is still used today in automobiles. Figure 2 
illustrates the main events in the development of batteries.  

 

Figure 2: Timeline of the key events in battery development, adopted from [14] . Green denotes 
rechargeable batteries.    

 2.2. Thermodynamics and kinetics  

The theoretical standard cell voltage (E0), which is referred to as an open circuit 
or equilibrium or working potential of a cell, is defined as 

E0 = E0 (cathode) – E0 (anode) .        (1.1) 

The Nernst equation further relates the cell potential to the standard potential 
and to the activities (often approximated by concentrations) of the chemical 
species undergoing reduction and oxidation.  

In an ideal battery, all of the free energy converts to electrical energy as the 
battery is discharged. However in a practical battery, when current is drawn, the 
actual operating voltage is lower than suggested by thermodynamics because 
kinetic limitation of reactions and other processes must occur in order to 
produce a current flow during operation.  

There are three different kinds of polarizations that affect kinetics: (1) 
activation polarization  (η!), (2) ohmic polarization or IR drop η!   and (3) 
concentration polarization (η!). Activation polarization is related to the kinetics 
of the charge-transfer reactions taking place at both electrode (anode and 
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cathode) electrolyte interfaces. Ohmic polarization is interconnected to the 
resistance of individual cell components and contact resistance between the cell 
components. Concentration polarization is due to mass transport limitations 
during cell operation. Therefore the terminal voltage (ET) with current flowing 
is  

𝐸! = 𝐸!"# − η! + η! + η! =   𝐸!"# − η  ,        (1.2) 

where, EOCV is the cell voltage at open circuit. Figure 3 schematically shows the 
effect of different polarizations.   
 

 
Figure 3: Typical discharge curve of a battery showing the effect of different polarizations, 
adopted from [15]. 

A low activation polarization is achieved by a high exchange current density in 
a battery, which is directly related to the reaction-rate constant, activities of 
reactants and products, or the potential drop across the electrode–electrolyte 
double layer. A low ohmic polarization is achieved by high electronic and ionic 
conducting electrodes, high ionic conducting electrolytes, and good 
interconnections between the current collector electrodes, electrode–electrolyte. 
Fast flows of mass from the electrode surfaces reduce the concentration 
polarization. Porous electrodes that allow better interconnectivity between the 
electrode and electrolyte ensure fast mass transport, thus reducing the 
concentration polarization [15]. Owing to the presence of polarization, the 
discharge voltage of a battery is less than predicted by thermodynamics; the 
difference is called discharge overpotential. The charging potential is higher 
than predicted by thermodynamics; the difference is called charge overpotential.   
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3. State-of-the-art battery technologies 

Generally speaking, a battery should have a high specific capacity, which 
allows a high amount of charge to be delivered per unit of mass. This enables us 
to use smaller and more lightweight batteries for any given application. 
Furthermore, it is essential for a rechargeable battery that the specific capacity 
be maintained over several battery cycles. Some applications, such as electric 
vehicles, require high power density and thus high voltage output combined 
with high current output (fast discharge). 

Of the battery technologies available today, lithium-ion batteries have the best 
energy and power density along with the best volumetric energy density, which 
makes them the most suitable batteries for electric vehicles and portable 
electronics [16].  A few other battery technologies, namely Li-air and Li-sulfur 
batteries, have the potential to deliver much higher capacities than today’s Li-
ion batteries, so they have of course attracted tremendous research attention 
[17,18]. On the other hand, owing to the greater abundance of sodium compared 
to lithium, a fair amount of research is also being done on Na-ion, Na-air  and 
Na-sulfur batteries [19–21].  

Figure 4: Comparison of battery technologies with respect to their energy densities, reproduced 
from [22].  

To put this into perspective, Figure 4 shows a comparison of different state-of-
the-art battery technologies with respect to their theoretical and (estimated) 
practical energy densities: Pb-acid, NiMH (nickel metal hydride), HT-Na/S8 
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(high-temperature Na-sulfur), Li-ion, Li-S8 (Li-sulfur), Li/O2 (Li-air batteryii), 
Na-ion (Na-ion), Na-S8 (Na-sulfur), Na/O2 (Na-air batteryii). The practical 
energy density values for Pb-acid, NiMH, HT-Na/S8 and Li-ion batteries are 
taken from commercial batteries. The energy density values of Li-S8, Li/O2 are 
taken from Ref. [22]. The values for Na-ion Na-S8, Na/O2 are estimated using 
the data from their lithium battery counterpart.     

In addition to Li-ion batteries, this thesis will examine Li-O2, Li-sulfur and Na-
ion batteries. The basics of these batteries are discussed briefly in the following 
sections. 

3.1. Lithium-ion battery 

In 1991, Sony introduced the first “lithium-ion battery” with graphite as anode 
and lithium cobalt oxide as cathode [16]. The work of Sony triggered 
worldwide interest in lithium-ion batteries. Currently, several billions of units 
are produced every year by various battery manufacturers. These batteries 
power various portable electronics devices such as cellular mobile phones, 
notebooks, camcorders, and MP3 players. Figure 5 shows schematically the 
basic working principle of a lithium-ion battery.   

 

Figure 5: In a Li-ion battery during charging, Li-ions travel from the cathode through the 
electrolyte and reach the negative electrode, where they are intercalated into the graphite 
structure. To compensate for the transfer of the ionic charges, electrons are also exchanged 
between the two electrodes via an external circuit. During discharge, lithium ions and electrons 
travel in opposite directions while performing the desired electrical work.  

                                                        
ii  The current Li-air and Na-air battery uses pure oxygen and the performance degrade 
drastically in presence of other air component especially CO2, moisture. Thus Li-air and Na-air 
batteries should more appropriately be termed as Li-O2 and Na-O2 and will be used from hereon. 
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There is continuous pressure on the portable electronics industry to develop and 
produce ever more mobile devices, and there is equal pressure on the electric 
vehicle sector to develop improved lithium-ion batteries. This has resulted in 
extensive R&D activities on academic and industrial levels to find better 
cathodes, anodes and electrolytes, as well as optimizing the current materials to 
utilized their full potentials. Appendix A gives insight to the cathode, anode and 
electrolytes generally used in Li-ion battery.  

3.2. Na-ion battery 

Global lithium resources are estimated at 30–40 metric tons, which may prove 
to be insufficient to meet future demands of energy storage, especially 
considering a lithium recycling rate of less than 1%.  

On the other hand, sodium (Na) is one of the most abundant elements in the 
earth’s crust (≈2.6%) and available in virtually unlimited amounts in seawater. 
The large ionic size of Na (1.02 Å) and its low standard electrochemical 
potential (≈2.71 V vs. Na+/Na) compared with those of Li (0.76 Å and 3.04 V 
vs. Li+/Li, respectively) result in low power and energy densities. Thus, even 
though Na intercalation compounds were first explored in the 1980s, only a 
handful of studies were conducted between then and 2010, owing to the 
tremendous success of lithium-ion batteries [23]. Today, the increasing demand 
for electrochemical energy sources has prompted renewed interest in room-
temperature Na-ion batteries.  

The working principle of Na-ion batteries is similar to that of Li-ion batteries. 
The required quality of their electrodes and electrolytes is also similar. Thus, 
layered and polyanionic compounds have been investigated extensively as 
cathode materials, and carbon-based materials, metal-oxide compounds, and 
metals have been studied as anode materials. Some of these materials are 
already displaying significant capacities and recyclability [19]. Nevertheless, 
Na-ion battery technology is still in its infancy, and further research is required 
before it can be commercialized. In the course of this thesis research, we have 
studied ~20 nm spherical nanoparticles as anode for Na-ion battery. 

3.3. Li-S batteries  

As next-generation energy storage materials, lithium-sulfur (Li-S) batteries 
have become increasingly attractive, owing to their high gravimetric density 
(2600 Whkg−1) and specific capacity (1670 mAhg−1). In addition, sulfur is a 
highly cost-effective and environmentally benign element. In a typical non-
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aqueous Li-S battery, sulfur mixed with carbon additives forms the cathode, and 
lithium metal is used as the anode [18].  

The study of Li-S batteries dates back more than thirty years with the discovery 
of organic polar aprotic solutions in which lithium polysulfide redox reactions 
are reversible. However, the overall performance of current Li-S batteries is 
impeded by the inherently poor electronic and ionic conductivity of sulfur and 
the dissolution of higher-order polysulfide phases (Li2Sn, where 8 ≥ n ≥ 2) 
during cycling, which cause irreversible loss of active material [24]. 
Additionally, the fundamental problem of dendritic growth of lithium during 
battery cycling must be addressed for reasons of safety and battery lifetime.  

One way to reduce the dissolution of higher-order polysulfide phases is to use 
an ionic liquid electrolyte, where the polysulfide phases are less soluble than 
organic electrolytes [18].  Another option is to design the composite cathode in 
a manner that reduces the dissolution of the polysulfide phases. Various 
innovative strategies are currently under development.  

In the course of this thesis research, we have prepared binder-free 3-D vertically 
aligned few-layered graphene (FLG) electrodes filled with partially reduced 
graphene oxide-sulfur nanocomposites (PrGO/S) for high performance Li-S 
batteries. 

Dendritic growth of lithium can be approached using a ceramic membrane 
following the lithium anode or by using pre-lithiated silicon instead of lithium 
metal as the anode [18].   

3.4. Li-O2 batteries 

Li-O2 batteries show great potential for vehicular applications because they 
provide the highest theoretical energy density (3500 Wh/kg) of all current 
battery technologies [25]. Although it was first studied as early as 1978, Li-O2 
battery technology has only made huge strides in the past five years. A typical 
Li-O2 battery consists of a metal-lithium anode, electrolytes and porous carbon 
support with or without catalyst particles. During discharge, Li-ions from 
lithium metal travel via the electrolyte and react with the incoming oxygen to 
form discharge products on a porous carbon support, which acts as the cathode. 
This in situ formation of the cathode as the battery discharges is the main 
difference between Li-O2 batteries and those in which the cathode is already 
present before the battery cycling. Depending upon the type of electrolyte used, 
Li-O2 batteries can be divided into four types: aqueous, non-aqueous, hybrid 
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(mixed aqueous/non-aqueous) and solid-state. Of these, non-aqueous Li-O2 
batteries are currently undergoing the strongest development, so we will focus 
our discussion on them. Figure 6 shows schematically how non-aqueous Li-O2 

batteries work.  

 

Figure 6: Schematic representation of a non-aqueous Li-O2 battery. During discharge, the Li2O2 
that forms on the porous carbon support acts as the cathode, which decomposes as the battery is 
charged.  

During battery discharge, Li2O2 is formed on the porous carbon support. A 
recent study by Bruce and co-workers using in situ surface enhanced Raman 
spectroscopy (SERS) provided evidence that LiO2 forms as an intermediate 
state during the oxygen reduction reaction (ORR) [25] as follows: 

O! + e! → O!!                                  (1.4) 
O!! + Li! → LiO!                                 (1.5) 
2LiO! → Li!O! + O! at 2.96 V vs. Li/Li+ .      (1.6) 

During battery charging, Li2O2 decomposes directly in a one-step reaction and  
evolves into O2 following the oxygen evaluation reaction (OER) as follows: 

Li!O! → 2Li! + 2e! + O!   ↑         (1.7) 

High overpotential during charging, poor capacity retention and low cycle life 
are still the main impediments to the practical application of Li-air battery 
technology [26,27]. 
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As described above, the proper choice of electrolyte is very important for 
battery performance. Superoxide radical anions O!!, which are formed during 
the ORR, can also be solvated by the solvent molecule surrounding them.  If the 
mechanism of solvent attack is predominant, much less Li2O2 will be produced, 
and the solvent will decompose by forming lithium-alkyl carbonates. Studies of 
different electrolytes show that carbonate-based electrolytes are more prone to 
such attacks. Therefore, electrolytes such as EC and DMC, which are 
commonly used in Li-ion batteries, are not suitable for Li-air batteries. Ether-
based electrolytes such as TEGDME (tetraethylene glycol dimethyl ether) and 
DMSO (dimethyl sulfoxide) are more stable against oxygen-reducing species 
and are thus preferable [28]. However, even with these electrolytes, the 
formation of undesirable carbonate products has been reported [28]. Thus the 
search for stable electrolytes continues. 

Even if a stable electrolyte is found, capacity fading will occur as a 
consequence of the incomplete oxidation of Li2O2 upon charging, which is a 
consequence of caused by the poor ionic and electronic conduction of Li2O2 

[29]. The progressive buildup of inactive Li2O2 during repeated battery cycles, 
in addition to byproduct accumulation, eventually leads to cell failure. The main 
factors influencing Li2O2 morphology, and hence cell capacity, are the current 
density and the solubility of the LiO2 intermediate [30,31]. Poor LiO2 solubility 
by the electrolyte, i.e. low donor numbers, promotes the formation of a 
passivating Li2O2 film, which is even more pronounced by high current 
densities and leads to early cell death [14]. In contrast, good LiO2 solubility, i.e. 
high donor numbers, leads to Li2O2 growth in solution before deposition on the 
electrode surface. A potential approach to mitigate the passivating formation of 
an amorphous Li2O2 film at high rates and in low-donor electrolytes is to 
promote the formation of nanometer-sized Li2O2 crystallites at the electrode 
surface.  

It has been reported that different metal and metal-oxide nanoparticles are used 
as catalysts to promote good round trip efficiency, to improve capacity retention 
and to prolong the cycle life of batteries [32]. However, the underlying 
mechanism for these improvements is not yet known. Detailed knowledge about 
the mechanism is required in order to design the ideal catalyst for Li-air 
batteries [32].  

In the course of this thesis research, we have developed procedures to reveal the 
working mechanisms of catalysts particles. Furthermore, we have studied the 
role of hexagonal NiO nanoparticles as grain refiners to control the structure of 
grown Li2O2.  
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4. Goal of this dissertation  

From the above discussion, it is clear that next-generation Li-ion, Li-S, Li-O2, 
Na-ion, Na-S and Na-O2 batteries are the most promising technologies for 
future applications, and that they are far from having reached their full 
potential. Battery performance essentially depends on the electrode-electrolyte 
materials, their interaction (interconnection) and their efficiency in drawing and 
supplying current. Therefore, to unveil the full potential of batteries, research 
efforts must be focused on materials selection, synthesis, cell design, and 
evaluation of cell performance in light of the fundamental understanding of the 
materials’ behaviour and kinetics during battery operation.  

In this thesis, we first emphasize on the preparation of better electrodes and 
electrolytes for Li-ion, Na-ion, Li-S, and Li-O2 batteries. Evaluating the 
performance of a macro scale battery and correlating the electrode, electrolyte 
structure; morphology and chemical state using TEM and SEM studies, the 
main criteria for battery performance are identified for each cases.  

To understand the performance of Li-O2 batteries, transmission electron 
microscopy (TEM) is needed in order to obtain chemical and structural details 
of the discharge products at a very local scale. However, degradation of the 
sample upon air exposure and electron-beam and preserving the native details 
of the discharge products at nanometer scale during the sample preparation 
poses challenges. In this thesis we provide means of using TEM for Li-O2 
battery research in a reliable and effective manner.  

Electrode nanoparticles are the building blocks of a battery. Thus, to improve 
the overall performance of a battery, we must improve the performance of the 
individual nanoparticles. To do so, we must determine the respective effects of 
electrode particle size, shape, structure, grain–grain boundary, defects and 
doping on electrode degradation. A macro battery is composed of thousands of 
millions of nanoparticles with additives and binders. Based on the average 
information about macro batteries obtained via different spectroscopic and 
diffraction techniques, it is almost impossible to uncouple the roles of all 
morphological and structural parameters without considerable ambiguity. The 
transmission electron microscope (TEM) is one of most important 
characterization tools in the field of materials science because it enables the 
simultaneous study of morphology, structure, and chemical information at the 
atomic level. Indeed, single-particle analysis is a routine task with a TEM.  
Hence, if a setup is built that allows us to create a battery with a single 
nanoparticle electrode and to perform charging-discharging inside a TEM, the 
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high temporospatial resolution of the TEM will allow in situ visualization of the 
battery processes down to the atomic level. This will allow us to uncouple the 
effects of different morphological and structural parameters on battery 
performance. This makes “operando TEM” the technique of choice for battery 
experiments, which justifies the tremendous interest in operando TEM battery 
research in the past eight years [33,34]. 

It is also extremely important that the experimental conditions inside the TEM 
should correspond as closely as possible to the conditions to which the 
nanoparticle electrodes would be subjected in a macro battery. Only then can 
the results obtained with an operando TEM experiment be used directly to 
synthesize better electrode materials, the entire potential of which can be fully 
leveraged. In this thesis we place special emphasis on building setups that 
mimic exactly the bulk environment in the operando TEM study. Using noble 
approach delithiation of LiFePO4 cathode is studied using in situ TEM. In situ 
TEM is further applied to understand critical details about fabrication and 
operation of thin film batteries. 

4.1. Thesis structure 

This dissertation contains nine chapters, including this introduction (Chapter 
1), where the basic principles of battery technologies are discussed.  

Chapter 2 contains a brief description of the experimental techniques used at 
various stages of the research with a special emphasis on TEM. A brief 
description of SEM is also included.  

Chapter 3 explores the research carried out on Li-ion, Na-ion, Li-S and Li-air 
macro batteries. The main goal of this research is to build high-power batteries 
with high energy densities. This research was carried out in collaboration with 
various research groups at TU Delft, whereas the work described in this thesis 
focuses mainly on my own contributions. 

Chapter 4 evaluates the best possible parameters to study Li-air battery 
discharge products in a TEM.  

Chapter 5 focuses on a unique way of using standard TEM grids as Li-air 
battery cathodes for studying Li-air battery discharge products in a reliable way. 

Chapter 6 marks the second part of this thesis. It discusses the fabrication 
strategy of different MEMS devices that will be used in future operando TEM 
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battery studies. These MEMS devices are fabricated in the Kavli Nanolab of TU 
Delft. 

Chapter 7 explores the use of MEMS heater to unveil the crystallization 
process of thin film LiFePO4 and effect of high current densities in Ni current 
collector.  

Chapter 8 focuses on developing a broadly applicable open-cell design for 
operando TEM battery experiments. In these experiments, the nanoparticle 
electrode should be under conditions that are as similar as possible to those in a 
macro battery. This is achieved by allowing Li ions to (de)intercalate from 
every part of the electrode particle, correlating the microstructure to local 
chemical and electronic structural changes during (dis)charge. 

Chapter 9 explores the possibility to insert liquid electrolytes into the TEM to 
study the battery process via operando TEM in a liquid environment. A 
discussion of the future direction of operando TEM battery research rounds out 
this chapter and the thesis. 
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Appendix A 

 

Li-ion Battery: 

Cathode materials. Different cathode materials are currently being used in 
commercial lithium-ion batteries. In addition to being environmentally friendly and 
inexpensive, the main requirements, originally formulated by Whittingham [1], of 
cathode materials are as follows.  

(a) They must contain a readily reducible-oxidizable, material that can assume 
various valence states. Transition metals are common in this role because they have 
more than one stable oxidation state. 

(b) They must ensure lithium (de)insertion in a reversible manner. This essentially 
means that the host structure should remain as unchanged as possible as lithium is 
(de)inserted. 

(c) They should feature high capacity and high voltage, preferably around 4 V 
(limited by the electrolyte stability) to provide high-energy storage. 

(d) They should allow fast (de)insertion of lithium ions to ensure high power 
densities. They should have good electronic and ionic conducting properties. Good 
electronic conductivity properties ensure complete (de)lithiation without the need 
for additional carbon additives (such as carbon black). On the other hand, good 
ionic conductivity will reduce the need for a porous structure to ensure electrolyte 
flow. These properties will further increase the taping and energy densities of the 
battery. Table 1 lists the most common cathode materials and their basic 
characteristics. Every cathode has been further modified via doping and surface 
coating. 

Material Crystal 
structure 

Voltage 
(V) 

vs. Li/Li+ 

Specific capacity 
(mAhg-1) 

(Theoretical / 
experimental) 

LiCoO2 Layered 3.8 274/148 [2] 
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LiNi0.33Co0.33Mn0.33O2 Layered 3.7 280/160 [3] 
LiMn2O4 Spinel 4.1 148/120 [4] 
LiFePO4 Olivine 3.4 170/165 [5] 

LiFeSO4F Tavorite 3.7 151/120 [6] 
Table 1: Most popular cathode materials for Li-ion batteries and their fundamental properties.  

In the course of this thesis research, we have studied: LiFePO4 as cathode for Li-ion 
battery. 

Anode materials. Theoretically, lithium metal has the highest possible specific 
capacity (3860 mAhg−1) of all the possible anodes of lithium-ion batteries. 
However, the possibility of an electrical short circuit occurring due to dendritic 
growth of the lithium during repeated battery cycling poses a safety hazard. 
Currently graphite, which has a capacity of 372 mAhg−1, is the most commonly 
used anode material in lithium-ion batteries. To improve the energy and power 
densities of lithium-ion batteries, the search has continued for anode materials that 
have a low potential against lithium, provide high capacity, facilitate the diffusion 
of Li ions into the anode, have a good cycling life and pose no safety concerns. In 
terms of their (de)intercalation reaction mechanism, Li-ion battery anodes can be 
divided into three main groups.  

(a) Intercalation materials. As stated above, graphite is the most commonly used 
anode material because it allows intercalation of one Li-ion with six carbon atoms. 
As an alternative to graphite, soft carbon, hard carbon, carbon nanotubes and 
graphene, different polymorphous titanium oxides (TiO2) and Li4Ti5O12 are the most 
intensively researched anode material, based on such intercalation mechanisms. [7–
9].  

 (b) Alloy materials. Anode materials based on alloying mechanisms can feature 
much larger capacities than graphite anodes. For example, the specific theoretical 
capacity for tin oxide and silicon are 780 and 4200 mAhg−1, respectively [10,11]. 
However, high volume expansion-contraction during battery cycling leads to a 
shorter cycle life and poor capacity retention. Downsizing and composite 
fabrication are the most promising approaches. Apart from Si and SnO2, the most 
intensively researched materials are Ge, Sn and Bi [12].  

(c) Conversion materials. Transition metal oxides, phosphides, sulfides and 
nitrides (MxNy; M: Fe, Co, Cu, Mn, Ni and N: O, P, S and N) when utilized as 
anodes undergo conversions during battery cycling: 

M!N! + 𝑧Li! +   𝑧e! ↔ Li!N! + 𝑥M.                                                            (1.3) 
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Multiple electron transfer during the reaction step generally achieves a good 
capacity (500–1000 mAhg−1). However, a detailed understanding is required before 
these materials can be commercialized [12]. 

In the course of this thesis research, we have studied: Si nanoparticles, a-TiO2 as 
anodes for Li-ion battery. 

Electrolytes. The role of electrolytes is to transfer the Li-ions from the cathode to 
the anode during charging and from the anode to the cathode during discharging.  

The electrolytes used in Li-ion batteries can mainly be divided into four types: Non-
aqueous, ionic liquid, gel polymer and solid-state electrolytes. It is worth 
mentioning that aqueous electrolytes are not suited for Li-ion batteries due to their 
cell voltage of ~3 V (>1.23 V). For cell voltages greater than 1.23 V, H2O 
decomposes into H+ and OH− ions.    

Non-aqueous electrolytes. Lithium salts dissolved in organic solvent(s) are used as 
non-aqueous electrolytes for Li-ion batteries. The solvents should be aprotic in 
order to be stable against metallic lithium and have a high polarity to dissolve 
lithium salts. The solvents should have a low melting point and high boiling point. 
Moreover, the solvent should have a lower viscosity to ensure a higher ionic 
conductivity of the electrolyte. It is quite difficult for a particular solvent to satisfy 
all these conditions. Thus, two different solvents are usually mixed in order to 
complement each other’s properties. For example, ethylene carbonate (EC) has a 
high polarity but is highly viscous. Therefore, it is combined with dimethyl 
carbonate (DMC), which has a low viscosity but also a low polarity. 

Lithium salts should have a high degree of dissociation and high mobility. LiBF4, 
LiPF6, LiAsF6 salts are the most commonly used lithium salts dissolved in non-
aqueous electrolytes [13].  

Ionic-liquid electrolytes. Room temperature ionic liquids (RTIL) are salts having a 
low-temperature melting point and that may be used as electrolyte solvents in 
lithium-ion batteries.  When a lithium salt [Li+][X−] is dissolved in an ionic liquid 
[A+][X−], it forms a new ionic liquid [Li+]m[A+]n[X−]m+n consisting of two cations. 
The negligible vapor pressures of the ionic liquids make them inflammable. In 
addition, they feature a broad electrochemical stability window that is usually 
greater than 4 V. However, the high viscosity of ionic liquids leads to poor infusion 
of the electrodes and thus results in a low capacity of the battery [14]. 

Solid electrolytes. Inorganic solid electrolytes are non-flammable and have a high 
mechanical stability. Replacing liquid electrolytes with inorganic solid electrolytes 
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is considered to be the ultimate solution to the above-mentioned safety issues. 
However, a disadvantage is their low ionic conductivity. This has prompted 
worldwide research to find solid electrolytes with fast ionic conductivity. Lithium-
superionic conductors (LISICONs), argyrodites, garnets, sodium-superionic 
conductors (NASICONs), Li-nitrides, Li-hydrides, perovskites and Li-halides are 
the most intensively researched electrolyte families, some of which have a 
conductivity close to their liquid counterparts [15]. In the course of this thesis 
research, we have studied the performance of Li6PS5Br as solid-state electrolyte.  

Solid electrolytes are also used in thin-film batteries via sputtering or pulsed laser 
deposition. LiPON deposited from a Li3PO4 target in the presence of N2 are the 
most popular kind of solid electrolytes used for thin-film batteries [16]. We have 
used LiPON for operando electrochemical delithiation TEM studies.  

Another family of solid electrolytes are gel polymers [17] 

References 

1.  Whittingham MS. Lithium batteries and cathode materials. Chem Rev (2004) 104:4271–4301. 
doi:10.1021/cr020731c 

2.  Cho J, Kim Y-W, Kim B, Lee J-G, Park B. A Breakthrough in the Safety of Lithium Secondary 
Batteries by Coating the Cathode Material with AlPO4 Nanoparticles. Angew Chemie Int Ed 
(2003) 42:1618–1621. doi:10.1002/anie.200250452 

3.  Lin F, Markus IM, Nordlund D, Weng T-C, Asta MD, Xin HL, Doeff MM. Surface 
reconstruction and chemical evolution of stoichiometric layered cathode materials for lithium-
ion batteries. Nat Commun (2014) 5:3529. doi:10.1038/ncomms4529 

4.  Lee M, Lee S, Oh P, Kim Y, Cho J. High Performance LiMn 2 O 4 Cathode Materials Grown 
with Epitaxial Layered Nanostructure for Li-Ion Batteries. (2013)798. doi:10.1021/nl404430e 

5.  Yamada A, Chung SC, Hinokuma K. Optimized LiFePO4 for lithium battery cathodes. J 
Electrochem Soc (2001) 148:A224–A229. doi:10.1149/1.1348257 

6.  Sobkowiak A, Roberts MR, Younesi R, Ericsson T, Häggström L, Tai CW, Andersson AM, 
Edström K, Gustafsson T, Björefors F. Understanding and controlling the surface chemistry of 
LiFeSO4F for an enhanced cathode functionality. Chem Mater (2013) 25:3020–3029. 
doi:10.1021/cm401063s 

7.  Kaskhedikar NA, Maier J. Lithium storage in carbon nanostructures. Adv Mater (2009) 
21:2664–2680. doi:10.1002/adma.200901079 

8.  Wagemaker M, Mulder FM. Properties and promises of nanosized insertion materials for li-ion 
batteries. Acc Chem Res (2013) 46:1206–1215. doi:10.1021/ar2001793 

9.  Zhu G-N, Wang Y-G, Xia Y-Y. Ti-based compounds as anode materials for Li-ion batteries. 
Energy {&} Environ Sci (2012) 5:6652. doi:10.1039/c2ee03410g 

10.  Wu H, Cui Y. Designing nanostructured Si anodes for high energy lithium ion batteries. Nano 



 Appendix A 
 

 23 

Today (2012) 7:414–429. doi:10.1016/j.nantod.2012.08.004 

11.  Li H, Wang Z, Chen L, Huang X. Research on advanced materials for Li-ion batteries. Adv 
Mater (2009) 21:4593–4607. doi:10.1002/adma.200901710 

12.  Goriparti S, Miele E, De Angelis F, Di Fabrizio E, Proietti Zaccaria R, Capiglia C. Review on 
recent progress of nanostructured anode materials for Li-ion batteries. J Power Sources (2014) 
257:421–443. doi:10.1016/j.jpowsour.2013.11.103 

13.  Morita Masayuki IM and MY. “Organic Electrolytes for Rechargeable Lithium Ion Battery,” in 
Lithium Ion Batteries Fundamentals and Performance 

14.  Lewandowski A, Świderska-Mocek A. Ionic liquids as electrolytes for Li-ion batteries-An 
overview of electrochemical studies. J Power Sources (2009) 194:601–609. 
doi:10.1016/j.jpowsour.2009.06.089 

15.  Bachman JC, Muy S, Grimaud A, Chang HH, Pour N, Lux SF, Paschos O, Maglia F, Lupart S, 
Lamp P, et al. Inorganic Solid-State Electrolytes for Lithium Batteries: Mechanisms and 
Properties Governing Ion Conduction. Chem Rev (2016) 116:140–162. 
doi:10.1021/acs.chemrev.5b00563 

16.  Knauth P. Inorganic solid Li ion conductors: An overview. Solid State Ionics (2009) 180:911–
916. doi:10.1016/j.ssi.2009.03.022 

17.  Park, Soo-Jin SM-K and KS. “Next-Generation Electrolytes for Li Batteries,” in High Energy 
Density Lithium Batteries. 



 

 

 
 

 



	  
	  

 

CHAPTER 2 
EXPERIMENTAL TECHNIQUES   

 

 

This chapter is devoted to the experimental techniques used in this thesis. First, a short 
introduction of transmission electron microscopy (TEM) is given with the focus on 
imaging and analytical techniques. In the next section scanning electron microscopy 
(SEM), which is used for morphological analysis of the electrodes is briefly discussed. 
In the last section of this chapter the overview of the experimental setups used during 
the dynamic operando TEM experiments and the sample preparation using focus ion 
beam (FIB) are discussed.  
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1. Transmission electron microscopyi  

Transmission electron microscopy (TEM) is one of most frequently used 
characterization tools in materials science because it allows a sample to be 
quantified in terms of its structure and composition up to atomic level. In TEM, 
highly energetic electrons are used as illumination source. The Rayleigh 
criterion states that the smallest resolvable distance δ is a function of the 
illumination source wavelength λ in accordance with the relation 

  δ =
0.61λ
µμ sin β  

     

where, µ is the refractive index of the viewing medium and β is the semi-angle 
of collection. A highly energetic electron beam (which has a small wavelength 
of 3.70, 2.51 and 1.96 pm at 100, 200 and 300 keV, respectively), provides 
structural information in the form of images or diffraction patterns down to the 
atomic scale in TEM [1].   

The very first TEM developed in 1931 by Max Knoll and Ernst Ruska was 
operated at an accelerating voltage of 50 kV [2]. In view of the inverse 
relationship between the energy and the wavelength of an accelerated electron, 
and to achieve higher resolution, TEMs with very high accelerating voltages (1–
3 MeV) had been developed by the 1980s. However, highly energetic electrons 
led to irreversible radiation damage of the samples. From 1990 onwards, 
intermediate-voltage (200–400 keV) TEMs became more popular [1]. Improved 
electromagnetic lenses extended the resolution limit. Recent developments of 
aberration correctors provide information up to 50 pm, which permits the 
atomic column arrangement of most materials to be visualized [3].  

Highly energetic electrons transmitting through a thin sample interact with the 
sample, generating a range of signals as shown in Figure 1 [1]. A fraction of the 
electrons either remain parallel to the direction of incident electrons, called a 
direct beam, or are elastically scattered, i.e. deviate from the incident direction 
due to the specimen without any loss of energy. The remaining electrons that 
lose energy undergo inelastic scattering, resulting in several detectable signals, 
like X-rays. In a conventional TEM, imaging and diffraction are utilized to 
determine the structural and morphological details of the sample. Further 
compositional as well as electronic structure quantification techniques such as 
EDX and EELS (EFTEM) are quite routine in modern microscopes (known as 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
i	  Most of the text for this section is adopted from Ref. [1].	  
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analytical TEMs).  

 

 

Figure 1: Schematic of the signals generated when a high-energy electron beam interacts with a 
thin specimen. These signals can be collected using suitable detectors that allow various 
quantitative analyses of the sample.ii  

In a TEM electron beam generated from a thermionic or field electron emission 
source, guided by an electromagnetic condenser system, illuminates the 
specimen in high vacuum. After interacting with the thin sample, the 
transmitted electron beam passes through the objective, and then through the 
intermediate and projector lenses to a florescent screen or camera for recording. 
Conventional TEM, in which the beam remains static, can be operated in 
imaging or diffraction mode. Figure 2 is a ray diagram showing the imaging and 
diffraction processes [1]. The strength of the intermediate lens can be changed, 
depending on whether one wants to obtain image or diffraction information. In 
imaging mode, an objective aperture can be inserted in a back focal plane (BFP) 
of the objective lens. If the objective aperture is placed such that only the 
central beam can transmit, a bright field (BF) image is obtained, whereas if the 
objective aperture blocks the central beam and an image is formed using 
diffracted beam only, a dark-field (DF) image is obtained.  To obtain a 
diffraction pattern, the electron beam is either focused on a small area of the 
sample (for convergent-beam electron diffraction, CBED) or an aperture is 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
ii	  The directions shown for each signal do not necessarily represent the physical direction of the 
signal.	  
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introduced at the image plane of the objective lens (for selected-area electron 
diffraction, SAED).  

 

Figure 2: Ray diagram of imaging-mode and (selected-area) diffraction-mode operation.   

The electron beam can also be focused on a small spot that can be scanned over 
the area of the sample in STEM mode [1]. Scanning in TEM is achieved by 
incorporating electromagnetic beam deflection coils in the illumination system, 
as shown in Figure 3. When the electron beam converges into a spot, it is called 
a probe; typical probe sizes range from 0.05 to 0.2 nm. The probe is scanned 
over the specimen, and the forward-scattered electrons are collected to form an 
image.  
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Figure 3: Ray diagram illustrating the operation of a TEM in STEM mode. Positions of possible 
STEM detectors are indicated (not to the scale).      

1.1. Contrast  

In a TEM the electron wave, incident on the sample, changes in phase and 
amplitude due to interaction with the sample. With a perfect lens and at zero 
focus only the amplitude of the electron wave will be imaged. In order to image 
the phase of the electron wave either the zero beam or the diffracted beams have 
to be changed in their phase. This can be done either by a defocus or lens 
imperfection (which changes the phases of the diffracted beams, whereby the 
phase shift depends on the diffraction angle)) or by a phase shift of the central 
beam, which can be done with a phase plate, similar to the phase plate for 
optical microscopy, for which Zernike got the Nobel price [4].   
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The amplitude of the electron wave depends on the local scattering probability, 
which depends on the local mass and thickness (mass-thickness contrast) and/ 
or on the orientation of crystalline areas in the sample (diffraction contrast). If 
the beam illuminates two neighbouring areas in an amorphous sample with low 
mass (or thickness) and high mass (or thickness), the high-mass region will 
scatter electrons more and over bigger angles. If these scattered electrons are 
(partly) blocked by an objective aperture, as in BF TEM mode, high-mass 
regions will appear darker (have a lower intensity (less electrons)). Diffraction 
contrast occurs due to specific orientation of a grain. If the beam illuminates a 
polycrystalline sample of one material and thickness, specific areas where 
atomic planes are aligned to the incident electron wave, satisfy the Bragg 
condition for strong scattering. Thus diffraction contrast provides information 
about the crystal orientation of a polycrystalline sample. Schematic 
representation of mass-thickness and diffraction contrast formation in BF TEM 
mode is shown in Figure 4. If both diffraction and mass-thickness contrast are 
present simultaneously, mass-thickness contrast cannot be uncoupled from 
diffraction contrast in TEM mode. However, in STEM mode using HAADF 
detector and low camera length it is possible to form an image with mainly 
mass-thickness contrast, known as Z-contrast imaging.  

Figure 4: Shows how mass-thickness contrast and diffraction contrast are generated in TEM 
mode. 

1.2. Microanalysis in TEM  

One of the primary advantages of TEM investigations is the combination of 
above discussed imaging techniques with the other generated signals to analyze 
the chemistry of the specimens up to atomic level. A microscope capable of 
doing this kind of study is called analytical transmission electron microscope 
(ATEM) and the study is called microanalysis. 
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Most of the modern TEMs are equipped to carryout energy-dispersive X-ray 
spectroscopy (EDX), electron energy loss spectroscopy (EELS) and energy 
filtered transmission electron microscopy (EFTEM).   

1.1.1. EDX. Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) 
uses element-specific emitted X-rays, which allows the local element 
composition to be determined [1]. At rest, atoms contain unexcited electrons in 
discrete energy levels (electron shells) bound to the nucleus. In TEM, the 
incident beam excites and ejects electrons from the bound inner shells and thus 
creates vacancies. As electrons from an outer higher-energy shell fill the 
vacancy, the difference in energy between the higher and lower-energy shell 
may be released in the form of an X-ray. Each of the possible transitions has 
energy unique to that element. Thus, by measuring the number and energy of 
the X-rays emitted from a specimen with an energy-dispersive spectrometer, the 
elemental composition of a specimen can be estimated. An example of an EDX 
analysis performed in STEM mode on Si@GaP nanowire is shown in Figure 5.  

 

Figure 5: (a) HAADF image of a GaP@Si nanowire. (b) Elemental mapping confirms the Si shell 
on a GaP core.  

1.1.2. EELS & EFTEM: As the electron beam is transmitted through a TEM 
specimen, some of the electrons lose energy in a variety of processes as 
discussed above. Electron energy loss spectroscopy (EELS) separates these 
losses of forward-scattered electrons into a spectrum using a magnetic prism. 
The magnetic prism ensures the separation of electrons based on their energy 
(loss), allowing the energy losses to be interpreted [1].  

An EEL spectrum can be divided into no-loss, low-loss and high-loss regions, 
where ~40 eV is the arbitrary breaking point low-loss and high-lose regions. 
The low-loss and no-loss regions consist of the zero-loss peak, i.e. the electrons 
that have elastically scattered and a large proportion of forward-scattered 
electrons, and the electrons that have lost energy up to ~40 eV. This region 
provides information regarding the band gap of the sample, dielectric response, 
plasmonics and specimen thickness. In contrast, the high-loss region primarily 
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contains elemental information from the more tightly bound, core-shell 
electrons as well as details about bonding and atomic distribution [1]. Figure 6 
shows EELS spectra acquired from a NaFeSO4 cathode to determine the 
thickness of the sample and the ionization state of Fe. 

Figure 6: EELS spectra acquired from a NaFeSO4 cathode at different energy losses. (a) Zero 
loss and plasmon peak. (b) Plasmon and Fe-M edge. (c) Fe-L edge.  

In energy-filtered TEM (EFTEM), a slit is used to select a particular energy loss 
region. The slit width is generally 5–20 eV. Thus, the part of the sample 
containing the element that led to the particular energy loss will appear brighter 
in the image. In Chapter 8, we will see how EFTEM imaging is used to study 
the delithiation behaviour in LiFePO4 nanoparticles via operando TEM.  

2. Scanning electron microscopy 

The scanning electron microscope (SEM) is another important characterization 
tool in materials science because it provides information about the morphology 
of a sample. As the name suggests, SEM—like TEM—also works with electron 
sources. The electron beam, which is focused by condenser lenses, is deflected 
in the x and y axes by a pair of scanning coils or pairs of deflector plates so that 
it scans in a raster fashion over a rectangular area of the sample surface [2].  

When the primary electron beam interacts with the sample, the electrons lose 
energy by repeated random scattering and absorption within a teardrop-shaped 
volume of the specimen. This is known as the interaction volume, which 
extends less than 100 nm to approximately 5 µm into the surface. This 
interaction produces secondary electrons (SE), reflected or back-scattered 
electrons (BSE), photons of characteristic X-rays and light 
(cathodoluminescence) (CL) as well as absorbed current (specimen current). In 
most SEM studies, secondary electrons are imaged. Low-energy (<50 eV) 
secondary electrons originate within a few nanometers of the sample surface. 
As secondary electrons are emitted very close to the specimen surface, high-
resolution (less than 1 nm) images of a sample surface can be produced. We 
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have used secondary-electron imaging to reveal the morphology of Li-O2 
battery discharge products. Figure 7 shows a typical image of the Li2O2 that 
forms on a gas diffusion cathode.  

 

Figure 7: Full/partial doughnut-shaped discharge products formed on porous carbon cathode 
after a Li-O2 battery is discharged until 2.2 V with a current density of 50 µm/cm2. 

 

Figure 8: SEM-EDX elemental mapping of a region of an activated carbon electrode, completely 
discharged to a 2.2 V cutoff at a current density of 50 µA/cm2. Maps with (a) C-K, (b) O-K, (c) F-
K and (d) overlaid with purple = C; green = O; and yellow = F.  

Furthermore, a SEM equipped with an EDX system allows elemental mapping 
[5]. Figure 8 shows the use of SEM-EDX to visualize Li2O2 particles on porous 
carbon electrodes. We used the same method in Chapter 3 to visualize the 
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preferential formation of Li2O2 on a NiO grain refiner on a porous carbon 
electrode. 

3. In situ TEM experiments 

TEM is a very powerful characterisation tool allowing a thorough structural and 
compositional understanding up to atomic level. In Chapter 3, applications of 
TEM in understanding the battery processes will be seen. However, due to the 
dynamic nature of the charge-discharge process, the ex-situ methods cannot 
answer some of the questions related to the dynamic process during battery 
operation [6]. For example, LiFePO4 is considered to be one of the most 
promising cathode materials for Li-ion battery and has been studied in details. 
TEM shows presence of the domains in Li0.5FePO4 crystal aligned along the c-
axis [7]. This observation subsequently raises several fundamental questions; 
such as when and how are these domains are formed? What role do domains 
play during battery operation? Answers to these questions only can be obtained 
by visualizing the dynamics of the particle under operating conditions (charge-
discharge). The exact understanding of the controversial lithiation/delithiation 
mechanism in connection with particle size, grain–grain boundary, defects, 
doping will help designing better LiFePO4 electrode, utilizing the full potential 
of the same.  
Beside the unique possibility of visualizing up to the atomic level structural and 
chemical evolution of the electrode particles during the charge-discharge 
process in situ TEM provides the opportunity to charge-discharge a single 
nanoparticle without the use of binder and/or additives, making the 
interpretation of the result obtained from the in situ TEM experiment easy and 
reliable. These make in situ TEM one of the most important tools for the 
advancement of battery technologies [8–11]. In situ TEM also provides the 
opportunity to follow the structural and chemical evolution of the material 
during synthesis process, which in turn will illustrate optimal synthesis 
conditions and improve the efficiency of the process [12–15]. This can be 
utilized in battery material too[16].  
In situ experiments have two important components: external stimuli and real 
time observations [17,18].External stimuli are applied inside the TEM using 
custom-made TEM holders with combination of micro electromechanical 
systems (MEMS) based devices. Real time observation required a fast detection 
system as well as high stability of the substrate. In this thesis electrical biasing, 
cooling and heating are used as external stimuli to understand the evolution of 
electrode materials. Experiments are performed using a FEI Tecnai operating at 
200 keV and a FEI Titan microscope operating at 300 keV. 
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3.1. TEM holders 

According to the requirement of the experiments, holders with different 
functionalities are used during this thesis.   
 
3.1.1. Heating holder. Figure 9 shows the heating holder. This holder has four 
isolated electrical lines running through the tube for performing heating 
experiment inside TEM. Two of the lines are used for proving electrical power 
to the micro heater in the MEMS chip and other two lines are used to measure 
the power to enable high temperature stability through a software controlled 
feedback loop. This holder is used to study the crystallization process of 
LiFePO4 (Chapter 7).  
 

  
Figure 9: The heating holder, allowing heating of the sample at high temperature maintaining 
high stability, arrow showing the tilt direction of the holder. 
 
3.1.2. Vacuum transfer electrical holder. Figure 11 shows the vacuum  
 

 
Figure 10: The chip loading process in the vacuum transfer electrical holder is shown. (a) The 
MEMS chip is being inserted into the chip drawer, where the chip will be in contact with the four 
needles allowing electrode-biasing. (b) After the chip is inserted the drawer is being closed and 
(c) The drawer is completely closed. The O-ring around the drawer ensures that the sample (chip) 
will not be exposed to the ambient atmosphere when the holder is transported to the TEM.  
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transfer electrical holder. The specially designed holder stand allows easy 
loading of the MEMS chip through the slit of the inside glovebox. By closing 
the drawer samples can be transferred from the glovebox to the TEM without 
any exposure to ambient atmosphere. Four isolated electrical lines permit 
heating or biasing experiment depending on the design of the MEMS chip. This 
holder is used to study delithiation mechanism in LiFePO4 (Chapter 8).  
 
3.1.3. Heating-biasing holder. Figure 11 shows the 10pin holder transfer 
holder, which allow simultaneous heating and biasing. Four lines are used for 
heating and rest six lines can be used for electrical biasing. This holder is used 
for performing battery experiment at elevated temperature (Chapter 9).    
 

 
Figure 11: The heating-biasing holder. Inset shows the MEMS chip with circular heating coil, 
designed such that there is no overlap between the heating coil and the biasing lines. 

3.2. Electrical measurements setup 

The electrical measurements setup consists of four parts: Matrix module, IVVI 
rack, ADwin-GOLD module and PC (Figure 2.8). The holder is connected to 
the Matrix module though shielded cable. This module has 24 ports, depending 
on the holder and functionality 4, 8 or 10 ports correspond to the contacts from 
the holder. Matrix module is connected to the ‘IVVI rack’ and Adwin-Gold; 
and Adwin-Gold is connected to the personal computer (PC). The required 
voltage/ voltage profile is fed to the ADwin Gold using a Labview program. 
The Digital to Analog Converter (DAC) of the Adwin-Gold supply the voltage, 
which goes through the ‘Matrix module’ to the holder via shielded cable. The 
current meter in the IVVI rack measures the current running through the system 
and converts the current into a voltage with selectable amplification (106 to 109 
V/A). This voltage is sent to the Analog to Digital Converter (ADC) of the 
ADwin-Gold. The current value is read and saved in the PC.  

A separate control box controls heating functionality. Using a Labview program 
the temperature can be set using a feedback control. If simultaneous heating and 
biasing is required then the heating control box is connected to the Matrix 
module.  
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Figure 13. Electrical measurements setup. 

3.3. Sample preparation for in situ TEM study: Focus ion beam  

The quality of a TEM result depends strongly on the quality of the sample. Thin 
and representative samples are essential for true TEM analyses. We have used a 
focused ion beam (FIB) to prepare LiFePO4 samples and solid-state battery 
samples for operando studies (Chapters 7, 8 & 9). 

FIB operates in a similar fashion to an SEM except, as the name implies, FIB 
uses a finely focused beam of ions. At the source, gallium metal is placed in 
contact with a tungsten needle. The tungsten needle is then heated to melt the 
gallium, which wets the tungsten and flows to the tip of the needle, where the 
opposing forces of surface tension and electric field form the gallium into a 
cusp-shaped tip having a radius of ~2 nm. The high electric field (>1×108 
V/cm) within the small tip radius causes ionization and field emission of the 
gallium atoms. The generated Ga+ beam guided by the lens, aperture and 
deflector system scans the sample. As the beam scans over the surface, it 
sputters material from the sample. Varying the primary beam current can 
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control the sputtering rate of the material and thus precision milling of the 
specimen down to the nanometer scale can be achieved. By collecting the 
sputtered ions, we can create an image.  

Most FIBs are also equipped with a gas injection system (GIS). Gas is 
introduced by a nozzle positioned a few hundred microns above the area of 
interest. The gas is adsorbed on the surface of the material. The secondary 
electrons, which are produced when the FIB beam (either electron or ion) hits 
the surface, break the chemical bonds of the adsorbed gas molecules and 
separate them into different components: volatile components are sucked out of 
the system and others are deposited on the surface [19]. Using ion beam-
induced deposition (IBID), we have deposited Pt to make electrical connections 
(Chapter 8).        

Most modern FIBs are integrated within an SEM, and such instruments are 
called dual-beam SEM-FIBs. Addition of an SEM allows to select the desired 
location of a sample, without damaging the area (sputtering by Ga+ ). We 
utilized this advantage of a dual-beam SEM-FIB to deposit Pt on the sample in 
order to connect the FIB lamella with the gold electrode precisely and without 
damaging the area.  
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CHAPTER 3 
HIGH-CAPACITY AND HIGH-POWER BATTERIES USING 

ELECTRON MICROSCOPY 

  

 

The ultimate aim of battery research is to develop a high-capacity battery that can deliver 
high power. This chapter summarizes our recent research on Li-ion, Na-ion, Li-S and Li-air 
batteries and the role of electron microscopy in such research. This research is performed in 
collaboration with different battery groups. 
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Understanding the key reason(s) behind battery performance—whether good or 
poor—is of utmost importance to utilize the full potential of a battery and to achieve 
further improvements. Electron microscopy enables simultaneous visualization and 
chemical and/or structural characterization at (sub)nanometer resolution. This 
chapter focuses on using SEM and TEM to identify the key factors that determine 
battery performance based on examples taken from our recent research on Li-ion, 
Na-ion, Li-S and Li-air batteries conducted at the TU Delft.  

1. Lithium-ion batteries  

Of all existing battery technologies, Li-ion batteries feature the best gravimetric and 
volumetric energy density. To further improve their cycle life, coulombic efficiency 
and to increase their energy and power density, researchers throughout the world are 
focusing on improving individual battery components, i.e. cathodes, anodes and 
electrolytes, using innovative materials synthesis techniques. The following sections 
summarize our contributions to developing a high-capacity retention, fast-
rechargeable Li-ion battery. 

1.1. Improving the reversible capacity of amorphous TiO2 
i
  

Owing to its low cost, ease of preparation and high theoretical capacity of 
335 mAh g−1, titanium dioxide (TiO2) is a viable alternative to graphite as the anode 
material in Li-ion batteries. Even though the total energy density of the battery is 
reduced due to a high working potential of TiO2 (1.5 V vs. Li/Li+) compare to the 
graphite anode (~0 V vs. Li/Li+), the advantage of absence of dendritic growth of Li 
(occurs at ~0 V vs. Li/Li+ ) makes the battery safe [1–4].  

Amorphous TiO2 has been shown to possess a first discharge capacity that is about 
two and a half times higher than its theoretical maximum. However, it shows 
irreversible capacity loss during the first few battery cycles along with capacity 
fading during battery cycling. Its maximum reversible capacity of ~200 mAh g−1 is 
achieved at slow (dis)charge rates [5]. The loss of capacity during the first couple of 
cycles is largely attributed to degradation of the electrolyte on the electrode surface 
due to the presence of residual water or solvents. It appears very difficult to remove 
the surface-adsorbed water and solvent molecules from these high-surface-area 
titanium dioxides [6–8]. Although recent attempts to diminish this initial capacity 

                                                        
i This section is based on “Improving Reversible Capacities of High-Surface Lithium Insertion 
Materials—The Case of Amorphous TiO2,” Swapna Ganapathy, Shibabrata Basak, Anton Lefering, 
Edith Rogers, Henny W. Zandbergen and Marnix Wagemaker, Frontiers in Energy Research, 2, 1-8 
(2014). 
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loss by using pre-lithiation to displace surface chemisorbed –OH groups by lithium 
appear to have been successful for TiO2-(B) nanotubes, this treatment may prove to 
be challenging for larger-scale production [9]. In this study, we show that a 
judicious choice of preparation solvent and extended annealing at moderate 
temperatures in vacuum improves the capacity retention of amorphous TiO2.  

Sample preparation. First, the amorphous titania precursor is prepared by adding 
deionized water drop wise to a mixture of titanium isopropoxide and anhydrous 
acetone in an ice bath as described in Refs. [10,11]. The mixture is then washed 
several times with anhydrous acetone and stored overnight at 50°C. The amorphous 
TiO2 samples are prepared by heating the pre-dried titania precursor in a vacuum 
tube at 80, 100 and 130°C for 4, 8 and 15 days, respectively. These samples will 
henceforth be referred to as A-TiO2-80, A-TiO2-100 and A-TiO2-130. Another set 
of amorphous TiO2 samples is made using a titania precursor prepared in ethanol 
described by Borghols and co-workers [5]. As before, this ethanol-based titania 
precursor is heated in the same environment to obtain E-TiO2-80, E-TiO2-100 and 
E-TiO2-130.  

To check the performance of the different TiO2 samples, electrodes are prepared by 
mixing the TiO2 powder with binder (Kynar Flex) and carbon black (Super P) in a 
weight ratio of 70:20:10 using NMP as a solvent. The mixture is subsequently 
casted on carbon-coated aluminum foil with a doctor blade. Circular pieces are cut 
out, compressed and then used in a battery, with lithium metal as the counter and 
reference electrode. The electrolyte is a 1M solution of LiPF6 in EC:DMC (1:1). 
Electrochemical (dis)charge tests are performed with a MACCOR 5300 battery 
cycler. 

Result and discussion. Representative TEM images for the A-TiO2-130 and E-
TiO2-130 samples are shown in Figure 1. TEM images show that the aggregates of 
the E-TiO2-130 particles are more porous than the A-TiO2-130 particles. Moreover, 
the A-TiO2-130 particles form larger and extremely spherical aggregates. All the 
electrodes prepared from different TiO2 samples are (dis)charged galvanostatically 
within a range from 2.5 to 0.8 V at a rate of C/10, see Figure 2. The A-TiO2-130 and 
E-TiO2-130 samples both showed extremely high specific capacities of 860 and 
1170 mAh g−1, both of which are unprecedented for the amorphous TiO2 polymorph 
[5]. The samples are annealed in vacuum at 100°C. A-TiO2-100 and E-TiO2-100 
also feature high specific capacities after the first discharge at 790 and 800 mAh g−1, 
respectively. This is comparable to what has been reported previously in the 
literature for amorphous TiO2, corresponding to a composition of ~Li2.4TiO2. The 
samples are annealed to 80°C, and A-TiO2-80 and E-TiO2-80 achieved first 
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discharge capacities of 360 and 400 mAh g−1, respectively, which is significantly 
lower than those of the samples annealed at higher temperatures. After 50 battery 
cycles, only A-TiO2-130 and E-TiO2-130 show an appreciable capacity retention of 
220 and 240 mAh g−1, respectively, the latter being the highest value observed for 
pristine amorphous TiO2. 

Figure 1. TEM images of amorphous TiO2 samples (A, B) A-TiO2-130 and (C, D) E-TiO2-130. 

Figure 2. Capacity retention for samples prepared at different temperatures of (a) ethanol and (b) 
acetone for (dis)charge rates at C/10. Solid data points denote charge capacity whereas hollow points 
denote discharge capacity.  

Fourier transform infrared (FTIR) spectroscopy measurements performed on all the 
amorphous samples show that heating the samples to 130°C in vacuum for a 
prolonged time is sufficient to remove all remnants of solvent molecules from the 
TiO2 samples.i For samples prepared in acetone, chemisorbed solvent remained, 
even after being heated for several hours in vacuum at 130°C. For samples prepared 
in ethanol, heating above 100°C causes the chemisorbed ethanol species to oxide 
and form a carboxylate-containing species. Electron energy loss spectroscopy 
(EELS) measurements are performed to get a better indication of the amount of 
carbon in the TiO2 samples prepared in ethanol. Background-subtracted carbon K 
edges are shown in Figure 3. Carbon-K edges of appreciable intensity are observed 
for the E-TiO2-80 sample.  Smaller C-K edge intensities for the E-TiO2-100 sample 
and no C-K edge are observed for the E-TiO2-130 material. This indicates the 
absence of molecular ethanol in E-TiO2-130. Figure 3 shows that the amount of 
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surface carboxylate is very small; in fact, it is only visible in the bulk FTIR 
measurements.  

                             
Figure 3. EELS spectra of carbon K-edge of amorphous TiO2 samples annealed in vacuum at various 
temperatures in ethanol. 

Conclusion. Amorphous TiO2 prepared in acetone and ethanol with extended 
annealing in vacuum leads to a capacity retention of 220 and 240mAh g−1, 
respectively, after 50 cycles. We found no residual solvent for the amorphous TiO2 
samples prepared in acetone. For the samples prepared in ethanol, the surface of the 
amorphous TiO2 is partially functionalized by a small amount of residual functional 
groups coordinated to the oxygen-deficient surface that displaces the more reactive 
hydroxyl groups. We argue that this formation of a more stable SEI layer has a 
dramatic impact on the electrochemistry of nanostructured battery electrodes, 
allowing the reversible capacity to be increased by up to 20%. The results presented 
here provide a simple and effective strategy to improve the performance of high-
surface-area transition-metal oxides. 

1.2. High-performance Si anode from direct depositionii 

Owing to a theoretical capacity of 4200 mAh g−1, Si is considered to be the next-
generation anode material for Li-ion batteries [12]. However, electrode 
pulverization due to the huge volume change resulting from lithium-ion insertion 
leads to a loss of electrical connection and thus a rapid loss of capacity retention 
[13–15]. Various kinds of nanostructured Si materials such as nanowires, 
nanotubes, and nanospheres in a flexible reduce electrode pulverization [16–20]. 
However, large-scale production, i.e. commercialization, appears to be challenging, 
especially considering the low mass loading of Si (<0.5 mg cm−2) [21–23].  
                                                        
ii This section is based on “A High-performance Li-ion Anode from Direct Deposition of Si 
Nanoparticles,”, Yaolin Xu, Ellie Swaans, Sibo Chen, Shibabrata Basak, Peter-Paul R.M.L. Harks, Bo 
Peng, Dana Borsa, Fokko M. Mulder, Nano Energy (Submitted). 
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In this study, the Si anode is prepared using a novel but simple and industrially 
scalable plasma-enhanced chemical vapour deposition (PECVD) technique with 
high active mass loading.  

Sample preparation. Silicon nanoparticles (NP) are deposited directly on a porous 
carbon substrate with no additional carbon or binder by means of an expanding 
thermal plasma (ETP) PECVD process. Silicon nuclei are formed and agglomerated 
into nanoparticles and eventually clusters of particles before they reach the 
substrate. A detailed description can be found in the article ii. 

The performance of the as-deposited Si anodes are tested with a lithium-metal foil 
(Aldrich) as the counter electrode. 1M LiPF6 salt dissolved in a mixture of ethylene 
carbonate (EC), diethyl carbonate (DEC) and fluoroethylene carbonate (FEC) (1:1:1 
in volume) acted as the electrolyte. Electrochemical performance is measured with a 
MACCOR 4600 battery cycler at room temperature.  

Results and discussion. SEM images (Figures 4a–c) illustrate the hierarchically 
multi-branched porous nanostructure of the deposition layers. The resulting porosity 
provides an expressway for electrolyte intrusion and thus for accelerated Li-ion 
transport throughout the electrode in addition to accommodating the volume 
expansion during Li-ion insertion.  TEM images (Figures 4d–f) demonstrates that 
clusters are composed of individual particles about ~20 nm in size. Particles are 
crystalline and nicely spherical in shape with a very thin native SiOx layer on the 
surface. As CVD-based Si deposition is already widespread at the industrial level 
for producing microelectronics and solar cells, the necessary infrastructure is 
already in place for large-scale production.  

The Si electrode with a Si mass loading of 0.5 mg cm−2 at 0.1 A g−1 shows a highly 
stable reversible capacity after the initial (dis)charge, see Figure 5. After 30 battery 
cycles, we obtained a capacity of 1825 mAh g−1, which corresponds to a Coulombic 
efficiency of ~90% as indicated in Figure 5. Considering the amount of SiOx present 
in the sample according to a Raman study, the capacity of Si NPs will be in 
remarkably good agreement with theoretical values.  Further details about the high 
capacity retention and superior rate capability at different mass loading can be 
found in Ref. [ii].  

We attribute the excellent performance of the Si NP electrode to the stable SEI 
formation. The addition of fluoroethylene carbonate (FEC) to the electrolyte has 
proved to be advantageous because it creates a compact and stable LiF-dominant 
SEI layer that limits the further formation of SEI [24–26]. It is anticipated that a SEI 
layer will form on the exposed surface of the individual Si NPs during the first Li-
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ion insertion. As shown in Figures 6b–g, the SEI-covered Si NP clusters after 100 
cycles appear to remain the same typical size as after the first cycle, and the 
microstructure of the electrode is preserved throughout the cycling. Therefore, after  

 

Figure 4. Morphology of as-synthesized Si NP on a porous C substrate. (a) - (c) SEM micrographs of 
the nanostructured Si layer imaged at different magnifications; inset of (a): SEM micrograph of the 
porous C fiber sheet. (d) - (f) TEM image of as-synthesised Si nanoparticle cluster and individual 
particles.  

 

Figure 5. Electrochemical performance of Si NP electrode with mass loading of 0.5 mg cm−2 at 
0.1 A g−1 over 30 battery cycles. The calculated Coulombic efficiency of the electrode is also shown. 
The performance of a carbon substrate using exactly the same system and parameters is shown for 
comparison.  
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Figure 6. Morphology of Si NP electrodes at three different stages: pristine, after first cycle and after 
100th cycle cycling at 0.8 A g−1. (a) Schematic of the morphology change. (b) - (g) SEM images 
showing Si NP at different stages: (b) - (c): pristine; (d) - (e): after first cycle; (f) - (g): after 100th 
cycle; (h) - (k): STEM-EDX result: layered image and element mapping of Si, O and F, respectively, 
on electrode after 100 battery cycles. 

the rigid protective SEI is formed, it apparently stays largely intact during later 
cycles, and the volume change of individual particles is accommodated by the space 
available between individual particles and their SEI. In this way, the contact 
throughout the electrode is not destroyed, as illustrated in Figure 6a. The uniform 
growth of the SEI layer can be seen in the similar distribution of the F element 
(mostly from LiF in the SEI layer), with Si and O elements spreading throughout 
the NP clusters, see Figures 6h–k.  

Conclusions. The binder/carbon-free Si NP anode synthesized via a noble PECVD 
process is a particularly rapid and scalable method to synthesize Si anodes of Li-ion 
batteries. Excellent cycling stability results from the formation of locally protective 
SEI on individual nanoparticles throughout the electrode. This not only reinforces 
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the mechanical strength of single particles as well as the entire electrode, it also 
protects the electrode from pulverization.  

1.3. Li6PS5Br solid electrolyte for fast Li-ion transport iii 

Solid electrolytes are currently attracting considerable attention because of their 
excellent chemical and physical stability, wide voltage window and non-
flammability [27,28]. However, one of the main obstacles impeding the 
development of solid-state batteries is the low Li-ion conductivity of solid 
electrolytes at room temperature [29,30].  

An important family of sulfide-based solid electrolytes are the Li6PS5X (X=Cl, Br 
and I) that provide Li-ion conductivities in the range of 10−2 – 10−3 S cm−1 at room 
temperature [31]. The high conductivity and low cost of the basic materials makes 
them promising candidates for solid-state batteries. 

In this study, we show the effect of annealing on increasing the Li-ion conductivity 
of Li6PS5Br.  

Sample preparation. Li6PS5Br is synthesized by mechanical milling. Briefly, a 
stoichiometric amount of Li2S, P2S5 and LiBr powders (all obtained from Sigma-
Aldrich) are ball-milled under argon atmosphere at 500 rpm. After the ball-milling 
process, half the sample is set aside and hereafter referred to as BM-Li6PS5Br. The 
rest is sealed in a quartz tube, annealed at 300oC for 5 hours, and then ball-milled 
again to obtain a different set of electrolytes hereafter referred to as AN-Li6PS5Br. 

These solid electrolytes are tested in Li2S/Li6PS5Br/In batteries at a current density 
of 0.064 mA cm−2 between 0 and 3.5 V vs. In (i.e., 0.62–4.12 V vs. Li/Li+).  

Results and discussion. From our AC impedance measurementsiii with BM-
Li6PS5Br and AN-Li6PS5Br, we found that the bulk conductivities of BM-Li6PS5Br 
and AN-Li6PS5Br are roughly the same, whereas the grain boundary conductivity 
improves by 3 orders of magnitude due to annealing.  

Figures 7a and 7c are BF-TEM images of BM-Li6PS5Br and AN-Li6PS5Br, 
respectively, and Figures 7b and d show the corresponding diffraction patterns. The 
presence of a ring-like diffraction pattern of the BM-Li6PS5Br sample reveals its 
polycrystalline nature. Further annealing and milling increases the grain size of the 
sample, making it more crystalline, as can be derived from the well-crystalline 

                                                        
iii This section is based on “Revealing the annealing effects on Li-ion mobility in Li6PS5Br solid 
electrolyte synthesized by mechanical milling route,” Chuang Yu, Swapna Ganapathy, Ernst R.H. van 
Eck, Shibabrata Basak, Henny W. Zandbergen, Marnix Wagemaker (in preparation). 



 High-Capacity and High-Power Batteries Using Electron microscopy 
 

 50 

nature of the diffraction pattern shown in Figure 7d. We argue that the decrease in 
grain boundary resistance may be a consequence of the increase in the crystallinity 
of the AN-Li6PS5Br sample compared to that of BM-Li6PS5Br. The STEM-EDX 
mapping of the BM-Li6PS5Br sample shown in Figure 7f shows a uniform 
distribution of S, P and Br, which indicates a homogeneous distribution of the 
elements in the prepared Li6PS5Br electrolyte.  

 

Figure 7: Bright-field TEM images (scale bar is 100 nm) and their corresponding diffraction patterns 
for (a, b) BM-Li6PS5Br and (c, d) AN-Li6PS5Br). (e, f) STEM image and EDX mapping of the BM-
Li6PS5Br sample. The yellow, green and red dots represent the distribution of S (red), Br(yellow), and 
P (green) respectively. 

Figure 8. (a) Comparison of the first four cycles of the assembled Li2S/Li6PS5Br (BM and AN)/In 
solid-state batteries at a current density of 0.064 mA cm−2 applied between 0 and 3.5 V vs. In. (b) 
Comparison of capacity retention with the two different solid electrolytes.                                             

In Figure 8a, the (dis)charge curves of the first four cycles showed no obvious 
(dis)charge plateau and a very low discharge capacity of less than 50 mAh g−1 for 
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the solid-state cell using BM-Li6PS5Br. In contrast, the charge curve of the solid-
state cell with an AN-Li6PS5Br solid electrolyte produced two distinct charge 
plateaus located at 1.8 and 2.3 V vs. In and a discharge plateau at 1.4 V vs. In. 
Moreover, the solid-state cell with AN-Li6PS5Br showed a much higher initial 
discharge capacity of 450 mAh g−1. The superior performance of AN-Li6PS5Br can 
further be seen in Figure 8b. After 25 cycles, the discharge capacity with the AN-
Li6PS5Br electrolyte shows a stable value of 500 mAh g−1. In sharp contrast, the 
solid-state battery using BM-Li6PS5Br as a solid electrolyte shows a very poor 
discharge capacity: After 20 cycles, the discharge capacity almost goes to zero.  

Conclusion. A fast lithium-ion conductor Li6PS5Br is successfully synthesized by 
direct mechanical milling. Superior electrochemical performances with AN-
Li6PS5Br as electrolyte are due to improved grain boundary conductivity resulting 
from increased sample crystallinity.  

2. Na-ion batteries 

Owing to the analogy between Li and Na ions, different types of materials that have 
been applied in Li-ion batteries are also candidates for application in Na-ion 
batteries [32–34]. Thus, based on Si as a promising anode material for Li-ion 
batteries, research interest has also been focused on Si as an anode for Na-ion 
batteries. With a theoretical capacity of 954 mAh g−1, Si can be a very suitable 
material for Na-ion battery anodes. Until now, however, reversible sodium insertion 
has been unsuccessful [35,36].  

2.1. Reversible Na-ion uptake in Si nanoparticles iv 

Anticipating the advantage of nanoscaling for the kinetics of ion insertion and 
extraction, and considering the fact that amorphous Si is more favorable for Na 
insertion, we have studied much smaller Si particles (~20 nm) containing a large 
proportion of amorphous Si obtained via expanding thermal plasma chemical vapor 
deposition (ETPCVD) of silane [37–40]. To our knowledge, this is the first time 
reversible Na-ion uptake in Si has been achieved experimentally for a significant 
capacity. 
 
Sample preparation. Electrodes are prepared using a slurry created by mixing Si 
nanoparticles obtained from ETPCVD, a sodium carboxymethyl cellulose binder 

                                                        
iv This section is based on “Reversible Na-ion uptake in Si nanoparticles,” Yaolin Xu, Ellie van 
Swaans, Shibabrata Basak, Henny W. Zandbergen, Dana Borsa, Fokko Mulder, Adv. Energy Mater. 
2016, 6, 1501436. 
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(NaCMC) (Aldrich) and Super P-conductive carbon black in a weight ratio of 5:3:2 
in deionized water. The well-mixed slurry is casted onto a Cu foil (Goodfellow) 
with a doctor blade, then dried in a vacuum oven and rolled with a compressor for 
good electronic contact. 
The electrodes are tested with a Na metal foil as counter electrode. 1M NaClO4 
dissolved in ethylene carbonate (EC) and propylene carbonate (PC) (1:1 in volume) 
is used as the electrolyte. Electrochemical performance is measured with a 
MACCOR 5300 battery cycler. 
 
Results and discussion. Figure 9a shows bundles of Si nanoparticle clusters having 
treelike morphology with micron-sized fiber branches consisting of small 
nanoparticles. Figure 9b demonstrates the presence of crystalline as well as 
amorphous Si particles. Both appear to be nicely spherical. The crystalline Si 
particle has an oxidized surface layer due to air exposure. Raman measurements 
show that the amount of amorphous Si is significant (c-Si: a-Si = 0.39: 0.61) iv. 
 

Figure 9. (a) SEM images of Si nanoparticle clusters. (b) TEM images of Si nanoparticles. 

   
Figure 10. Capacity retention and Coulombic efficiency of the Si electrode at 20 mAg−1.             

Figure 10 demonstrates an initial sodiation capacity of 1027 mAh g−1 for Si at 
20 mAg−1, which is higher than the theoretical capacity of 954 mAh g−1 for NaSi. A 
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large part of this initial capacity is attributed to the irreversible formation of a solid 
electrolyte interface (SEI) layer on the surface of Si. The subsequent Na-ion 
extraction process achieves a capacity of up to 270 mAh g−1, indicating that a 
significant proportion of Na is stored reversibly, in addition to the large irreversible 
part. The Coulombic efficiency of the electrode for up to 100 battery cycles remains 
at around 90%. Further details on the performance of the Si electrodes can be found 
in the article iv.  

Conclusion. The Si electrode prepared using ETPCVD produced a sample 
containing both amorphous and crystalline Si nanoparticles that demonstrate an 
excellent capacity retention of 248 mAh g−1 after 100 cycles at 20 mAh g−1, which is 
the report of sizeable reversible Na uptake in a Na-ion battery. 

3. Li-S batteries  

As next-generation energy storage materials, lithium-sulfur (Li-S) batteries 
have become increasingly attractive owing to their high gravimetric density of 
2600 Whk g−1 and specific capacity of 1671 mAh g−1. In addition, sulfur is a 
highly cost-effective and environmentally benign element [41]. However, the 
overall performance of current Li-S batteries is impeded by the inherently 
poor electronic and ionic conductivity of sulfur and the dissolution of higher-
order polysulphides phases (Li2Sn, where 8 ≥ n ≥ 2) during cycling, which 
causes irreversible loss of active material.  

3.1. Graphene-graphene oxide-based cathodes for Li-S batteriesv  

Here we report binder-free, 3-D, vertically aligned, few-layered graphene (FLG) 
electrodes filled with partially reduced graphene oxide-sulfur nanocomposites 
(PrGO/S) for high-performance Li-S batteries. This cathode provides several key 
advantages over conventional 2-D planar electrode morphology: (i) improved 
electrical conductivity and high sulfur loading in the interconnected microporous 
FLG network, (ii) ease of electrolyte accessibility owing to its highly interconnected 
nature and (iii) uniform distribution of micro/macropores confining the polysulfide 
shuttle within the cathode matrix and improving the active material utilization [42]. 

Sample preparation. Details of the cathode fabrication can be found in the articlev. 
In short, predetermined amounts of sulfur (Sigma Aldrich) and partially reduced 

                                                        
v This section is based on “3-D Vertically Aligned Few Layer Graphene – Partially Reduced 
Graphene Oxide/Sulfur Electrodes for High Performance Li-Sulfur Batteries,” D.P. Singh, N. Soin, 
S. Sharma, S. Basak, S. Sachdeva, P. Gonugunta, S.S. Roy, H.W. Zandbergen, J.A. McLaughlin, M. 
Huijben, and M. Wagemaker, Advanced Materials Interfaces (Submitted). 
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GO powders are mixed in toluene and ball-milled in an argon atmosphere for 60 to 
90 minutes to obtain a homogeneous mixture. The mixture is then melt-infiltrated at 
130oC in an argon atmosphere, and the PrGo/S is subsequently drop-cast on 
vertically aligned FLG.  

Results and discussion. The elemental mapping of PrGO/S composites revealed a 
homogeneous dispersion of sulfur on the PrGO sheets. Owing to the melt-
infiltration process to synthesize 3-D FLG/PrGO-S, a thin layer of sulfur 
nanoparticles as well as larger discrete particles are observed embedded in the 
matrix, as evident from the elemental mapping in Figure 11.  

Figure 11. The elemental maps of (a) C (b) S (c) O and (d) overlay show a uniform distribution of 
sulfur for PrGO/S. The scale bar represents 100nm. 

                           
Figure 12: Lifecycle profile of 2-D PrGO/S and 3-D FLG/PrGO-S electrodes at C/10 and 1C rates. 

To elucidate the performance-enhancing role of the 3-D electrodes, the discharge 
performance is compared with the PrGO/S composites with equivalent sulfur 
loading (~80 wt%). The PrGO/S electrode showed an initial discharge capacity of 
1080 mAh g−1 at a rate of C/10 compared to an initial value of 1280 mAh g−1 for the 
3D FLG/PrGO/S electrode (Figure 12). However, the capacity continued to drop 
after subsequent cycles, suggesting the dissolution of soluble Li-polysulfides in the 
liquid electrolyte, which 3D FLG/PrGO/S electrode can deliver ~900mAh g−1 after 
same number of cycles. This significant better performance of 3-D FLG/PrGO-S 
electrodes compare to planar PrGO/S electrodes suggest that the 3-D microstructure 
with interconnected ionic and electronic transport pathways lowers the overall 
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charge transport resistance and facilitates excellent electrical and ionic transport in 
the entire electrode matrix [44–46]. The higher rate performance of the cathode is 
described in detail in ref. [v]. 

Conclusion. Using multifunctional composites with 3-D architectures, we are able 
to achieve electronic and ionic conductivity, facilitate electrolyte accessibility and 
confine the polysulfide shuttle within the matrix. This leads to excellent cycling 
capabilities and capacity of Li-S batteries.   

4. Li-air batteries 

The prospect of using Li-O2 systems to replace gasoline for automotive applications 
has thrust battery research into the limelight [47,48]. However, there are several 
fundamental obstacles to be overcome before this battery system can work 
effectively. These include the high overpotentials observed during (dis)charge that 
lead to low cycle energy efficiency, slow kinetics due to poor electronic and ionic 
conductivity, and several side reactions involving the electrolyte and electrodes that 
result in poor cyclability [49–52]. Even if a stable electrolyte is found, capacity 
fading will occur due to the incomplete oxidation of Li2O2 upon charging, which is 
a consequence of the poor ionic and electronic conduction of Li2O2 [53]. The 
progressive buildup of inactive Li2O2 during repeated battery cycles, in addition to 
byproduct accumulation, eventually causes cell failure. The main factors 
influencing Li2O2 morphology, and hence cell capacity, are the current density and 
the solubility of the LiO2 intermediate [54,55]. Poor LiO2 solubility by the 
electrolyte, i.e. low donor numbers, promotes the formation of a passivating Li2O2 
film, which is even more pronounced for high current densities, leading to early cell 
death [55].  

4.1. Using nanoseed crystals to control peroxide morphology vi 

A potential approach to mitigate the passivating formation of an amorphous Li2O2 
film at high rates is to promote the formation of nano-sized Li2O2 crystallites at the 
electrode surface. A method to control the grain size and prevent agglomeration is 
to add grain-refining agents, as is frequently done in metallurgy [56]. Grain 
refinement involves adding particles that act as substrates or seeds for 
heterogeneous nucleation, and that also promote equiaxed grain formation, which in 
the case of alloying can compete with dendritic crystal nucleation and growth [56]. 
                                                        
vi This section is based on “The Use of Nano Seed Crystals to Control Peroxide Morphology in a 
Non-Aqueous Li-O2 Battery,” Swapna Ganapathy, Zhaolong Li, Maria S. Anastasaki, Shibabrata 
Basak, Xue-Fei Miao, Kees Goubitz, Henny W. Zandbergen, Fokko M. Mulder and Marnix 
Wagemaker, Journal of Physical Chemistry C, 120, 33, 18421-18427 (2016). 
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Mesoporous NiO sheets in their cubic crystalline form have already been 
demonstrated to work as a non-noble-metal-based catalyst for Li-O2 battery systems 
to promote the decomposition of Li2CO3 [57,58].  Interestingly, NiO in its 
hexagonal form is structurally similar to Li2O2 and has an a,b-lattice parameter 
(2.973 Å) close to that of Li2O2  (3.135 Å). This makes hexagonal NiO an attractive 
candidate for grain refiner for Li2O2 in Li-O2 batteries.  

Sample preparation. Gas diffusion electrodes are prepared by mixing activated 
carbon (AC) and NiO (Figure 13) nanoparticles having AC:NiO weight ratios of 
95:5 (AC-NiO-1) and 33.3:66.6 (AC-NiO-2), respectively, or only AC and a 
lithiated Nafion® binder having a weight ratio of 90:10 for AC-NiO/AC:binder and 
subsequently cast on carbon paper (Spectracarb 2050a). These gas diffusion 
electrodes are then dried in vacuum at 100°C for 24 h to remove all traces of 
surface-adsorbed water before the disks are punched.  

 

Figure 13: TEM images show an agglomerate of NiO nanoparticles in different magnifications. 
HRTEM image indicates the hexagonal {10-10}/{1-100} d spacing.  

Batteries comprising a cathode, a glass microfiber (Whatman) soaked with 
electrolyte and a Li-metal anode are assembled in a glove box (Argon, O2 and H2O 
<0.1 ppm) in our home-built cells for non-aqueous Li-O2 batteries. 1M lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI, Aldrich) dissolved in dried and 
distilled tetraethylene glycol dimethyl ether (TEGDME <5 ppm H2O, Aldrich) acts 
as the electrolyte.  Once connected to O2 (Linde, 99.995%), the cell is allowed to 
equilibrate for 2–6 h under an O2 pressure of 1.2 bar. Galvanostatic (dis)charge 
cycles are performed using a MACCOR 5300 battery cycler. 
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Results and discussion. The evolution of the a,b-lattice parameters of Li2O2, shown 
in Figure 14a, is distinctly different for the AC-NiO-1 and AC electrodes during 
Li2O2 formation and subsequent decomposition. The Li2O2 that formed on the AC-
NiO-1 electrode during the initial stages of discharge results in an a,b-lattice 
parameter that started at 3.074±0.004 Å and further increased to 3.129±0.001 Å at 
the end of discharge. In contrast to this, the a,b values of Li2O2 that forms on the AC 
electrode start at 3.143±0.002 Å and decrease to 3.136±0.0004 Å at the end of 
discharge, as revealed by operando XRD measurements.  

 

Figure 14. (a) Evolution of the Li2O2 a,b-lattice parameter in the AC-NiO-1 cathode as a function of 
(dis)charge time. The evolution of the Li2O2 a,b-lattice parameter in the AC electrode is shown at the 
same capacity. (b)-(e) SEM-EDX elemental mapping of a region of an AC-NiO-2 electrode, completely 
discharged at a current density of 50 µA cm−2 to 2.2 V cutoff, showing maps of (b) C (c) Ni (d) O and 
(e) overlaid with purple = C; yellow = Ni; and green = O. The scale bar corresponds to 5 µm. (f) 
Restricted capacity cycling performance of AC-NiO-1/2 and AC electrodes at a current density of 100 
µA cm−2. The cutoff capacity is set to 0.3 mAh cm−2. 

The smaller lattice parameters of peroxide that initially formed on the AC-NiO-1 
electrodes can be attributed to the epitaxial growth of Li2O2 on NiO nanoparticles 
(a,b-lattice parameters 2.973 Å). As the discharge proceeds, Li2O2 particles grow 
and the a,b-lattice parameters tends to the bulk Li2O2. Furthermore, the deviation of 
the average a,b lattice parameters of the electrochemically formed Li2O2 in AC-
NiO-1 and AC unambiguously proves that the majority of Li2O2 formation takes 
place on the NiO particles. 
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To visualize Li2O2 on the surface of an electrode consisting of NiO at the end of 
discharge, scanning electron microscopy with energy-dispersive X-ray spectroscopy 
(SEM-EDX) is performed on electrodes of AC-NiO-2. The high NiO content of this 
sample makes it easier to see the dispersed NiO and yields elemental maps, see 
Figures 14b–e of the carbon and oxygen K edges and the nickel L edge. As can 
clearly be seen in Figure 14e, the oxygen from Li2O2 is preferentially found on the 
parts of the electrode where Ni is present, whereas the area of the electrode 
consisting predominantly of C remains mostly uncovered.  

Note that all Ni in Figure 14e should be considered NiO because oxygen are present 
in the same area in the elemental map, see Figure 14d. The apparent variation in 
Ni/O intensity indicates that Li2O2 does not cover the complete NiO surface and, 
consequentially, the uncovered NiO surface will appear to have a larger Ni/O ratio 
than the Li2O2-covered NiO.  

Figure 14f compares the electrochemical performance of AC, AC-NiO-1 and AC-
NiO-2 electrodes. Upon restricted capacity cycling (0.3 mAh cm−2), the AC-NiO-1 
electrode completely regains its discharge capacity on charge for more than 20 
cycles, whereas the AC-NiO-2 electrode retains its capacity for 40 cycles. We 
anticipate that the improved cycling stability we observed is due to the epitaxial 
formation of Li2O2 on NiO, which suppresses the formation of any passivating thin 
Li2O2 film and keeps the Li2O2 crystallites smaller, both of which promote 
reversibility. As more NiO is present in the AC-NiO-2 electrodes, relatively more 
Li2O2 will form on NiO, which explains the better cycling performance when more 
NiO is present, although in practice this will compromise the energy density. 

Conclusion. The observed average changes in the Li2O2 lattice parameters suggest 
that a relatively large proportion of the Li2O2 formed upon discharge is affected by  
NiO, which increases battery capacity and prolongs cycle life. Therefore, the 
presented grain-refining strategy calls for further research into materials that can act 
as seed crystals while catalysing the Li-air redox reactions, preventing side 
reactions and achieving good electronic conductivity.   
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CHAPTER 4 
OPTIMIZATION OF EXPERIMENTAL PARAMETERS FOR 

RELIABLE TEM INVESTIGATION OF LI-O2 BATTERY  

 

 

To understand the performance of Li-O2 batteries, transmission electron microscopy (TEM) 
is needed in order to obtain chemical and structural details of the discharge products at a 
very local scale. However, degradation of the sample upon air exposure and electron-beam 
irradiation poses challenges. In this chapter, we evaluate experimental procedures to reduce 
electron-beam degradation and present methods to deal with air sensitivity. This will allow 
us to acquire reliable data from TEM measurements. The sample’s air sensitivity can be 
addressed by using a vacuum transfer TEM holder. As with electron-beam degradation, we 
show that Li2O2 decomposition under e-beam irradiation is some 4–5 times more severe at 
80 than at 200 kV, and the decomposition is completely dose-dependent. We also show that 
low-dose-rate STEM exposure is useful to keep the sample in its pristine state.  We further 
demonstrate that a “graphene cell”, which encapsulates the sample between graphene 
sheets, can protect it against damage due to air and e-beam exposure.  
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1. Introduction  

In the context of foreseeable fuel shortages and the growing emphasis on green 
technologies, electrification of road transportation is a potential solution for 
environmental protection. Lithium−O2 batteries, whose theoretical energy density is 
comparable to that of gasoline, have the potential to become the battery of choice 
for electric vehicles [1-3]. Worldwide research over the past five years has made 
huge strides toward understanding their complex chemistry [4-6]. However, high 
overpotential during charging, poor capacity retention and low cycle life are still the 
main impediments to their practical application [7,8].  

The morphology of Li2O2 is reported to determine the reversibility and charge 
overpotential of such batteries. Small peroxide particles lead to lower charge than 
large ones do [9,10]. The morphology of the discharge products also depends on the 
type of carbon support and electrolytes used [11]. 

In addition to the desired Li2O2, several undesirable discharge products are also 
formed. Depending on the electrolyte and current density, a significant amount of 
irreversible Li2O is found [8]. Several carbonate-based products, including lithium 
carbonates, are reported due to the decomposition of electrolytes, especially in 
carbonate-based electrolytes [12]. Ether-based electrolytes, which are less prone 
than carbonate-based electrolytes to superoxide attack, are considered a better 
choice for Li-O2 batteries because they generate mainly Li2O2 as a discharge 
product [13].  Carbon, which is the most common material of the porous cathode 
support, also can cause carbonates to form due to side reactions with the electrolyte 
[14].  Recently, several carbon-free support cathodes such as nanoporous gold, 
indium-tin oxide and titanium nitride have been used to avoid the parasitic reactions 
involving carbon and electrolyte and/or Li2O2, and hence to reduce the charge 
overpotential and improve the cycling performance of Li-O2 batteries [5,15,16]. 

Several papers have reported the use of catalyst/promoter nanoparticles dispersed 
on a porous cathode support to improve the (dis)charge overpotential and prolong 
cycle life [15,16]. Nevertheless, the working mechanisms of these catalysts are far 
from understood. It is speculated that the catalyst particles control the growth of 
Li2O2 facets and facilitate the growth of kinetically active facets, thus improving the 
reaction kinetics. This necessitates structural and chemical investigations on 
discharge products at the nanometer scale to determine any probable 
crystallographic and/or compositional variations between the discharge products 
grown on catalyst particles and other areas on the cathode. Furthermore, if the 
discharge product can be analysed in relation to different carbon and non-carbon 
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cathode supports, binders and electrolytes, the chemistry of Li-O2 batteries can be 
better understood.  

Detailed TEM investigations allow crystallographic and compositional analyses of 
the discharge products at a local scale. However, discharge products are sensitive to 
air and electron beams. This poses a challenge to retaining the pristine form of the 
sample throughout the TEM measurements, which jeopardizes a reliable analysis. In 
this chapter we evaluate the possible ways to avoid air and e-beam degradation such 
that discharge products can be analysed in their pristine form.  

2. Experimental details  

Li2O2, Li2O and Li2CO3, obtained from Sigma Aldrich, are used as samples to 
determine the best conditions to prevent air and e-beam degradation. After crushing 
a sample, we prepared a suspension in anhydrous hexane and dripped it onto TEM 
grids.  The entire sample preparation is done inside a glove box filled with argon 
and O2 and H2O levels of <10 ppm and <1 ppm, respectively. To prevent O2 contact 
with the sample, TEM grids are loaded into a custom-made vacuum transfer TEM 
holder inside the glove box. A standard TEM holder is used for experiments using a 
“graphene cell”.  

2.1. Graphene cell preparation 

A “graphene cell”, in which Li2O2 particles are encapsulated between graphene 
sheets, is prepared in the following way. First, multilayer graphene films (3–4 
layers) are transferred onto standard holey-carbon TEM grids, following the 
procedure described in [17]. In brief, standard Au Quantifoil grids with holey 
carbon films are placed on top of CVD-grown graphene on copper foil, to which 
drops of isopropanol are applied. During evaporation of the isopropanol, the holey-
carbon film of the grid becomes attached to the graphene. The copper is then etched 
away with a FeCl3 solution, and the graphene-coated grids are rinsed several times 
with deionized water. Finally, the grids are removed from the water and left to dry 
on filter paper at ambient temperature.  

Two such grids form the scaffold of a graphene cell. It is prepared by applying  
drops of hexane suspension (containing the Li2O2 particles) to a graphene grid with 
the graphene side facing up and, just before the solution has evaporated completely, 
placing the second graphene grid on top with the graphene side facing down. As the 
hexane evaporates, the graphene sheets adhere to each other, thus encapsulating the 
Li2O2 particles. The preparation of a graphene cell, which is done inside the argon 
glove box, is schematically shown in Figure 1.  
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Figure 1: Schematic illustration of graphene cell preparation. The process is performed inside an 
argon glove box. (a) Holey carbon TEM grid with graphene film; (b) Li2O2 suspension in hexane is 
dripped onto the grid. Before the hexane has evaporated completely, another grid is placed on top of 
it. (c) As the hexane evaporates, the graphene films become attached to each other, thus encapsulating 
the Li2O2 particles and forming a “graphene cell”. 

2.2. TEM measurements and dose calculation 

TEM measurements are performed in a FEI Tecnai microscope equipped with a 
Gatan EEL spectrometer and operated at 80 and 200 kV. EEL spectra are recorded 
in diffraction mode with a resolution of 0.7 eV, determined from the full width at 
half maximum of the zero-loss peak. Li-K and O-K edges are recorded for 
acquisition times of 0.1 and 5 s, respectively.  

An electron beam current I is calculated in nA using the relation I = 2.2 E/t, where E 
is the emulsion setting (=2 in our case) and t is the exposure time on screen in 
seconds. The electron dose is calculated from the beam current. 

2.3. Fit procedure for EELS series 

Upon e-beam exposure, Li2O2 gradually decomposes to Li2O. Therefore, upon e-
beam irradiation, the proportion of Li2O2 present in the sample eventually decreases 
with increasing Li2O. To determine what experimental conditions will prolong 
keeping Li2O2 in its pristine state during TEM analyses, time-evolved EELS series 
are acquired for different experimental conditions.  

The proportion of Li2O2 present at each instant of an EEL spectra series is 
calculated in the following way. Background-subtracted pristine Li2O2, designated 
by the presence of no peak at 533 eV, and 50% decomposed Li2O2, designated by 
the same intensity 530 and 533 eV peaks, serve as two reference spectra. To 
determine the proportion of Li2O2 present in a spectrum, the background is 
subtracted from the spectrum and a least-squares fit is used to calculate the two 
scale factors that should be applied to the reference patterns so their sum would be 
the best match for the spectrum under consideration. To allow an automated 
analysis of all spectra, we programmed a simple computer routine. Even though we 
took extreme care to choose an area with similar particles for all the different series, 
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thickness variations between different areas cannot be eliminated. Moreover, as the 
thickness variations in the sample may affect the EELS edge profile, which in turn 
will affect our ability to quantify the proportion of Li2O2, we always assigned the 
reference spectra from the corresponding series. In the case where the first spectrum 
of the series already contained a peak at 533 eV, a spectrum from another area with 
no peak at 533 eV is used as the first reference. Note that such reference spectra can 
lead to a less reliable analysis. 

3. Results  

In Li-O2 batteries along with the reversible discharge product Li2O2, the formation 
of Li2O and Li2CO3 is likely, depending on the conditions discussed above. 
Therefore, we chose to investigate the effect of air and e-beam exposure on these 
chemicals. Electron energy loss spectroscopy (EELS) is a very powerful technique 
that can provide detailed chemical information about the sample under TEM 
investigation [18]. Background-subtracted Li-K and O-K edge EEL spectra 
acquired from Li2O2, Li2O and Li2CO3 are shown in Figures 2a and b, respectively. 
These EEL spectra are in good agreement with previously reported XAS spectra 
[19]. The unambiguous differences between the spectra of Li2O2, Li2O and Li2CO3 

are due to differences in the local Li and O environments in these compounds. 
These spectra can be used as reference spectra to verify the chemical compositions 
of the Li-O2 battery discharge product. One of the predominant differences in the 
EEL spectra is the O-K edge position of the Li2O2 (at 530 eV) and Li2O (at 533 eV). 
Therefore, we chose to monitor the O-K edge for further study.   

 

Figure 2: Li2O2, Li2O and Li2CO3 EEL spectra at the (a) Li-K and (b) O-K edge. 

The sensitivity of Li2O2 to air is shown in Figure 3. The EEL spectrum acquired 
from Li2O2 exposed to air is quite different from that of unexposed Li2O2. This 
demonstrates that air exposure alters the pristine Li2O2 sample. To avoid any air 
contact, we used our homemade TEM holder with vacuum transfer stage. 
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Figure 3: Effect of air exposure on Li2O2 is shown by the O-K edge EEL spectra.  

Electron-beam irradiation in a TEM can change the pristine nature of Li2O2 and 
Li2CO3 samples. Figure 4a shows the typical evolution of the O-K edge Li2O2-EEL 
spectra exposed to an e-beam of 200 kV. Increasing e-beam exposure reduces the 
intensity of the peak at 530 eV and creates a new peak at around 533 eV. The 
simultaneous decrease of the peak at 530 eV and the increase of the peak at 533 eV 
with e-beam exposure shows that e-beam irradiation transforms Li2O2 into Li2O. 
Figure 4b and c show that e-beam irradiation transforms single-crystalline Li2O2 
particles into polycrystalline Li2O. It is apparent that this transformation does not 
proceed via core-shell growth with Li2O being the newly formed shell. Like Li2O2, 
Li2CO3 is also transformed into Li2O, as can be concluded from Figure 4d.  

In order to have reliable chemical and structural analyses of the discharge products, 
it is essential to keep the sample in its pristine state throughout the measurements. 
Thus, the transformations of discharge products due to air exposure and e-beam 
irradiation have to be eliminated. Using a vacuum transfer TEM holder eliminates 
air exposure of the TEM sample during the transfer process. Thus, air contact with 
the sample can be completely avoided if the TEM sample is prepared and loaded 
onto a vacuum transfer TEM holder in a glove box. Even though it is not possible to 
eliminate e-beam irradiation damage completely, suitable imaging conditions allow 
the onset of decomposition to be delayed as long as possible, thus providing the 
opportunity to acquire information about the pristine sample. Therefore, the main 
goal of the research reported in this chapter is to find suitable imaging parameters 
that delay the onset of Li2O2 decomposition; they will be discussed in the following 
sections.  
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Figure 4: Effects of e-beam irradiation on Li2O2 and Li2CO3 are revealed by the O-K edge EEL 
spectra shown in (a) and (d), respectively. Li2O EEL spectrum is given as a reference. All O-K edge 
EEL spectra are acquired at 200 kV for an acquisition time of 5 s using a vacuum transfer holder. 
Owing to e-beam exposure, (b) single-crystalline Li2O2 particles are transformed into (c) 
polycrystalline Li2O. 

It is well known that the acceleration voltage plays a significant role in the extent of 
e-beam damage [20,21]. To check the effect of acceleration voltage in the 
decomposition rate of Li2O2, EELS measurements are carried out at 80 and 200 kV 
with the same electron dose rate of 8900 enm−2s−1. Figure 5 compares the O-K edge 
EEL spectra acquired at 80 and 200 kV from a fresh area of the sample that had not 
been subjected to prior e-beam exposure. We should bear in mind that the pristine 
area is exposed to e-beam irradiation during the acquisition time of the EEL 
spectrum (5 s). The sample is exposed to additional irradiation for about 5 s, which 
is the time required to set up the microscope for EEL spectrum acquisition. 
Therefore, for the EEL spectra under consideration, the fresh areas are actually 
exposed to e-beam irradiation for a total of about 10 s. The EEL spectrum acquired 
at 80 kV shows peaks at 530 and 533 eV, and the intensity of the peak at 533 eV is 
higher than that at 530 eV. This indicates that a large proportion of the Li2O2 has 
been transformed into Li2O. The EEL spectrum acquired at 200 kV with the same 
electron dose shows no detectable peak at 533 eV, meaning that no decomposition 
has occurred, and that it takes around 4–5 times the electron beam dose to transform 
a similar amount of Li2O2 into Li2O at 200 than at 80 kV. This shows that e-beam 
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irradiation damage for Li2O2 is faster at 80 than at 200 kV. Thus, to prolong the 
pristine nature of Li2O2, it is better to image at 200 than at 80 kV.  

 

Figure 5: Comparison of the e-beam irradiation effect on Li2O2 at different acceleration voltages. 
Both spectra are recorded from a fresh spot of the sample with an electron dose rate of 8900 enm−2s−1.  

The Li2O2-to-Li2O transformation also occurs at 200 kV. Figure 6a shows how the 
proportion of Li2O2 is decreased in the sample for an e-beam dose rate of 
8900 enm−2s−1. To demonstrate this effect, consecutive EEL spectra are acquired 
every 10 seconds during e-beam exposure from the same area of the Li2O2 sample. 
The proportion of Li2O2 is determined from each spectrum. Please refer to the 
experimental section for a detailed description of the procedure. The graph in Figure 
5 shows that, for a dose rate of 8900 enm−2s−1, the onset of Li2O2 decomposition 
starts after 20 seconds of e-beam exposure. Thus, pristine Li2O2 is retained for the 
first 20 seconds of e-beam exposure. Further irradiation decreases the proportion of 
Li2O2, 50% of which decomposed within 160 seconds. 

To check how the onset of decomposition depends on the dose rate, we repeated the 
experiment with different dose rates. Figure 6b compares the time required to 
initiate Li2O formation for 1900, 8900 and 38000 enm−2s−1. For a dose rate of 
1900 enm−2s−1, the onset of decomposition is delayed for 60 s, whereas for dose 
rates of 38000 enm−2s−1 and beyond, no onset of decomposition is observed (first 
acquired EEL spectra show a presence of Li2O). Therefore, the decomposition onset 
can be delayed by using a lower dose rate. The dependence of the decomposition on 
the total electron dose will be addressed below. The typical decomposition trends of 
Li2O2 at different electron dose rates are shown in Figure S-1.  
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Figure 6: (a) Typical decomposition trend of Li2O2 with a dose rate of 8900 enm−2s−1; (b) Effect of 
electron dose rate to initiate Li2O formation.  All these data are for 200 kV irradiation.  

To verify the decomposition trend, we have repeated the experiments for each dose 
rate. Variations in decomposition time can be found for different measurements at 
the same dose rates, see Figure S-2a. These differences can be attributed to different 
sample thicknesses, where thin samples tend to decompose faster, as reported by 
Egerton [20]. We have also observed the slow transformations of thick Li2O2 
samples (not included here). The times required in various experiments for 50% of 
Li2O2 to decompose are indicated in Figure S-2b.  

It has been predicted in the literature that conductive coating could reduce e-beam 
irradiation damage in insulating samples [20]. With this in mind, we used a 
graphene cell that encapsulates the sample with conductive graphene sheets. A 
schematic description of graphene cell preparation is shown in Figure 1. To 
determine whether the use of the graphene cell can reduce the e-beam 
decomposition of Li2O2, we acquired EEL spectra series. Figure 7a shows a typical 
decomposition of Li2O2 in a graphene cell for a dose rate of 8900 enm−2s−1. The 
onset of Li2O2 decomposition is delayed in a graphene cell compared to a standard 
grid sample: Li2O2 withstands four times the e-beam exposure compared to a 
standard grid sample. Variations in the effectiveness of a graphene cell against e-
beam decomposition are described below.   

With further e-beam exposure, Li2O2 in a graphene cell is also transformed and, 
within 15 minutes of e-beam exposure, 50% Li2O2 decomposes to Li2O. Like the 
standard grid, the Li2O2 transformation onset is further delayed in a graphene cell 
when the electron dose rate is reduced to 1900 enm−2s−1. In that case, for the first 
350 seconds of e-beam exposure in the graphene cell, no detectable Li2O2 
decomposition occurs, which is four times longer than with an e-beam dose rate of 
8900 enm−2s−1 and about six times longer than with a standard grid with the same e-
beam dose rate of 1900 enm−2s−1. The effectiveness of graphene cells in delaying 
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the onset of decomposition is also observed for higher dose rates. For a dose rate of 
38000 enm−2s−1, the graphene cell stops Li2O2 decomposition for 25 seconds, 
compared to a standard grid, where an average of 20% of the Li2O2 decomposed 
after only 10 seconds of e-beam exposure. When the e-beam dose rate is increased 
to 225,000 enm−2s−1, no onset of the decomposition can be seen in the graphene cell. 
Figure 7b compares the time required to initiate Li2O2 decomposition in a graphene 
cell and a standard grid sample at different dose rates. 

 

Figure 7: Effectiveness of the graphene cell to delay the formation of Li2O. (a) A typical 
decomposition trend of Li2O2 with a dose rate of 8900 enm−2s−1. (b) Effect of electron dose to initiate 
Li2O formation. All these data are for 200 kV irradiation. Average values from the standard grid are 
given as a reference. 

In a graphene cell, the oxygen released during the Li2O2-to-L2O transformation 
would be trapped within the graphene pocket, creating an oxygen-rich environment. 
Therefore, one could argue that this oxygen-rich environment delays the Li2O2-to-
Li2O transformation. For our investigations, we used an electron beam to drill holes 
in the graphene cell close to the sample area to provide a path for oxygen release. 
Nevertheless we found no significant difference in the Li2O2 decomposition 
behavior. Therefore the oxygen-rich environment is not the main reason for the 
prolonged delay in Li2O2 decomposition.   

To check whether the graphene cell is similarly effective throughout the grid area, 
we recorded several sets of EEL spectra from different areas of the graphene cell. 
Figure S-3 shows the time required for a 50% decomposition of Li2O2 with different 
dose rates for the various experiments. The figures show that, even though the 
graphene cell shows better overall performance than the standard grid in terms of 
lowering the decomposition rates, the performance of the graphene cell is not the 
same everywhere. The decomposition trends in the graphene cell at different dose 
rates can be seen in Figure S-4. Average decomposition curves from a standard grid 
are shown for easy comparison. We attribute the large variation in e-beam-induced 
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decomposition to differences in the encapsulation of Li2O2 between graphene 
sheets. As different sample thicknesses also led to variations, it is difficult to 
uncouple the performance of the graphene cell in various areas of the grid.     

In addition to delaying Li2O2 decomposition, the graphene cell can also protect 
Li2O2 from degradation caused by air exposure. EEL spectra acquired from the 
Li2O2 in the graphene cell after exposure to air closely resemble those from an 
unexposed sample. This indicates that a pristine form of Li2O2 could be retained in a 
graphene cell even if it is exposed to air because the graphene cell encapsulates the 
discharge products that are sensitive to air exposure. Figure S-5 compares the non-
exposed Li2O2 O-K edge spectra with the exposed samples in a standard grid and a 
graphene cell.  

In STEM mode, a focused probe is scanned over the sample, typically residing for 
only a few microseconds (depending on the dwell time) at the same spot. To check 
whether this kind of irradiation increases the onset of Li2O2 decomposition, we 
exposed the sample under STEM scanning to irradiation at different electron dose 
rates. In STEM, the dose rate can be changed in two ways: by changing the beam 
dwell time or by changing the pixel size by adjusting the magnification. We 
observed that, with a dose rate of lower than 100 enm−2s−1, Li2O2 could withstand 
30 minutes of STEM scanning without decomposing to Li2O. Therefore, the STEM 
mode is ideal for investigating the morphology of the discharge products while 
retaining the pristine nature of the sample. We have acquired EEL spectra in TEM 
mode to check the decomposition behaviour of the sample. To avoid degradation of 
Li2O2 during spectra acquisition, EEL spectra are acquired at a dose rate of 
1900 enm−2s−1, and acquisition numbers are kept to a minimum.  

However, we detected faster Li2O2 decomposition with increasing dose rates. For 
example, at a dose rate of 100 enm−2s−1, Li2O2 retains its pristine state for 30 
minutes under STEM scanning, whereas 50% of the Li2O2 decomposed within 30 
seconds for a dose rate of 28,000 enm−2s−1, a magnification of 160,000× and a dwell 
time of 50 µs. Details about the parameters used during the STEM investigations are 
listed in S-6.  

4. Discussion 

As the reaction products of air or e-beam-induced degradation are quite similar to 
some of the discharge products in a Li-O2 battery, it is essential to keep the sample 
in its pristine state until and during TEM analysis. Air exposure transforms Li2O2 
into Li2O. We have shown that degradation due to air exposure can be avoided by 
using a vacuum transfer TEM holder or by encapsulating the Li2O2 in a graphene 
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cell (Figure S-7). For the air exposure test, we kept the TEM sample at ambient 
atmosphere for one hour. Therefore, the changes in EEL spectra are due to being 
exposed to air for one hour. We chose such a long air exposure to show the effect 
prominently. We should point out that the EEL spectrum acquired from a sample 
exposed to air for two minutes showed no significant difference from the unexposed 
sample (not shown here). However, Li2O2 layers only a few nanometers thick 
formed during the fast discharge, and are likely to transform much faster upon 
contact with air. Thus, to ensure that we retain the sample in its pristine state for 
TEM investigations, any amount of air exposure should be avoided. We have also 
explored different measures one can take to reduce e-beam irradiation damage. 
Even though it is not possible to prevent e-beam damage completely, as can be seen 
from the results, the pristine nature of Li2O2 can be prolonged despite e-beam 
radiation by using (a) a relatively high acceleration voltage, (b) a lower electron 
dose rate, (c) a graphene cell and (d) STEM mode. We observed that Li2O2 could 
sustain 4-5 times the electron dose at 200 than at 80 kV. Moreover, compared to 
Li2O2 in a normal TEM grid, Li2O2 in a graphene cell can sustain 4 times the 
electron dose before it starts to transform into Li2O (considering the best case 
scenario).    

Decomposition of Li2O2 to Li2O occurs also if Li2O2 is heated. It is reported that the 
Li2O2 decomposition proceeds via Li2O2-Li2O solid solution formation till 50% 
Li2O2 is decomposed [22,23]. However, our EELS study showed that with 
increasing e-beam exposure the peak around 530eV became weaker and 
simultaneously a new peak at around 533eV appeared and enhanced. The presence 
of two distinct peaks at 530eV and 533eV, which are representative of Li2O2 and 
Li2O respectively, throughout the Li2O2 to Li2O transformation indicate that no 
solid solution is formed during e-beam decomposition while crystalline Li2O2 
transform to nanocrystalline Li2O as evident from the figure 4(c) and 4(d). 

For insulating materials in TEM knockout displacement cross-section is 
considerably below than that of ionization damage. So although knockout damages 
do occur in insulating specimens, ionization damage remains the dominant form of 
damage [24,25]. Since the inelastic scattering cross section varies inversely to the 
acceleration voltage, Li2O2 decomposes faster at 80kV compare to 200kV.  

Our experiments show that a ‘graphene cell’ can delay the Li2O2 decomposition as 
depicted in figure 7(b). Zan et al. and Algara-Siller et al. have already demonstrated 
the damage reduction capability of graphene, where they sandwiched MoS2 with 
graphene sheets [26,27]. Even though one can argue in case of MoS2 graphene 
sheets are very well connected due to two-dimensional nature of MoS2 compare to 
our tens of nanometer thick Li2O2 particles, we observed a clear damage reduction 
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with graphene cell. Thus even a partial graphene coverage to can delay the 
decomposition of Li2O2. It’s worth to mention that the preparation of our ‘graphene 
cell’ is quite different to that of the graphene-MoS2 sandwich. In our case when 
hexane evaporates from in between two graphene grids, during graphene cell 
preparation, Van der Waals interaction binds the graphene sheets and Li2O2 
particles together. Though the exact mechanisms responsible for the improvement 
against beam damage are difficult to determine with certainty, the remarkable 
electric and thermal conduction of graphene abet with the said attachment is 
expected to contribute effectively in dissipating the accumulated charge or heat 
under the beam. However, comparing the result from different parts of the graphene 
cell, we found that the effectiveness of graphene cell is not same throughout the 
grid. This is perhaps due to bad attachment of graphene sheets and Li2O2 particles at 
that particular area. Functionalization of graphene sheets may improve the 
attachment.  

Since the e-beam damage cannot be eliminated completely the sole aim of our work 
is to find solution to delay the decomposition onset. And it is noticed for both 
standard grid and graphene cell lower electron dose rate lead to delay in the 
decomposition onset; however at higher dose rate it seem this onset is absent (figure 
7(b)). This suggests the possibility of a threshold dose rate below which an onset of 
decomposition can be found. However, from the comparison between the total dose 
required for 50% Li2O2 decomposition (figure 8) in the standard grid and graphene 
cell at different dose rate it can be seen, roughly, the total dose required for the 
decomposition is independent of the e-beam dose rate. This advocates that the 
decomposition is total dose dependent.    

 

Figure 8: Shows the comparison between the total dose required to decompose 50% Li2O2 at different 
dose rates in standard grid and graphene cell at 200kV.  
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We found Li2O2 could withstand STEM scanning for 30 minutes for electron dose 
rate lower than 100 e/nm2s without being decomposed at all. So, one may conclude 
in STEM mode Li2O2 can withstand more electron dose compare to TEM mode. 
However if we calculate the total dose the Li2O2 particles had faced during the 
STEM scanning, we see that it is one order of magnitude less than it required to 
decompose Li2O2 particles in TEM mode [Table S-6]. Further, as pointed out 
earlier, increase in dose rate via decrease in pixel size (increase in magnification) 
and/or increase in beam dwell time leads to faster decomposition of Li2O2. This 
result at a fast glance suggested dose rate dependent decomposition. However when 
the total dose is calculated for each case, total electron dose dependent 
decomposition emerges. 

5. Conclusions 

To keep the discharge products in their pristine state, air contact must be avoided, 
which necessitates using the TEM vacuum transfer holder. We found that 80 kV of 
irradiation causes Li2O2 to decompose much faster than 200 kV at the same electron 
dose rate. Therefore, for TEM investigations, we recommend using a relatively 
higher acceleration voltage. Decomposition is completely dependent on the 
radiation dose, and using a low e-beam dose rate delays the onset of decomposition 
long enough to allow the sample to be analysed in its pristine state. In STEM mode, 
lower dose rates, and thus low beam dwell times and magnification, are ideal for 
preserving the pristine nature of the sample much longer, which is ideal for TEM 
investigations. However, like in TEM mode, higher dose rates degrade the pristine 
Li2O2 faster in STEM mode.   

A “graphene cell” provides the perfect stage for investigating Li-O2 battery 
discharge products. Graphene cells not only prevent decomposition of the sample 
due to air exposure, they also delay the onset of e-beam degradation compared to 
the sample on a standard TEM grid. Nevertheless, the performance of a graphene 
cell is not the same throughout the grid, probably due to poor encapsulation. Further 
work is needed to improve this situation, and graphene cells show great promise as 
the ideal carriers for investigating Li-O2 battery discharge products.   

The understanding obtained from the current investigation will serve as a solid basis 
to expand our understanding of Li-O2 battery discharge products from TEM 
analyses and thus to advance Li-O2 battery technology.          
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Appendix B 
 

                       
S-1:  Typical decomposition trend of Li2O2 at 200 kV with different dose rates in a standard grid. 

S-2: Variations in Li2O2 decomposition at different dose rates: (a) time required before Li2O begins to  
form and (b) time required for 50% of Li2O2 to decompose. 
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S-3: Comparison of the time required to for 50% of the Li2O2 in a graphene cell and a standard grid 
to decompose (from various experiments). Inset: Magnified version for a dose rate of 
225,000 enm−2s−1. 

S-4: Decomposition trend of Li2O2 with different dose rates in a graphene cell (from various 
experiments). 
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S-5: Effect of air exposure on Li2O2 revealed by O-K edge EELS spectra. Non-air-exposed Li2O2 
transferred using our vacuum transfer holder is compared with a sample in a standard grid and in a 
graphene cell exposed to air for 1 h. O-K edge EELS spectra were obtained from a fresh spot on the 
sample at 200 kV at a dose rate of 1900 enm−2s−1. 

 

Magnification Dwell 

time 

(µs) 

Frame 

(512 × 

512 

pixels2) 

time (s) 

Dose rate 

(enm−2s−1) 

Time to 

decompose 

50% Li2O2 

(s) 

Total dose 

(enm−2) 

20,000× 3 1 27 1800** 4.8×10! 

20,000× 12 4 109 1800** 4.8×10! 

20,000× 50 16 434 1800** 4.8×10! 

20,000× 203 64 1737 1800** 4.8×10! 

40,000× 3 1 109 1800** 1.9×10! 

40,000× 12 4 434 1800* 1.9×10! 

40,000× 50 16 1737 1800* 1.9×10! 
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*Less than 50% Li2O2 decomposition in 30 minutes ; ** No decomposition at all in 30 minutes; † more than 50% 
Li2O2 decomposition before measurement (30 seconds) 

S-6: Details of scanning parameters used in STEM mode to compare the time and total dose required 
to decompose 50% of Li2O2 at different dose rates.  

40,000× 203 64      6948       1800 1.9×10! 

80,000× 3 1 434 840 3.6×10! 

80,000× 12 4 1737 720 3.1×10! 

80,000× 50 16 6948 520 2.2×10! 

80,000× 203 64 27792 420 1.9×10! 

160,000× 3 1 1737 100 1.7×10! 

160,000× 12 4 6948 60 1×10! 

160,000× 50 16 27792 0† 0† 



 
 

 

CHAPTER 5 
UNVEILING MECHANISMS OF LI-O2 BATTERIES USING 

TEM GRIDS   

 

 

To understand the complex mechanisms of the Li-O2 battery use of TEM is essential to study 
the structure and composition of the discharge product on and off catalyst/ promoter 
nanoparticles. However keeping the native environment intact during the TEM sample 
preparation techniques, especially owing to the moisture sensitive nature of the discharge 
products is one of the key concerns. This limits the application of TEM in Li-O2 battery 
research. In this study we show that the use of conventional holey carbon TEM grids in a Li-
O2 battery can allow unveiling complex mechanisms of Li-O2 battery by preserving the 
native environment of the discharge products.   
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1. Introduction  

With the focus in automobile industry to switch from petroleum-based vehicles to 
all electric vehicles, to reduce the green house gas emission, the demand for battery 
capable of delivering higher energy densities is constantly increasing. The Li-O2 
battery capable of delivering a theoretical energy density of 3500 Wh/kg, is 
considered to be the most suitable option. However, there are several obstacles to be 
overcome before Li-O2 battery can reach its true potential. These include low 
energy efficiency due the high (dis)charge overpotential, slow kinetics due to poor 
electronic and ionic conductivity, poor cyclability due pore clogging, incomplete 
oxidation of the discharge product during charging, several side reactions involving 
the electrodes and electrolyte [1–7]. Among these challenges, the enormous 
overpotential during (dis)charge of Li−O2 (e.g., discharge overpotential on carbon 
>1000 mV) has motivated tremendous research effort for developing effective 
Li−O2 catalysts or promoters[8–10]. Use of different metal and metal oxides 
nanoparticles on the porous cathode support are reported to improve the kinetics of 
the battery. However the detailed underneath mechanism behind the working of the 
catalyst or promoters is not well understood. Information about the formation and/or 
decomposition of discharge products, on and off the catalyst or promoter 
nanoparticles, in realistic Li-O2 batteries will help understanding the mechanism 
and thus lead to design of better catalysts or promoters.   

The formation and/or decomposition of Li2O2 has been studied by a various of in-
situ and traditional ex-situ techniques including spectroscopy, and diffraction each 
providing valuable information about the transformation process [11–15]. 
Alongside ex-situ characterization, operando studies using mostly spectroscopy and 
diffraction techniques are relatively easy to perform. However they often only give 
average information about the whole electrode hiding the details of individual 
electrode grains. On the other hand transmission electron microscopy (TEM) study 
attracts lots of attention due to its unique capability of providing visualization along 
with chemical and structural information at sub nanometer scale. However, 
traditional TEM study suffers from two main issues. Air and electron beam 
sensitivity of the discharge products and preserving the native details of the 
discharge products at nanometer scale during the sample preparation. The 
decomposition due to air and electron beam exposure can be taken care by using 
moderately high acceleration voltage (e.g. 200kV), low electron dose, vacuum 
transfer holder, “graphene cell” as described in details in chapter 4. Even though 
operando TEM allows study of individual Li2O2 grain transformation, the artificial 
nature of the setup involved and the high resistances associated with the use of 
micro batteries do not accurately reflect a representative environment within a 
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realistic Li-O2 battery electrode. Furthermore, this field is in its infancy and the 
sophisticated nature of study lacks the wide scale application. 

Here we report a simple method, which will allow TEM investigation of the Li-O2 
battery discharge products in its native environment to study different stages 
(dis)charge. This system allows study of the effect of catalyst or promoters on 
morphology of the discharge product along with chemical composition and/or 
crystallographic orientation; thus will allow unveiling the role of the catalyst or 
promoters. All of these, with added advantage is the no requirement of sample 
preparation step, which is helpful especially considering the highly air sensitive 
nature of the discharge product. This is achieved using conventional TEM grids 
with holey carbon film as the porous cathode support.  

2. Materials and Methods 

Figure 1 shows the schematic of the Li-O2 battery setup used in our experiments. 
The setup consists of two halves, working as current collectors. A rubber O-ring, 
which ensures no physical contact between the two halves when they are closed 
together, separates these halves. The presence of O-ring also ensures the inside parts 
of the setup remain at pristine environment even if the battery setup is placed in 
ambient atmosphere. One of the halves has a gas inlet, which allows introduction of 
oxygen to the system. The bulk porous cathode support (activated carbon coated on 
porous carbon paper) is placed on a steel mesh, which provide electrical connection 
as well as allows the incoming oxygen to be diffused through the cathode support. 
The holey carbon TEM grids are placed on top of the bulk porous cathode support. 
To ensure good electrical contacts to the TEM grids, piece of aluminium foil are 
attached to the rim of the grids with conductive carbon paint before placing in on 
the bulk cathode support. At the other halves of the setup freshly cut lithium foil is 
placed. Separators soaked in the electrolyte are used to separate direct contact 
between the lithium foil and the TEM grids. To prevent damage to the TEM grid by 
the glass fiber from the glass fiber separator a plastic like separator (from Cell 
Guard) is placed first followed by the glassy fiber separator (from Whatman). In 
Appendix C the comparison between TEM grids placed with and with out the Cell 
Guard separator is shown. 1M LiTFSi in TEGDME is used as electrolyte. During 
discharge of the battery Li-ions from the lithium metal travel through the electrolyte 
towards the porous support, i.e., bulk cathode support as well as holey carbon TEM 
grid, where they interact with incoming oxygen from the pores and form discharge 
products. Due to the air sensitive nature of the discharge product, all the 
components of the battery are dried inside the glove box overnight before 
assembling of the battery. For discharging batteries are connected to 1.2 bar oxygen 
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supply and the discharge process is conducted using AUTOLAB running in 
galvanostatic mode. After completion of the discharge batteries are disassembled 
inside glovebox.  

                                         
Figure 1: Schematic representation of the Li-O2 battery setup with TEM grid. 

For the TEM measurement an in house TEM with a vacuum transfer stage is used to 
avoid any air exposure to the sample. TEM measurements are carried out in FEI 
Tecnai microscope operating at 200kV. The beam parameters are chosen carefully 
to avoid any beam damage to the sample during the measurements.  SEM checks 
are carried out in a simple tabletop SEM from Phenom World operating at 5kV. For 
SEM studies samples are transferred through ambient atmosphere but exposure is 
kept below 1 minute to minimize the damage.  

3. Results and discussions 

In bulk carbon support the presence of the pores are responsible for supplying 
oxygen to the surface of the electrode allowing dissolution of oxygen in the 
electrolyte and its subsequent reaction with the incoming lithium-ions also coming 
via the electrolyte. Holey carbon TEM grids can be considered as the cross section 
of an ideal porous cathode support, where the pores of the bulk cathode support is 
represented by the regularly spaced 1μm diameter holes in the grid. Figure 2 
illustrates the concept.   

To validate our concept, the discharge product that forms on the TEM grid is 
compared with the discharge product that forms on the bulk carbon support. This is 
essential to check whether the TEM grids can be used as representative of the bulk. 
For this a battery is assembled with the TEM grids and discharged till 2.2V with an 
applied current density of 20 μm/cm2. The similar morphology of the discharge 
product, as seen in Figure 3, on both substrates is quite evident. This ensures that 
the discharge product formed on the TEM grid is representative of the bulk.  
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Figure 2: Illustrate the use of TEM grid as representative of the usual porous carbon support used in 
Li-O2 battery. (a) SEM image of graphene foam used as porous carbon support; (b) Simplified cross 
sectional representation of graphene foam; (c)-(d) Holey carbon TEM grid at different magnifications, 
(c) optical micrograph and (d)-(e) SEM images.  

          
Figure 3: SEM images compare between the discharge products formed on bulk cathode support (a-b) 
and holey carbon grid (c-d) at different magnifications. 
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To demonstrate the value of the setup we choose to start with a simple system, we 
coated the TEM grids with 20nm thick continuous gold film. The continuous gold 
film serves two purposes: it makes the surface of TEM grid electrically conductive 
and alongside acting as an oxygen reduction reaction (ORR) catalyst [9] .  

Figure 4 shows the discharge product formed at various location of the gold-coated 
TEM grids, due to discharge till 2.2V with an applied current density of 20 μm/cm2. 
From the BF-TEM images (figure 4a - 4c) and EFTEM thickness maps (figure 4d - 
4f), performed with 10eV slit, three distinct size variation of the discharge products 
can be seen: (a) smallest particles (100-200nm) are formed around the edges of the 
holes and further distributed throughout the grids; (b) medium sized particles (400-
600nm) are also observed throughout the grid but not at around the holes; (c) few 
large sized particles (>1μm) are present in the gold coated region of the grid. 
Thickness maps (figure 4d - 4f) reveal the typical donut shapes of the discharge 
products[16].  

Figure 4: Discharge products formed at various locations on the Au coated TEM grid is shown using 
BF-TEM images (a-c) and thickness map using EFTEM imaging (d-f). 

Li2O2 can be formed directly at the electrode surfaces or in electrolyte and then get 
deposited on the electrode surface. Depending upon the donor number of the 
electrolyte solvent phase formation or electrode surface formation dominates. For 
electrolyte with low LiO2 solubility (low donor number) Li2O2 mainly forms at the 
electrode surface. In contrast, good LiO2 solubility (high donor number) leads to 
Li2O2 growth in solution before deposition on the electrode surface. As TEGDME 
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has medium donor level both solution phase growth of Li2O2 and electrode surface 
growth are probable at low current densities. Thus we can argue that at least part of 
the discharge products visible on the gold-coated TEM grids are formed in the 
electrolyte before deposition on the gold surface. For these discharge products gold 
is unlikely to act as a catalyst.  

Intuitively, the edges around the holes of the TEM grids are the most suitable 
position for the growth of discharge product as they have direct access to the 
incoming oxygen. In order to form a discharge product at any other position on the 
grid, either the oxygen has to be dissolved in the electrolyte or absorbed by the gold 
layer. To check our assumption, and to find any possible difference between the 
solution phase grown Li2O2 and Li2O2 grown on the electrode surface we replaced  

Figure 5: Discharge products formed at various locations on the TEM grid is shown using TEM 
images (a-g) and STEM images (d-f).  
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the gold-coated TEM grids with non-coated TEM grids as substrates. Even in the 
non-coated TEM grid a thin layer of amorphous carbon is present. But, this carbon 
is believed to be non conductive or at least poorly conductive. Thus due to lack of 
electrical conductivity surface growth of the Li2O2 should be greatly reduced.  Like 
activated carbon, Super P particles are also widely used as porous carbon electrode 
material in Li-O2 battery[17,18]. Since the activated carbon particles are too thick 
(≥10μm) to be visualized in TEM without further modification, we choose Super P 
particles to check whether electrode surface has any affect on the morphology of the 
deposited Li2O2. For this we dispersed small amount of Super P particles on the 
grids before assembling the battery.   

Figure 5 shows the discharge products formed at various locations of on the non-Au 
coated TEM grid. One of the main differences from gold-coated TEM grid is the 
absence of particles at the edges of the holes, as can be seen from the TEM (Figures 
5a-5g) images. Here, big sized Li2O2 particles (>1µm) are seen mainly in form of 
clusters (Figures 5a-5e; 5h-5i). Further no significant difference can be noticed 
between particles on the grid or on the super P particles. Based on this observation 
we can argue that in the gold-coated TEM grids the observed big sized particles are 
likely to be formed in the electrolyte and further deposited on the grid. In few areas 
of the uncoated TEM grid flake like Li2O2 can be seen (Figures 5f-g). These Li2O2 
flakes are likely to be formed in the electrolyte during initial stage of the discharge 
process. The visualization of initial stage discharge products is key to the 
understanding of Li-O2 battery mechanism. 

4. Conclusion 

Loss of details about the surroundings of the discharge products during the sample 
preparation is one of the key concerns, which limits the application of TEM in Li-
O2 battery research. In this study we have used conventional holey carbon TEM 
grids as porous cathode support and confirm the discharge products form on the 
TEM grid is representative of the bulk. We have seen that presence of gold forces 
surface growth of Li2O2 and distinguish the solution phase Li2O2 from Li2O2 grown 
on electrode surface. Further using the TEM grid initial stage discharge product is 
visualized. The simplistic nature of the study will ensure widespread use of TEM to 
understand the mechanisms of Li-O2 battery directed towards practical realization of 
Li-O2 battery.  
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Appendix C 
 

1. Need for the plastic separator 

       
Figure 1: Comparison of grids (a) with and (b) without a Cell Guard like separator.   

2. Pristine activated carbon surface 

                                  
Figure 2: Surface of pristine activated carbon. 



 



	  

	  
	  

CHAPTER 6 
FABRICATION OF MEMS DEVICES FOR OPERANDO 

TEM EXPERIMENTS   
 

 

MEMS chips are the heart of our operando TEM setup. The success of the operando 
experiments dependent on the design and fabrication of MEMS devices. Four different 
types of chips are fabricated for different types of experiments. Nano battery chips are 
used to perform operando TEM battery experiments with solid electrolytes. The MEMS 
heater chips are used to understand the effect of annealing on the electrodes. Further 
heating-biasing chips is fabricated for performing of battery cycling at elevated 
temperature and MEMS nanoreactors are fabricated for performing operando TEM 
battery experiments with liquid electrolytes. In this chapter the design and fabrication 
of these MEMS chips are discussed in details. 
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MEMS based chips are the heart of our in situ experiment. The successful 
fabrication of MEMS chips involves thoughtful designing and weeks of 
cleanroom processing and further optimization.  

Chips are designed using DesignCAD 3D Max and L-Edit software. Design file 
consists of the patterns that to be written on the substrate using optical or 
electron beam (e-beam) lithography [1,2]. For optical lithography based chips 
fabrication these designs are used to fabricate optical masks, which are further 
used for patterning the substrate. For e-beam lithography these patterns are 
directly used to steer the electron beam. Examples of the design files used for 
fabrication of the chips can be seen in figure 2 - 4.  

Mainly four different types of chips are fabricated according to the 
requirements of the research. The nanobattery and nanoreactor chips are 
fabricated using e-beam lithography; MEMS heaters are prepared using optical 
lithography; while heating-biasing chips are prepared combining e-beam and 
optical lithography. All the fabrication steps are carried out in the clean room of 
Kavli Nanolab at TUDelft unless otherwise mentioned. MEMS heaters are used 
to study the crystallization process of thin film LiFePO4, described in chapter 7. 
Chapter 8 describes the use of the nanobattery chips as a platform to assemble 
single particle battery and to perform operando TEM experiments with solid 
electrolyte. To study the battery process in TEM in conventional liquid 
electrolytes nanoreactor chips are fabricated. And to study the battery operation 
at elevated temperature MEMS heater is combined with the electrical chip. 
Preliminary results and future direction of research using these two chips are 
discussed in chapter 9.  

1. Basics of chips fabrication  

Fabrication of the MEMS chip can be divided into three main fabrication steps: 
(a) Marker preparation; (b) Preparing electrical connections and (c) preparing 
electron transparent window.  

1.1. Preparing Markers  

Since the chip preparation involves several steps of lithography, alignments 
between different steps are necessary. For this, a set of simple patterns are 
created in the beginning or during the first lithography step, known as markers. 
These markers are used for the relative alignment between different lithography 
steps. Since our chip preparation involves patterning both side of the wafer, 
alignment between both side’s lithography steps should be considered.  
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There is one basic difference between the makers used in optical lithography 
markers and e-beam lithography. For optical lithography markers are only 
present at one side (topside) of the wafer. For writing the backside of the wafer, 
markers are visualized and aligned using the backside cameras attached in the 
optical lithography setup. For e-beam lithography though no such camera exists. 
In this case we take the advantage of precise geometry of anisotropic Si etching 
by KOH to extend the markers to the other side of the wafer as schematically 
shown in Figure 1.  

1.2. Preparing electrical connections  

Electrical contacts are necessary to apply electrical bias to the electrode to 
(dis)charge the battery. These electrical contacts connect the battery electrodes 
to the electrical setup, outside the TEM, via electrical TEM holder. We have 
used noble metals (gold or platinum) for electrical contacts, which are easily 
compatible with cleanroom fabrication process. A platinum coil embedded in 
SiN is used in the MEMS heater to locally heat the sample utilizing the Joule 
heating. 

1.3. Preparing electron transparent window  

For TEM observation samples must be placed in an electron transparent 
window and thus electron transparent window is integral part of the TEM 
MEMS chips. These windows allow visualization of evolution of nanoparticle 
electrode during battery cycles and/or evolution of structure during annealing 
process in an in-situ manner. Windows have to be contamination free, stable, 
and as thin as possible. We used LPCVD grown 20 to 50nm SiN as electron 
transparent windows for the different chips. Mechanical strength, roughness, 
contamination are key factors determining the quality of the SiN windows.  

2. Key fabrication steps 

In the following section the procedures used for fabrication the MEMS chips 
are discussed in brief. The fabrication procedures can be categorized as: (a) 
substrate cleaning; (b) lithography; (c) deposition and (d) etching [3].  

2.1. Substrate Cleaning  

Contamination free chips are absolute necessary for a successful in situ 
experiment. Thus the wafers/chips should be resist or contamination (organic, 
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inorganic) free. To achieve this following cleaning steps are used at various 
stages of chips fabrication.   

Nitric acid cleaning. This is used for removing resist and organic contaminants 
from wafer and chips. Typically the wafers/chips are dipped into the fuming 
Nitric acid, 100% concentration, for 10 minutes at room temperature. 
Afterwards the wafers/chips are rinsed in abundant water and dried with N2 gun. 

Oxygen plasma cleaning. This is used for removing resist and organic 
contaminants from wafers. Typically the wafers/chips are placed in the PVA 
TePla 300, microwave plasma system with oxygen flow 200 sccm, power 500 
Watt, chamber pressure 0.8 mbar for 5-10 minutes. i  

Acetone cleaning. This is used for gently removing resist residues from wafer 
and chips (not as effective as oxygen plasma or nitric acid). Typically 
wafers/chips are dipped into hot acetone (~54°C). Cleaning time varies 
according to the type of resist and thickness (typically 30 minutes to 2 hours). 
After the cleaning the wafers/chips are immediately dipped into isopropanol 
alcohol (IPA) and dried with N2 gun. 

RCA cleaning. This is used for cleaning wafers/chips before SiN deposition in 
LPCVD. The standard RCA cleaning involves two cleaning steps: RCA-1 and 
RCA-2 at 70°C. RCA-1 removes organic contaminants, while RCA-2 removes 
metal contaminants. RCA-1 is actually a solution of NH4OH: H2O2: H2O with 
ratio 1: 1: 5, while RCA-2 is a solution of HCl: H2O2: H2O with ratio 1: 1: 5. 
Typically wafers/chips are dipped into RCA-1 followed by RCA-2, in between 
with rinsing with water (at RT), for 10 minutes each. Finally the wafers/chips 
are rinsed with abundant water and dried with N2 gun. 

2.2. Lithography 

As mentioned earlier two different types of lithography are used for writing the 
desired structure necessary for chips fabrication: Optical lithography and e-
beam lithography[1]. The lithographic steps consist of (a) coating of resist, (b) 
exposure to the beam, and (c) developing the written structure. We have only 
used positive resist (developing leads to dissolution of resist in the beam 
exposed part) for the fabrication process. Table-1 gives the information about 
the used resists, typical beam dose and development details.   

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
i Not suitable for the chips with heating coil due to inductive coupling.  
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Name of 
Resist 

Used for Process Description 

 
 

PMMA 
(950k, 7% 
in anisole) 

 

 
 
E-beam lithography for 
patterning markers, lines, 
grooves and windows.  

Coating: spin coat ~500 nm 
thick resist with 5000 rpm, 
followed by baking of 1 hour on 
hotplate at 175°C. 
Exposure: e-beam exposure 
dose: 1000 nC/cm2 with 100 kV 
e-beam.  
Development: MIBK:IPA 
solution with 1:3 ratios for 70 
seconds followed by rinsing 50 
seconds in IPA. 

PMMA 
(950k, 3% 
in anisole) 

/MMA 
(17.5 wt.%, 
8% in Ethyl 

Lactate) 
 

 
 
 
E-beam lithography for 
patterning electrical contacts. 

Coating: First ~300nm of MMA 
copolymer is spin coated with 
3000 rpm, followed by baking 
of 10 minutes on hotplate at 
175°C. Next, ~130nm of  
PMMA layer is spin coated 
with 3000 rpm, followed by 
baking of 20 minutes on 
hotplate at 175°C. 
Exposure/Development: the 
same as for PMMA. 

 
 
 
 
 
AZ5214E 

 
 
 
 
 
For all Optical lithography 
steps. 
 

Coating: First a layer of HDMS 
is spin coated to improve the 
adhesion of the resist with 5000 
rpm followed by baking 2 
minutes at 180°C. Then 
AZ5214E is spin coated with 
5000 rpm, followed by baking 
on hotplate for 1 minute at 
90°C. Exposure: i-line(365 nm), 
exposure dose 150 mJ/cm2 . 
Development: MF321 for 1 min 
followed by rinsing in deionized 
water for 30 seconds. 

S1818 
 

Protection during dicing ~ 5µm thick layer is spin coated 
with 1000 rpm followed by 
baking of 2 min on hotplate at 
90°C. Similarly the backside of 
the wafer is coated.  

Table 1: Details about the resist, beam dose and developing agent used for various steps of 
fabrication.  
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2.3. Deposition 

We have deposited SiN, SiO2 and metallic films (Au, Pt and Ni) at various 
stages of fabrication.    

CVD. In a chemical vapour deposition (CVD) process gaseous species reacts on 
a solid surface of wafer (substrate) and the reaction produces a solid phase 
material. A typical CVD process comprised of four main steps. First, the 
reacting gaseous species is transported to the surface of the wafer. Second, the 
gaseous species is absorbed into the surface of the wafer. Third, the surface 
reaction produces desired coating. Finally the volatile by-products  (gaseous 
reactants) need to be removed from the surface. There are different variant of 
CVD is available. We have used low pressure CVD (LPCVD) and plasma 
enhanced CVD (PECVD) for low stress SiN and SiO2 deposition respectively.  

Evaporation: Temescal 2000 e-beam evaporator is used to deposit Au and Pt 
while Lybolt evaporator is used to deposit Ni. A 5 nm Cr layer is deposited as 
adhesion layer in case of Au or Pt. E-Beam evaporation is a physical vapour 
deposition technique whereby an intense, electron beam is generated from a 
filament and steered via electric and magnetic fields to strike the source 
material (target) which vaporized the material. The vaporised particles in 
vacuum travel directly to the substrate to be deposited in solid form. Deposition 
rate of 0.5-2 Å/s is used to deposit the metallic films at high vacuum (< 2× 10-6 

mbar).   

2.4. Etching 

Silicon, silicon nitride and silicon oxide are etched using different wet etching 
(KOH and HF) and dry etching (reactive ion etching) during the fabrication 
steps.  

KOH etching. KOH etching of Si is used to prepare breaking/dicing lines, e-
beam markers, grooves for lithium, and electron transparent windows. KOH 
etching rate depends on the crystallographic direction, Si{100} etches 400 times 
faster than Si{111}, results in anisotropic etching.  This etching anisotropy 
should be taken into consideration during chip designing, which results much 
shorter (100) surface than the corresponding opening. The etching rate itself 
varies with the concentration and solution temperature. We used KOH solution 
(KOH: H2O 1:2 weight ratio) at 90ºC, which results in etching rate 100µm/hour 
for of Si<100>. At same conditions the etching of SiN is 1-2 nm/hr. Thus SiN is 
used as mask and/or stopping layer.  
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We have varied the SiN openings and KOH etching time to fabricate different 
features on our chip as shown in figure 1. We used time-limited etching for 
preparing groove for lithium (scheme 2). Self-limited etching is used to create 
breaking line or dicing line. In this case four {111} intersect each other at the 
stopping point (scheme 1). Markers and the electron transparent window are 
fabricated via KOH etching through the wafer, which stops at the SiN layer 
(scheme 3 and 4).   

Figure 1: Schematics shows different trenches prepared on Si <100> wafer using anisotropic 
KOH etching. 

HF etching: Diluted (7:1 with water) buffered Hydrofluoric (BHF) acid (HF is 
mixed with NH4F) is used for selectively etching SiO2 on top of Silicon. The e-
beam resist (PMMA) is very stable in HF and thus can be used as mask, for 
selective etching of SiO2 layer. For etching of 3µm PECVD SiO2 substrate is 
dipped into BHF for 10 minutes.   

Reactive ion etching. Reactive ion etching (RIE) is a directional etching 
process utilizing ion bombardment to remove material. We used RIE to etch 
SiN with Argon and CHF3 gases (individual flow rate of 25 sccm) at 8 µbar 
with RF power 50 Watt in Lybolt F system. The etching rate of SiN (23±2 
nm/min) is at least 3 orders higher than the etching rate PMMA or 
PMMA/MMA resist, which is used as etching mask.  

Deep reactive-ion etching. Deep reactive-ion etching (DRIE) is a 
highly anisotropic etching process used to create deep trenches with high aspect 
ratios. Typical Bosch process, proceed by repeating of etching-deposition 
cycles. First, during the etching cycle highly directional etching is performed by 
Sulfur hexafluoride [SF6] gas. This is followed by a deposition cycle where a 
passivation layer is deposited with Octafluorocyclobutane (C4F8) gas. The 
etching and deposition cycle lasts for 20 and 5 seconds respectively. During the 
next etching cycle highly directional etching ions that bombard the substrate, 
attack the passivation layer at the bottom of the trench but not along the sides. 
Thus the passivation layer at the bottom of the trench is removed and exposed 
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to the chemical etchant, but the sidewalls remain intact. After the etching cycle, 
deposition cycle starts again and the process continues till the desired etching is 
achieved. The etching rate achieved with the as mentioned operating parameters 
is 5-6µm/min. We used BOSCH etching to prepare the O-ring groove in the top 
chip of the nanoreactor. For precision on the etching depth etching rates are 
checked around half way through the etching by measuring the groove depth 
with a profilometer. The depth of the groove is set to 295µm, optimized for the 
leak tightness of the nanoreactor with the Viton ® O-rings. Since the e-beam 
photoresist such as PMMA or PMMA/MMA are not stable under the SF6 
plasma, 3 µm thick SiO2 is used as mask for selective etching of Si.  

Lift off. "Lift-off" is a typical method in microelectronic fabrication method for 
patterning deposited. For this first, the pattern is defined on a substrate using 
resist (PMMA/MMA) and EBL. Next the metallic film (Au/Pt/Ni) deposited all 
over the substrate, covering the resist as well as areas resist free (pattered) area. 
During the actual lifting-off process, the substrate is dipped into a hot acetone 
bath. The removal of resist by acetone from under the metallic film takes off the 
film with it. Thus only the area where the metallic film is directly deposited on 
the substrate remains intact. Retention and re-deposition are the main problems 
of lift off, especially when the metallic lines are closely spaced. Ultrasonic bath 
and immediate transfer of the substrate to IPA solution greatly help to prevent 
this. Typical lift of takes 10 minutes (for Pt) to 2 hours (for Au). The variation 
is due to the different stress of the Au and Pt film on SiN.     

3. Fabrication of Nanobattery chips   

To study the delithiation mechanism in LiFePO4 inside TEM (Chapter 8) we 
have used simple chip consist of electrical connection and 30nm thick electron 
transparent SiN window. These chips are prepared using e-beam lithography. 
For convenient writing time 20mm×20mm substrate are used and from each 
substrate 9 chips with 3.4mm× 2.8mm are prepared. Figure 2 shows the design 
file of such fabrication. One of the important parts of this chip fabrication is to 
maintain the exact dimension of the chips, to ensure fitting in the TEM holder 
slot. Generally small chips are diced using a dicing machine, which uses a thin 
diamond blade (typical width of 50µm). However the thin and big windows 
(800µm×200µm) in these chips are prone to breakage during such dicing. To 
overcome this we used ‘breaking lines’, 150µm deep from both side of the 
substrate. So when the substrates are broken mechanically, to separate the chips, 
they always break along the desired lines, resulting in chips with exact 
dimensions. 
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Figure 2: Shows the design file for the Nanobattery chips prepared with Design CAD 3D Max for 
e-beam lithography. Different colours represent different layers.  

Step by step fabrication process is given in table-2.  

Step 
No. 

Fabrication Step Description 

 
 
 
 
 
 
 
 
1. 

 
 
 
 

 
 
 

 
Substrate preparation 

! Start material: double side 
polished 400µm thick 4inch Si 
<100> wafer. 

! Removal of native oxide with 
diluted BHF  (BHF:water =1:7 ) 
cleaning. 

! RCA cleaning to remove the 
organic and metallic 
contaminations  

! 100nm SiN deposition in 
LPCVD. 

! Coating of S1818 resist for 
protection from dicing. 

! Wafer is diced in dies of 
20mm×20mm dimension using 
Disco dicer. 

! Resist stripping with acetone, 
oxygen plasma and cleaning with 
HNO3. 

 
 

 
 

! EBL using single layer PMMA  
resist with the pre-designed 
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2. Preparation of markers 
and breaking lines 

(topside) 

pattern (resolution 120nm). 
! RIE to remove SiN from the 

patterned open windows using the 
resist as etching mask. 

! Resist stripping in acetone. 
! Wet Si etching in KOH 33% 

solution using the patterned SiN 
as mask and etch stop layer. 

 
 
3.  

 
 

Thin SiN deposition 
(for the electron 

transparent windows) 

! Removal of the rest of SiN from 
the topside using RIE. 

! RCA cleaning (extra HF cleaning 
needed, if it is not done 
immediately). 

! Deposition of 30 nm SiN using 
LPCVD. 

 
 
4.  

 
 
Preparation of metallic 
electrodes  

! EBL using double layer 
PMMA/MMA resist on the 
topside of the substrate with the 
predesigned pattern (resolution of 
20 nm for the electrode and 120 
nm for the course contact). 

! Evaporation of 3 nm Cr / 97 nm 
of Au on the topside of the 
substrate. 

! Liftoff of the Cr/Au  metal. 
5. Preparation of windows 

and breaking lines 
(backside) 

! EBL using single layer PMMA  
resist with the pre-designed 
pattern on the backside of the 
substrate (resolution 120nm). 

! RIE to remove SiN from the 
patterned open area using the 
resist as etching mask. 

! Resist stripping in acetone. 
! Wet Si etching in KOH 33% 

solution using the patterned SiN 
as mask and etch stop layer. 

 
 
 
6. 

 
 
 
Substrate cleaving & 
cleaning 

! Coating of S1818 resist to prevent 
any silicon particles on the chips 
during cleaving. 

! Cleaving manually along the 
breaking lines. 

! Resist stripping using acetone and 
oxygen plasma and cleaning with 
HNO3.  

Table 2: Details of fabrication steps for the Nanobattery chips. 
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4. Fabrication of MEMS heater 

Two different types of heaters are fabricated for the operando studies. The heaters with 
thin SiN windows (20nm) are used for the studying the crystallization process of thin 
film LiFePO4.  

   
Figure 3: Shows the design for preparing Optical lithography mask. Different layers and markers 
are indicated.   

                                                
Figure 4: Shows the design of central part of the flat-center heater, containing the Pt heating coil 
and Pt electrodes on thick SiN membrane.  

4.1. Fabrication of MEMS heater with thin windows 

Step 
No. 

Fabrication Step Description 

 
 
 
1. 

 
 
 
SiN deposition 
(part 1)  

! Starting material: single side 
polished 525µm thick 4inch Si 
<100> wafer. 

! Removal of native oxide with HF 
cleaning. 

! Removal of metallic/organic 
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contamination with RCA 
cleaning. 

! Deposition of 400 nm SiN with 
LPCVD. 

 
 
 
 
2. 

 
 
 
 
Preparation of heating 
coilii 

! Deposition of 20 nm Tantalum/ 
180 nm Platinum on the front 
(polished) side of the wafer. 

! Optical lithography with designed 
dark field mask (for heating coil) 
using AZ5214E resist.  

! Etching of the patterned metal 
layer with ion beam milling using 
photoresist as mask. 

! Resist stripping using acetone and 
oxygen plasma. 

 
3.  

 
 SiN deposition  
(part 2) 

! RCA cleaning. 
! Deposition of 400nm SiN with 

LPCVD. 
 
 
 
 
4.  

 
 
 
 
Preparation of thin 
windows  
 

! Optical lithography with designed 
bright field mask (for holes) using 
AZ5214E resist on the front side 
of the wafer. 

! RIE to remove 800 nm SiN using 
the photoresist as mask. 

! Resist stripping with acetone and 
oxygen plasma. 

! RCA cleaning. 
! Deposition of 20 nm SiN with 

LPCVD. 
 
 
 
 
5. 

 
 
 
 
Preparation of contact 
pads 

! Optical lithography with designed 
bright field mask (for contact 
pads) using AZ5214E resist on 
the front side of the wafer. 

! RIE to remove 420 nm SiN using 
the photoresist as mask. 

! Resist stripping with acetone and 
oxygen plasma. 

 
 
 
 
 
 

 
 
 
 
 
 

! Optical lithography with designed 
bright field mask (for windows 
and dicing lines) using AZ5214E 
resist on the backside of the 
wafer. 

! RIE to remove 420 nm SiN using 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
ii This step is performed at MESA Institute at Twenty University, The Netherlands. 
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6. 

 
Preparation of heater 
membrane  

the photoresist as mask. 
! Resist stripping with acetone and 

oxygen plasma. 
! Wet Si etching in KOH 33% 

solution using the patterned SiN 
as mask and  etch stop layer. 

 
 
7. 

 
 
Dicing & cleaning  

! Coating of S1818 resist as 
protection layer during dicing. 

! Dicing the wafer into individual 
chips (3.4mm×10mm) using 
Disco dicer. 

! Resist stripping with acetone and 
oxygen plasma and final cleaning 
with HNO3. 

Table 3: Details of fabrication steps for the MEMS heater with thin windows. 

4.2. Fabrication of flat center MEMS heater with metal electrodes 

Fabrication of flat center MEMS heater with metal electrodes can be divided 
into two parts: (a) fabrication of the heater, (b) fabrication of the electrodes.  
 
Heater fabrication part is almost same as described in Table-2, but the absence 
of step 4 (since there is no thin window) and instead of dicing individual heaters 
in step 7 the wafer is diced in blocks of 20mm×20mm.  
 
For the fabrication of the electrodes EBL is used. Fabrication of metal 
electrodes is same as described in the step 4 in Table-2, only Au is replaced by 
Pt. Sets of Pt markers, which are introduced during fabrication of the heating 
coil, are used for alignment. At the end, the 20mm×20mm blocks are diced into 
individual chips following the step 7 in Table-3.    

5. Fabrication of Nanoreactors 

In situ TEM allows the possibility to charge-discharge a battery composed of a 
single nanoparticle electrode [4–7]. However, the high vapour pressure aprotic 
electrolytes which are commonly used in different batteries are not high 
vacuum compatible and thus cannot be introduced directly in TEM like the 
solid-state electrolytes. Recent advances in the MEMS lead to fabrications of 
first liquid chips allowing insertion of high vapour pressure aprotic electrolytes 
inside the TEM by enclosing the liquid inside two electron transparent windows 
[8–10]. However, the liquid cell TEM is in its infancy and requires further 
improvement in terms of stability and resolution.  
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In our group at TUDelft, we had developed a closed ‘nanoreactor’ system based 
on top and bottom chips [11]. The nanoreactor allowed us to introduce different 
gases and perform heating experiments. We have used the existing nanoreactors 
chips as the basis for fabricating liquid cell chips for battery application. For 
battery cycling we need to apply electrical biasing and introduce liquid into the 
nanoreactor. Thus we have redesigned the existing nanoreactor chips to achieve 
these functionalities. The bottom chip of the nanoreactor consists of two metal 
electrodes to apply bias to the battery cathode/ anode. Presences of 200nm thick 
spacers on the bottom chip act as a liquid channel and simultaneously separate 
the top and bottom chip (Figure 5a). We have considered the following issues to 
optimize the nanoreactor design for better stability and resolution.  

Window thickness. The electron transparent window has to be strong enough 
to sustain the pressure different between the inside (electrolyte) and outside 
(TEM vacuum) of the nanoreactor, this puts the lower limit on the window 
thickness. On the other hand, thicker window will result in a poor image 
resolution. Thus the required image resolution puts the upper limit on the 
thickness. Our nanoreactors have 50nm thick SiN window. 

Window dimension. The bulging of the windows, caused by the pressure 
difference between the inside and outside of the nanoreactor, should be 
minimized. Bulging results in increased electrolyte thickness in the viewing 
direction and thus limits the resolution. Since the shorter window dimension 
mainly determines the degree of bulging [12], to optimize the field of view and 
bulging we fabricate nanoreactor with 10µm×200µm windows. 

Biasing electrodes. During our preliminary experiments we found that gold is 
not stable against Li-ions insertion (~0V vs. Li/Li+) and thus we choose Pt as 
biasing electrode.  

Groove for Na or Li. In order to investigate the performance of electrode 
materials it is common practice to test them in a half-cell i.e., with respect to Li 
metal (in Li-ion battery) or Na metal (in Na-ion battery). Use of Li/Na make 
sure the performance of the battery is determined the performance of the 
electrode material under investigation. So to visualize the evolution of electrode 
materials during battery (dis)charging presence of Li/Na is necessary inside the 
nanoreactor.  

Due to air sensitive nature of Li/Na it’s very difficult to use any conventional 
TEM specimen method to prepare thin Li/Na sample. Cutting the metal using a 
doctor blade under an optical microscope inside a glovebox and transferring it 
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to the chip can be an easier alternative. However it’s very difficult to limit the 
thickness to less than few tens of microns and thus the distance between the top 
and bottom chips will be determined by the thickness of the metal piece. Thus 
instead of the spacer, the thick Li/Na would regulate the liquid channel 
thickness (figure 5(b)) and will be too thick for TEM measurement. We tried to 
solve this issue by creating an extra groove in the chip to place Li/Na, as shown 
in figure 5(c). 

Figure 5: Schematically shows the nanoreactor chips with liquid electrolyte: a) liquid channel 
thickness is controlled by the spacer; b) liquid channel thickness is determined by the presence of 
thick lithium foil; c) placing the lithium in the groove allows the liquid channel thickness to be 
controlled by the spacer. Figures are not to the scale. 

                          
Figure 6: Shows the different type of groove prepared for placing lithium: a) BOSCH etching 
leads to electrical connection problem; b) self-limited KOH etching has lithium-sticking problem; 
c) time-limited KOH solves the issues.  Figures are not to the scale.   

Even though the idea sounds simple enough, many modifications of the groove 
design were necessary to reach the final one. First, the groove is prepared using 
BOSCH process, which gives an almost vertical groove wall. However problem 
came due to incomplete metal connection at the edge of the groove as depicted 
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in the schematic (Figure 6(a)). Next, a triangular groove was prepared with self-
limited KOH etching (Figure 6(b)). This triangular groove solved the electrical 
disconnection problem. However, due to the smooth groove wall lithium piece 
started to float once electrolyte is introduced. Finally, the trapezium shaped 
groove is prepared using time-limited KOH etching (Figure 6(c)). It solves both 
issues regarding previous designs and adopted into the fabrication process.    

                               
Figure 7: Shows the design for the nanoreactor bottom chips, prepared using e-beam 
lithography. 

                                                
Figure 8: Design of the nanoreactor top chip, prepared using e-beam lithography.  
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Figure 7 shows the design for the nanoreactor bottom chips. These chips are 
fabricated using e-beam lithography. The fabrication steps of the bottom chip 
are the same as the Nanobattery chips as described in Table-2 with the addition 
of the groove preparation step between step 2 and step 3 of Nanobattery chips 
preparation. For groove preparation EBL is used with the groove design, 
followed by RIE and KOH etching for 30 minutes to prepare ~ 50µm deep 
groove. Further, Pt is used as electrode material instead of Au. 

The top chip of the nanoreactor (Figure 8) consists of a place to insert 
commercial O-ring, called as O-ring groove and an electron transparent 
window. The dimensions of the O-ring groove and the distance from the edge of 
the chip are optimized for durability and leak tightness of the system. 
Fabrication steps of the top chip are discussed below. 

Step No. Fabrication Step Description 
1. Substrate preparation  ! Same as Step 1 of Table-2. 
 
 
 
 
 
 
 
2. 

 
 
 
 
 
 
 
Preparation of O-ring 
groove (wafer front 
side) 

! Removal of SiN from the 
topside of the substrate. 

! Deposition of 3µm SiO2 
using PECVD. 

! EBL using single layer 
PMMA resist with the 
pattern for O-ring grooves 
(resolution 120nm). 

! Removal of SiO2 using BHF 
from open area using the 
resist as mask. 

! Resist stripping with acetone. 
! BOSCH etching to remove 

295-300µm of Si using SiO2 
as mask. Etching rate is 
estimated using profilometer.    

! Complete removal of SiO2 
using BHF. 

3.  Thin SiN deposition  
(for windows) 

! RCA cleaning. 
! Deposition of 50 nm SiN 

using LPCVD. 
5. Preparation of Windows 

and breaking lines 
(bottom side) 

! Same as Step 5 of Table-2. 

6. Substrate cleaving & 
cleaning 

! Same as Step 6 of Table-2. 

Table 4: Details of fabrication steps for the top chip of the nanoreactor. 
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CHAPTER 7 

IMPROVING THIN FILM BATTERIES USING IN SITU 

TEM STUDIES   
 

 

In thin film battery research fabrication of electrodes with correct stoichiometry and crystal 
structure is a big challenge. Using operando TEM we probe the crystallization process of 
LiFePO4 cathode. The acquired knowledge about the crystallization process will help improving 
the fabrication process. In the second part of this chapter we focus our attention towards current 
collectors. In thin film batteries current collectors are often subjected to high current density 
during fast (dis)charging. Thus it is important to evaluate the performance of the current 
collector under high current density. Using operando TEM the effect of high current density on Ni 
film is studied. 
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Thin film battery is a comparably new field of research but has attracted lots of 
attention due to recently development in wearable circuits, which have the 
potential to revolutionize our health monitoring system [1–3]. Add to this the 
ever-improving microelectronics, which also demands better thin film batteries. 
Thin film batteries are generally prepared via physical vapour deposition 
process such as sputtering, pulsed laser deposition (PLD) and evaporation[4–
10]. Owing to the capability of forming conformal coatings of thin films, atomic 
layer deposition (ALD) has shown great potential in deposition and surface 
modification of electrodes and electrolytes [11–14]. 

Unlike fabrication of electrodes using chemical methods, fabrication of thin 
film electrodes with accurate stoichiometry with correct crystal structure is not 
trivial. The deviation from the correct stoichiometry and crystal structure leads 
to poor performance of the thin film batteries. Detailed knowledge about the 
evolution of the electrodes at different stages of fabrication is necessary to 
optimize the synthesis parameters and in turn improve the performance of the 
battery. The presence of much thinner electrodes in thin film batteries compare 
to bulk (in thin film battery electrodes are sub-micron thick compare to sub-
millimeter thick electrodes in a typical bulk battery) results in the high 
(dis)charging current densities in thin film batteries. At these high current 
densities degradation of current collectors is also possible. So, lots of emphasis 
should be given in preparing electrodes with correct stoichiometry and studying 
the effect of high current density on the battery components. In this chapter we 
probe the fabrication of LiFePO4 cathode and effect of high current densities on 
Ni current collector using in situ TEM. 

1. Real time observation of LiFePO4 crystallization 

LiFePO4 is one of the most promising cathode materials for Li-ion battery due 
to its low cost, good thermal stability, high theoretical capacity of 170mAhg-1 
and high open circuit voltage of 3.5V (vs. Li/Li+)[15–17] .  

Nanosizing of LiFePO4 particles prepared using different chemical route 
synthesis lead to near theoretical capacity, especially at low C rates [16,17]. 
Magnetron sputtering is commonly used to prepare thin film LiFePO4. 
However, these thin film batteries delivers much lower capacity [18,19]. To 
understand the possible issues associated with the low capacity of the thin film 
LiFePO4 fabrication steps have to be probed.  

Fabrication of LiFePO4 film is conducted in a two-step process. First, the thin 
film is sputtered on a substrate, which also acts as the current collector. 
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Stainless steel (SS) and Si/SiO2/Pt are examples of commonly used substrates 
for thin film LiFePO4 battery [18,20,21]. Different substrate temperatures 
ranging from room temperature to 5000C are reported [22]. A high temperature 
annealing, generally at 6000C-7000C, follows the deposition step. While 
deposition at substrate temperature till 3500C resulted in amorphous film, 
deposition at 5000C resulted in impurity in the film [22]. We choose to deposit 
the LiFePO4 film at room temperature on SS substrate and monitor the 
crystallization process using in situ TEM. In situ TEM studies can provide 
direct information on the structural, morphological and chemical evolution at 
high temporal and special resolution during the annealing, which in turn will 
illustrate optimal synthesis conditions and improve the efficiency of the 
process.  

1.1 Materials and methods 

LiFePO4 thin film is deposited on the polished stainless steel (SS) substrate by 
RF magnetron sputtering. LiFePO4 with 5wt.% carbon obtained from AJA 
International is used as the sputtering target. LiFePO4 is sputtered in argon 
atmosphere with base pressure of 10-9 mbar at 100 W power. Prior to LiFePO4 
deposition the target is pre-sputtered for 30 min in order to eliminate impurities 
from the surface of the target.  

Cross-section TEM samples (lamellas) of dimension ~ 12µm × 3µm × 100nm 
are prepared using FIB. The lamellas are transferred to the MEMS heater chip 
using ex-situ lift off process. Fabrication of the MEMS heater chip is described 
in Chapter 6. 

1.2. Result and discussions 

Figure 1 shows a typical FIB lamella placed on the thin SiN window of the 
MEMS heater. The thickness of the deposited film is ~700nm. The SAED 
pattern acquired from the film revealed that the as deposited film is amorphous. 

To check the composition and compositional uniformity of the sample EDS 
map is obtained. Figure 2 shows the EDS mapping from a typical lamella. The 
uniform distribution of Fe-K, P-K and O-K signal from the LiFePO4 area 
suggests uniform composition throughout the deposited film. From the EDS 
maps acquired from two different lamellas the elemental atomic % of iron, 
phosphorus and oxygen are found to be 16(±2), 16(±2), 68(±2) respectively.  
This matches relatively well with the desired Fe: P: O = 1:1:4 atomic ratio for 
LiFePO4. Fe, Cr and Ni constitute the SS.  
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Figure 1: (a) HAADF-STEM image of the lamella placed on a thin SiN (~20nm) showing 
the thickness of the LiFePO4 film; (b) SAED pattern obtained from the LiFePO4 shows the 
amorphous nature of the sample.  
   

 

Figure 2: EDS mapping of as prepared lamella (a) shows uniform distribution of Fe (b), P 
(c) and O (d) in the deposited film. Presence of Ni (e) and Cr (f) in the SS region can be 
seen. 
To visualize the crystallization process of LiFePO4 the lamella is heated at 
400°C inside TEM. Heating at 400°C initiate the crystallization process. Figure 
3(a) shows the presence of 20-50nm crystallites, formed during 5 minutes 
heating at 400°C. To check the compositional uniformity after the initial 
crystallization, EDS map is obtained. During EDS mapping, to stop the 
crystallization process, temperature is kept at 120°C. 
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Figure 3: EDS mapping of the lamella heated at 400°C for 5mins (a) STEM-HAADF image, 
elemental map of (b) Fe, (c) P, (d) O, (e) Ni and (f) Cr.  

Figure 4: (a) STEM-HAADF image of the lamella after its heated at 600°C for 30mins. 
Elemental maps of (b) Fe, (c) P, (d) O, (e) Ni and (f) Cr are shown. 

EDS mapping reveals that the crystallites have higher iron content compare to 
the surroundings (Fig. 3(b)-(d)). However, the average ratio of Fe: P: O over the 
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complete thin film remained same before and after heating. This suggests local 
aggregation of iron within the thin film. No appreciable present of chromium 
and nickel in the thin film area can be noticed. This suggests that SS remained 
stable during the annealing at 400°C. 

Figure 5: HAADF-STEM images show the grain growth process during heating at 600°C. (a-i) 
are captured with interval of 2 seconds.  The arrow highlights a typical grain growth. Scale bar 
represent 100nm.  

To continue the crystallization process, the lamella is further heated at 600°C. 
Figure 4 shows the EDS map obtained after heating the lamella at 600°C for 30 
minutes. Like before during the EDS map, the temperature is decreased to 
120°C. The elemental mapping clearly reveals that the crystallites have higher 
iron and lower phosphorus and oxygen concentration. This undoubtedly shows 
that crystallites don’t have the stoichiometry of LiFePO4. Since in general thin 
film LiFePO4 batteries are prepared by annealing the as deposited thin film 
LiFePO4 to temperature ~ 600°C, one can attribute the low battery capacity to 
the deviation from the LiFePO4 stoichiometry.  
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Typical sintering effect during annealing at 600°C can be seen from the STEM 
image series obtained at 2 seconds interval (Figure 5). 

The in situ heating result is further correlated with the bulk sample. For this the 
bulk LiFePO4/SS sample is heated to 600°C in argon atmosphere. Figure 6 
shows a typical lamella prepared from the heat-treated sample. EDS map 
confirms the crystallites has higher iron concentration compare to the 
surroundings, which is similar to the observation during in situ heating.  

Figure 6: FIB lamella from the heat-treated sample shows aggregation of crystallites with higher 
iron concentration.   

A recent Raman study showed, by heating amorphous LiFePO4 sample prepared 
using sol-gel method, that at 500°C almost total sample constitute of impurity 
phase[23]. As the annealing temperature was increased to 700°C, impurity 
phase was reduced and stoichiometric LiFePO4 phase increased. Further 
increase of annealing temperature to 900°C resulted in a sample almost 
completely free of impurity. This result suggests a possible need of higher 
annealing temperature for LiFePO4 crystallization. However, in our case, 
heating at 600°C already resulted in dissolution of chromium into the film 
region, as can be seen from Fig. 5(f), suggesting instability of the SS at 600°C. 
Heating at 700°C resulted in further degradation of SS and dissolution of 
chromium and nickel to the thin film region.  

Preparation of LiFePO4 thin film on high temperature stable substrate 
(STO/SRO) is underway, which will allow us to study the effect of annealing at 
higher temperature without any effect from the substrate/current collector.       

2. In situ TEM observation of electromigration in Ni  

Current collectors are used at both sides of the electrodes to draw or supply 
current from or to the electrodes during the (dis)charge of the battery. Thus 
during a fast charging or discharging of a battery the current collectors are also 
subjected to high current density. In the thin film batteries, where the 
thicknesses of the current collectors are limited, they are subjected to even 
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higher current density compare to bulk batteries. If thin metallic films are 
subjected to a high current density, material transfer can occur which finally 
results in the film destruction, affecting battery performance. Thus the 
maximum current density that can be applied to a current collector film has to 
be studied. 
 
Nickel is one of the widely used as current collector at the anode side of Li-ion 
battery[25,26]. Here we investigated the effect of high current densities on Ni 
thin film. For this a 15nm thick Ni film is produced by e-beam metal 
evaporation onto a 100-nm-thick freestanding silicon nitride membrane and 
patterned using electron beam lithography.  
 
Figure 6(a) shows TEM image of a typical as-fabricated polycristalline Ni 
bridge with the average grain size of 5 nm. Figures 6(b) and (c) show TEM and 
STEM images of the bridge after it is exposed to air for a month, hillocks are 
formed at the Ni bridge. Figures 6(d)–(e) shows EELS spectra from the bridge 
after exposion to air. Nickel peaks can be clearly identified in both spectra taken 
from the areas with and without hillock, while the oxygen peak is noticable only 
in the spectrum taken from the hillock area. It suggests the excess of oxygen in 
hillock, i.e. Ni bridges oxidise with time. A possible mechanism of oxidation 
was proposed in article [27]: Initially, a thin oxygen layer is formed on the Ni 
film, then nucleation of NiO appears and the NiO partcles expand at structural 
defects on the surface, i.e. grain boundaries, dislocations, impurities, or dirt 
particles. This suggest the Ni thin flims should not be kept in ambient 
atmosphere.  

In order to study the effect of high current density in Ni, oxidation should be 
prevented. For this a thin film of Al2O3 is deposited on top of the chip right after 
the main fabrication using ALD at 200°C. Thicknesses of 5 and 10 nm 
protective Al2O3 films are tried. It is found that with a 5-nm-thick protective 
layer the oxygen enriched hillocks still form at the bridges, while with 10-nm-
thick protective layer no hillocks formation is observed even after four months 
sample storage in ambient atmosphere. Thus we used the 10nm Al2O3 coating 
on the Ni films for in situ experiments.  
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Figure 6. (a) TEM image of as-prepared Ni nanobridge; (b)–(c) TEM and STEM images of Ni 
bridges after exposition to air for one month. EELS spectra from the areas with (d) and without 
hillock (e) taken from the bridge (b). 

Figure 7. STEM images of Ni nanobridge showing material transfer during electromigration at 
100 K. (a) As-prepared Ni nanobridge with 10-nm-thick Al2O3 protective layer deposited on top. 
(b–d) During electromigration, voids form at the negative side (indicated with yellow arrows); 
white arrows indicate the direction of electrons. (d–e) At higher electrical current (approx. 1.2 
mA) bridge starts to shrink near the positive side (indicated with green arrows) and eventually 
breaks. (f) I–V curves for four loops with gradually increased maximum voltage (shown in 
different colours). 
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Figure 7(a)–(e) shows STEM images of Ni nanobridge with 10-nm-thick Al2O3 
protective layer on top taken before electromigration and after each bias-
ramping cycle with maximum voltages 500 mV, 520 mV, 540 mV and 580 mV 
(using custom made electrical setup, “IVVI rack” [28])). Figure 7(f) shows 
corresponding I–V curves for four voltage cycles applied in a row.  

The maximum current is approx. 1.2 mA at which bridge eventually breaks. 
This highest current corresponds to a current density of 400 nA/nm2, marks the 
maximum current density that can be applied to the Ni film.  
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CHAPTER 8 

DESIGNING RELIABLE IN SITU TEM BATTERY 

EXPERIMENTS  
 

 

The unique capability of TEM to resolve the microstructural and chemical evolution of 
electrode materials during battery operation at high tempo-spatial resolution makes it 
the method of choice for operando battery experiments. However, the existing open-cell 
design that uses oxidized lithium as the electrolyte does not allow Li-ions to be 
(de)inserted from every part of the nanoparticle, which puts restrictions on starting 
point of (de)intercalation. This may lead to incomplete information about the 
(de)lithiation mechanism of the electrode material under investigation. To overcome 
this, two widely applicable open-cell designs are designed for in-situ TEM battery 
experiments using MEMS-based TEM chip with and without graphene. A thin layer of 
LiPON as the electrolyte enables Li-ions to be (de)intercalated from every part of the 
electrode. Using LiFePO4 electrodes in these setups, the importance of overlap between 
electrode, electrolyte and current collector for fast charging is shown. Furthermore, 
EFTEM imaging is used to visualize the Li-ion deintercalation process during charging.    
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1. Introduction   

The higher gravimetric and volumetric energy density of lithium-ion batteries 
compared to other state-of-art rechargeable battery systems has contributed to 
the revolution of portable electronics over the past two decades. Lithium 
batteries are also being deployed in all-electric vehicles to help reduce 
greenhouse gas emissions. Energy and power density, recharging time and cycle 
life along with safety and cost are some of the major issues to be addressed in 
order to optimize and further improve the lithium batteries for transportation 
and energy storage applications [1,2]. These issues are in turn dependent on the 
choices of electrode and electrolyte materials. Research is being conducted 
throughout the world to find better alternatives to existing LiCoO2 and graphite 
electrodes. LiFePO4, LiNi1/3Mn1/3Co1/3O2, LiNi0.5Mn1.5O4 and Si, to name a few, 
are already being used commercially and/or are being considered as new 
electrode materials. There are also a tremendous amount of research going on 
worldwide to design suitable electrode morphology of these materials to 
achieve near theoretical capacity at high (dis)charging rate [3–5].  

To leverage the full potential of any electrode material, we must understand its 
(de)lithiation mechanisms in connection with particle size, grain–grain 
boundary, defects, doping, electrode degradation and the evolution of solid 
electrolyte interphase (SEI) [6,7]. To do so, the reaction kinetics and 
microstructural evolution must be examined during battery operation. TEM is 
the in situ technique of choice because it features the unique capability of 
resolving the microstructural evolution of electrode materials at high tempo-
spatial resolution [8,9].  

The main challenge performing in situ TEM battery experiments is the non-
compatibility of organic electrolytes with high-vacuum conditions. Recent 
advance of TEM holders have made it possible to encapsulate thin liquid layers 
in a liquid cell platform to conduct battery cycling in situ [10,11]. However, this 
technique is still in its infancy, and problems with electrolyte degradation under 
electron-beam irradiation and the need for a very thin liquid layer to be 
sufficiently electron-transparent makes it difficult for researchers to conduct 
such experiments [10,11]. To overcome these difficulties, researchers mostly 
use an open-cell design to study electrode evolution during battery cycling 
[8,9]. For this, oxidized Li (Li2O) is used as the electrolyte, which is stable in 
TEM vacuum. Figure 1 shows the schematic of such a design. However, owing 
to the inherent design of this system, Li-ions can only be inserted or extracted 
via the edge of the electrode that is connected to the Li2O[8,9]. In other words, 
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this prevents Li-ions (de)insertion through every part of the electrode surface. 
Thus, the information obtained about electrode’s (de)lithiation process can be 
incomplete. Moreover, the low ionic conductivity of the Li2O introduces 
additional resistance in the battery, leading to high overpotential, and thus Li-
ion (de)insertion kinetics may be different from the practical situation[12]. 

 

Figure 1: Schematic of STM-TEM holder with detachable tips, widely used for in-situ TEM 
battery experiments.  

Using MEMS-based chips two broadly applicable open-cell designs are 
developed to solve the above issues by allowing Li-ions to (de)intercalate from 
every part of the electrodes using a practical solid-state electrolyte. Our 
‘nanowire battery setup’ is suitable for nanowire-like electrodes. TEM lamellas 
prepared from bulk electrodes can also be studied (Figure 2). Our ‘nanoparticle 
battery setup’ is primarily suitable for smaller nanoparticles (Figure 4a).  

LiFePO4 is arguably one of the best cathodes for Li-ion batteries owing to its 
theoretical capacity of 170 mAh g−1, which is achievable especially at low 
current densities (low C rates) [13,14]. However, at higher current densities 
(high C rates), which are especially required for powering electrical vehicles, 
the achievable capacities are much lower than the theoretical ones [15]. 
Detailed knowledge of the (de)lithiation mechanism in LiFePO4 may enable us 
to prepare the perfect nanoparticles for fast charging. Different models (core-
shell, directional core-shell, domino-cascade and spinodal) have been proposed 
to explain the (de)lithiation mechanism [16–19]. Even though each model 
explains the (de)lithiation mechanism differently, every model suggest that Li-
ion (de)intercalation inside LiFePO4 occurs along b crystallographic direction. 
This led fabrication of platelets like nanostructures, with narrow b dimensions, 
as the best morphology to achieve fast kinetics. However, recently Li et al. 
found unexpectedly excellent electrochemical performance of 12-nm-thick 
〈100〉-oriented LiFePO4 nanoflakes compared to 〈010〉 platelets [20]. This 
prompted us to revisit the charge–discharge mechanism of the well-studied 
LiFePO4, which is why we chose use LiFePO4 to test our nanobattery setups.  



 Designing Reliable In situ TEM Battery Experiments 
 

 128 

2. Nanowire battery setup 

Figure 2 illustrates the basic idea of our nanowire battery setup. MEMS chips 
are used as a platform to assemble the nanobattery. Electrical bias is applied to 
the electrode nanoparticle(s) via the gold pads—which also act as current 
collectors—and the thin solid electrolyte deposited on top of the chip, connects 
the two electrodes electrochemically. As the electrolyte covers the entire top 
surface of the electrodes, Li-ions can be (de)intercalated from any part of the 
electrode. Thus the (de)insertion of Li-ions actually depends on the inherent 
material properties of the electrode rather than on the experimental design. The 
small thickness of the electrolyte also allows us to perform accurate 
spectroscopic measurements of the electrodes during the (dis)charge process 
inside a TEM.  

 

Figure 2: Schematic shows the basic idea behind our in-situ TEM battery setup. MEMS-based 
TEM chip act as a platform for assembling the nanobattery with a single-particle cathode, anode 
and thin solid-state electrolyte.  

A single crystal of LiFePO4 grown in an optical floating-zone furnace is used to 
test the nanowire battery setup, details synthesis procedure can be found in 
Ref.[21]. After conventional mechanical polishing, TEM samples (lamellas) are 
prepared using a dual beam (SEM-FIB) as shown in Figure 3a. The as-prepared 
lamella measuring ~15 µm × 5 µm × 100 nm is placed on to the gold pads of 
the MEMS chip using a glass needle. To ensure good electrical contact between 
the LiFePO4 lamella and the gold pads, Pt is deposited using ion-beam-induced 
deposition (IBID) (Figure 3b).    

Lithium phosphorus oxynitride (LiPON) is used as the electrolyte. It is the most 
commonly used solid electrolyte for thin-film Li-ion batteries because of its 
wide stability window (0–5 V vs. Li+/Li) and reasonable ionic conductivity 
(10−6 S cm−1)[22,23]. A 30-nm-thick layer of LiPON is deposited on the chip by 
magnetron sputtering from a Li3PO4 target in a N2 environment. The electrolyte 
coverage ensures that Li-ions can be (de)intercalated from every part of the 
lamella. Like most of the Li-ion battery electrolytes, LiPON is sensitive to 
moisture. Therefore, a custom-made vacuum transfer electrical TEM holder 
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(Chapter 2) is used for these experiments to avoid any air exposure to the 
electrolyte.  

To delithiate LiFePO4 (LiFePO! → Li! + e! + FePO!) inside the TEM, a bias 
of 3.5 V is applied, shown schematically in the inset of Figure 3c. Owing to the 
applied bias, Li-ions travel from the lamella through the electrolyte and are 
deposited on the negatively biased gold. Thus, the negatively biased gold in this 
experiment acts as a pseudo-anode.  

Li-ions (de)intercalating in and out of the electrode, thus filling and emptying 
the valence bands, changes the electronic structure. These changes can be 
recorded using Valence EELS (VEELS) with sub-nanometer resolution. 
Appearance of a peak at 5 eV for FePO4, which is not present for LiFePO4 
distinguishes between the lithiation states of these VEELS is used to track the 
delithiation of LiFePO4 during these experiments[24].   

 

Figure 3: (a) Prepared LiFePO4 lamella using FIB. (b) The as-prepared lamella (LFP) is 
transferred to the MEMS chip using a micromanipulator i. Pt is deposited via IBID to ensure 
good electrical contact between the lamella and the gold pad. (c) STEM image of the lamella 
after initial charging. The green dotted line is added for easy visualization of the lamella. The 
inset schematic shows the configuration of the experiment. The yellow rectangles represent the 
gold pad. The green rectangle represents the TEM lamella and the LiPON is represented by semi-
transparent green. The positive and negative signs represent the applied bias. The red line of the 
lamella indicates the location where EELS line scan is performed. (d) EELS spectra from 
positions I and II of the lamella. The peak in the EEL spectra for position I reveals the 
transformation of LiFePO4 into FePO4 at that position.       

Figure 3d shows the VEELS from positions I and II of the lamella (indicated in 
Figure 3c) after bias has been applied for 10 minutes. The occurrence of a peak 
at 5 eV for position I and the absence for position II, indicates that LiFePO4 has 
transformed into FePO4 at position I but not at position II. During charging of 
LiFePO4, both Li-ions and electrons travel out of the lamella in opposite 
directions. As LiPON completely covers the top surface of the lamella, Li-ions 
have equal probability to deintercalate from the lamella from positions I and II. 
                                                        
i The lamella is placed such that it lies very close to the pseudo-anode (gold pad) but is not in 
contact with it. The distance between the lamella and the vertical gold pad is typically about 
1 µm. 
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However, considering the intrinsically low electronic conductivity of LiFePO4, 
electron transfer from position I is more favourable than from position II. Thus, 
the initiation point of delithiation is determined by the electronic conductivity 
of the sample. This also prompts the need for a better electrode–electrolyte–
current collector connection.  

In this experiment, owing to the low electronic conductivity of the sample, the 
LiFePO4 lamella could only be delithiated from the area closest to the current 
collector. It should be noted that, owing to the lack of electrolyte coverage 
throughout the electrode, such an observation would not be possible in battery 
experiments conducted with the widely used STM-TEM holder. This result 
demonstrates the effectiveness of our nanowire battery setup. 

3. Nanoparticle battery setup 

Figure 4 illustrates the basic concept of our nanoparticle battery setup. Addition 
of an extra electron-transparent conductive layer connected to the gold pads 
allows (dis)charging of electrode nanoparticles along with in situ TEM 
measurements.  

 

Figure 4: Schematic shows the basic idea behind of the nanoparticle battery setup.   

For this setup, multilayers (3-5) of graphene flakes are first transferred to the 
gold pads on the TEM chips via the wedge transfer method, see Figure 5a. 
Next, the chip is heated to 300°C inside an argon glovebox to make good 
electrical contact between the graphene and the gold pads. The graphene flakes 
act as the extended current collector. When a suspension of electrode 
nanoparticles is drop-casted onto the MEMS chip, some of the nanoparticles are 
dispersed on the graphene flakes and become attached to the graphene as the 
solvent evaporates. One of the advantages of this setup compared to that of the 
nanowire battery is that no platinum need be deposited to make electrical 
contact between the electrode nanoparticles and the current collector. This also 
ensures the absence of a Pt halo, which is an excess of Pt around the intended 
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area deposited during IBID, making it easy to visualize the electrochemical 
(de)lithiation process of small nanoparticles [25].  

 

 

 

Figure 5: (a) Optical image shows the graphene flakes on the electron transparent area of the 
chip. (b) Optical image shows the dispersed LiFePO4 nanoflakes around the graphene after 
LiPON deposition. (c-e) EFTEM images of the LiFePO4 nanoflakes during different stages of 
charging, acquired with a 5eV slit at 5 eV; (c) before applying bias, (d) after 5 minutes of 
charging and (e) after 10 of charging. The scale bar is 200 nm. The indicated area is used to 
measure the intensity variations on and off the LiFePO4 particles during charging, listed in Table 
1.  

As mentioned above, Li et al. recently reported the unexpectedly good 
performance of [100]-oriented carbon-coated LiFePO4 nanoflakes [20]. This 
contradicts the general belief that LiFePO4 platelets with narrow b dimension is 
the best morphology to achieve for fast kinetics of this battery system. Li et al. 
explained that such exceptional results originate from decreased Δµb associated 
with facilitating the single-phase transformation. Here [100]-oriented LiFePO4 
particles are used to gain insight into the (de)lithiation behaviour using our new 
in situ chips. Details about synthesizing the nanoflakes can be found in Ref 
[20]. A suspension of the as-prepared sample is created in ethanol and drop-cast 
onto the chip. Then, a 30-nm-thick layer of LiPON is deposited using 
magnetron sputtering, as done in the nanowire battery setup. Some of these 
nanoflakes appear as agglomerates on top of the graphene and are thus 
electrically connected to the gold pads, meaning that they can be charged, see 
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Figure 5b. Those nanoflakes, which are dispersed outside of graphene sheet, are 
not electrically connected to the gold electrodes and thus cannot be charged. In 
this case, the negatively biased gold electrodes also act as a pseudo-anode.      

As can be seen in Figure 3d, a fingerprint peak occurs at 5 eV in the FePO4 but 
is absent in the LiFePO4, which helps us identify the lithiation state of LiFePO4. 
Thus, using a slit at 5 eV of 5 eV width, EFTEM imaging can be used to 
visualize the (de)lithiation state of LiFePO4[26]. Delithiated LiFePO4 
(LixFePO4) will appear brighter than LiFePO4 in the EFTEM images at 5 eV 
with a 5-eV slit. However, one must bear in mind that carbon also shows 
VEELS peak at 5 eV. Thus, the presence of carbon will also make the area 
brighter. Figures 5c–e are snapshots of LiFePO4 nanoflakes acquired during 
charging. Before charging, at 0 minutes, the nanoflakes appear darker and the 
brighter edges presence the carbon. As charging progresses, the nanoflakes 
become brighter. Average intensities of the marked regions show the intensity 
variations on and off the LiFePO4 particles, see Table 1. Increase intensity of 
the surrounding area of the particles over time can be attributed to the carbon 
contamination deposited during the experiment. Therefore, this experiment 
demonstrates the transformation of LiFePO4 into FePO4 during charging. 
Furthermore, it appears that these nanoflakes delithiated uniformly throughout 
the particle rather than following any particular crystallographic direction.  

Charging 
time 

(minutes) 

Average 
intensity of the 

surrounding area 
(Abr. unit) 

Average  
intensity of the 

LiFePO4 particle 
(Abr. unit) 

0 56 
 

62 
5 58 

 

78 
10 69 

 

116 
Table 1: Average intensity of the areas marked in Figure 5, obtained using Imagej software.  

4. Conclusion 

In summary, two new designs are developed for in situ TEM battery 
experiments using MEMS chips, which act as the substrate for assembling the 
nanobattery. Deposition of the thin solid electrolyte (LiPON) allows Li-ions 
(de)intercalation from every part of nanoparticle surface. Thus, this design 
provides a true and complete understanding of the (de)intercalation mechanism 
of the electrode nanoparticles because it is configured such that the Li-ions can 
(de)intercalate depending on the intrinsic properties of the electrode rather than 
the experimental limitation.  
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Using these setups, we have demonstrated the importance of the 
interconnections between electrode, electrolyte and current collector. 
Furthermore, we have used EFTEM imaging to show how [100]-oriented 
LiFePO4 nanoflakes delithiate in real time.    
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CHAPTER 9 

FUTURE WORK   
 

 

The knowledge acquired during the experiments described in previous chapters, formulates the 
pathway for the future studies. In this concluding chapter the future experiments are briefly 
discussed. This includes in-situ TEM holography using thin film battery; use of nanoreactor to 
study the role of SEI layer in Si anode performance, the initial stages of Li2O2 formation and 
dissolution; optimizing TEM parameters to study Ni-O2 discharge products.    
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1. Observation of charge distribution evolution in Solid-
State battery   

The dynamics of local charge distribution governs the ion insertion/extraction 
process and ultimately determines the battery performance. Detailed knowledge 
of this dynamics will help in better understanding of the electrochemical 
processes in a battery and thus will contribute in building better batteries for the 
future. In-situ TEM holography offers the opportunity to directly visualize the 
charge distribution up to sub-nanometer resolution[1–3]. Thus it can be utilized 
in visualizing dynamics of charge distribution across electrode as well as 
electrode-electrolyte interface during (dis)charge of a battery[4].  

A solid-state thin film is battery prepared using PLD and magnetron sputtering. 
The deposition parameters are optimized to prepare electrodes and electrolyte 
with correct stoichiometry and crystal structure. First, 200 nm thick LiCoO2 is 
deposited as cathode on top of platinum foil, acting as current collector, using 
PLD at 600°C i . Since high temperature deposition led to lower lithium 
concentration, compare to the target composition, an extra 10 wt.% Li2O is 
added during the target preparation to compensate for the lithium loss. 
Following LiCoO2 deposition 1 µm thick LiPON is deposited using RF 
magnetron sputtering, as electrolyte, from a LiP3O4 target (Goodfellow) with 
100W power in a base pressure of 10-9 mbar in N2 atmosphere.  

Before LiPON deposition, the surface of LiCoO2 is etched slightly (2-5nm) 
using argon plasma to remove the possible Li2CO3 formed on LiCoO2 surface 
due to air exposure [5]. Directly after the LiPON deposition, a 200nm thick film 
of Si as anode and 1.5 µm thick Cu film as current collector are deposited inside 
the same sputtering chamber in argon atmosphere.   

Cross-sectional FIB lamellas are prepared from the thin film battery and are 
transferred to a MEMS micro heater chips with Pt electrodes for biasing. 
Fabrication of these MEMS chips, Fig. 1(a), is described in Chapter 6. Figure 
1(b) shows SEM image of typical lamella transferred and connected to the Pt 
electrodes using IBID-Pt. Further cuts are made in the lamellas to prevent short 
circuit during biasing. The basic idea behind incorporating the possibility to 
heat the nanobattery is threefold. Firstly, heating to a moderate temperature (80-
120°C) will allow replicating the condition battery material faces during the 
thermal runaway. Thus we can learn insides of battery process during thermal 
runaway. Secondly, most of the solid electrolytes used in thin film battery have 
                                                        
i PLD deposition is done by Dr. D.P.Singh at University of Twente, Netherlands.  
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Figure 1: (a) SEM image shows the MEMS heating chip with the circular heating coils and 
electrical contacts. (b) HAADF-STEM image shows the connection of the FIB lamella.  

Figure 2: (a) HAADF-STEM image of the lamella. (b-f) elemental map showing distribution of 
(b)Pt, (c) Co, (d) O, (e) P, (f) N, (g) Si, (h) Cu and (i) overlay.  

low ionic conductivity, which improves by a factor or two at higher 
temperature[6,7]. Allowing battery cycling at different temperatures we will be 
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able switch between electrically limited to  ionically limited (dis)charge regime. 
Thirdly, at a temperature above 100°C, carbon contamination reduces 
drastically, allowing reliable TEM analysis.  

The STEM image in Figure 2a shows a typical cross sectional sample (lamella) 
prepared using FIB operating at 30kV from the thin film battery. Figures 2b-2i 
show the EDS mapping of the lamella. The estimated phosphorous, oxygen and 
nitrogen atomic percentage are 22, 70 and 8 % respectively in LiPON. The 
problem of Pt re-deposition, as can be seen in Figure 2b, can be overcome by 
adding an extra thinning step at the end of lamella preparation with lower 
current, acceleration voltage [8]. In situ charge distribution dynamics can be 
studied using these lamellas.   

2. Liquid cell in-situ TEM battery  

In Chapter 6, fabrications of nanoreactor chips are described. The uses of the 
nanoreactors allow introducing liquid electrolytes inside high vacuum TEM 
environment. The nanoreactors are well suited for the following studies.  

2.1. Understanding the role of SEI layer on battery performance  
The SEI layer is typically formed at the negative electrode during charging of a 
battery. Even though the SEI layer formation leads to capacity fading in the 
initial battery cycles, the SEI layer also protects the electrode from direct 
contact to the electrolyte and thus protect against further solvent decomposition 
[9,10]. The behavior of SEI layer becomes even more important in terms of 
battery performance for alloy anode materials, which are subjects to drastic 
volume changes during the battery cycles. Even after lots of research the 
formation and evolution of the SEI layer is considered as a “grey area” of the 
battery research[10]. The use of nanoreactor will help direct monitoring of the 
formation and growth of SEI layer during battery cycles inside TEM, which 
will lead to in depth understanding of SEI formation mechanism.  

2.2. Visualizing the formation and dissolution of Li2O2   
Long term cycling issue is hampering the tremendous potential of Li-O2 battery. 
To overcome this formation and decomposition mechanisms of the discharge 
product, especially at the early stages, have to be understood in details. The 
nanoreactors facilitate visualization of the formation and dissolution of Li2O2 at 
the early stages.  
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3. Revealing mechanism of Na-O2 battery 

Global lithium resource is estimated as 30–40 metric tons, which may prove to 
be insufficient to meet future demands of energy storage, especially considering 
a lithium-recycling rate (less than 1%) [11]. On the other hand, sodium (Na) is 
one of the most abundant elements in the earth’s crust (≈2.6%) and available in 
virtually unlimited amounts in seawater. Due to this reason Na-O2 battery 
started to receive renewed interest.  

Initial results from the Na-O2 battery demonstrate lower discharge-charge 
overpotential compare to Li-O2 battery [12-14]. The detailed mechanisms of 
discharge and charge steps and the reaction products formed during cycling are 
still under debate; NaO2, Na2O2, and Na2O2-H2O as the discharge product has 
shown in different studies, but further research are required to understand 
parameters influencing the nature of the discharge product [15,16]. TEM can be 
extensively used to understand the detailed chemical and structure of the Na-O2 
battery discharge product in relation with the used current density and 
electrolytes to unveil the underneath chemistry of the Na-O2 battery.    

Similar to Li-O2 battery, the discharge product is air sensitive and presumably 
electron beam sensitive. Thus first a protocol has to be made for stopping any 
degradation of the sample till and during the TEM study. Following the 
pathway of Li-O2 study as discussed in Chapter 4, the sufficient and necessary 
condition for TEM characterization of the discharge products can be devised.  

To understand how Na-O2 battery discharge products are distributed on the 
surface of cathode, and how the cathode components (including catalysts) can 
affect the morphology and composition of the reaction products, transfer of area 
specific information to the TEM is absolutely necessary. In Chapter 5, we have 
shown that use of standard holey carbon TEM grids on the Li-O2 battery 
cathode support propose an easy way to keep the direct correlation between the 
cathode area and the formed discharge product for TEM study. This novel 
procedure to perform TEM investigation can be extended to study the reaction 
products of the Na-O2 battery. Further, inserting sodium metal into the groove 
of the nanoreactor chip (Chapter 6), formation and growth of NiO2 and Na2O2 
can also be studied in an operando manner.  

These TEM studies will help revealing the relation between morphology, 
structure, chemical composition of the Na-O2 discharge product and current 
density, electrolyte, cathode support material (including catalyst), creating a 
better understanding on this challenging battery system.  
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Summary  
With the focus in automobile industry to switch from petroleum-based vehicles to all electric 
vehicles, the increasing demand on harvesting energy from renewable sources for a safer 
and greener future and the ever-increasing demand of the portable electronics systems, the 
need for better batteries is eminent. The ultimate aim of battery research is to develop a low 
cost, light and small battery that can deliver high-capacity and/or high power. Lithium and 
sodium batteries are the frontrunners in achieving this ultimate battery.  

A macro battery is composed of thousands of millions of nanoparticles. Thus, to prepare a 
better battery we must determine the respective effects of electrode nanoparticle size, shape, 
structure, grain–grain boundary, defects and doping on the battery performance. To do so 
electrode nanoparticles need to be probed at the nano-scale to find out the correlation 
between their morphology, structure and chemical properties and their evolution due to the 
battery charging-discharging with battery performance. In this thesis we have utilized the 
unique capability of electron microscope to resolve the microstructural and chemical 
information at the (sub)nanometer scale to probe the electrode nanoparticles for making 
better batteries.  

In this thesis first noble electrode, electrolyte fabrication strategies to improve Li-ion, Na-
ion, Li-S and Li-O2 battery performance are explored. Scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) studies are utilized to identify the key factors 
that determine battery performance (Chapter 3).  

Especially for Li-O2 battery TEM analysis is hindered by the degradation of the samples 
upon air exposure and electron-beam irradiation. Therefore, preservation of the native 
details of the discharge products at nanometer scale during the sample preparation pose 
challenges for reliable TEM analysis. In Chapter 4, electron beam conditions are evaluated 
to reduce electron-beam degradation and methods to deal with air sensitivity are presented. 
Sample’s air sensitivity can be addressed by using a vacuum transfer TEM holder. While the 
electron-beam degradation can be delayed by the use of low electron beam dose rate at 
moderate acceleration voltage, as discharge product (Li2O2) is found to degrade 4–5 times 
faster at 80 kV compared to 200 kV and the decomposition is completely dose-dependent. 
Further it is demonstrate that a “graphene cell”, which encapsulates the sample between 
graphene sheets, can protect Li2O2 against damage due to air and e-beam exposure. In 
Chapter 5, the use of conventional holey carbon TEM grids in a Li-O2 battery to unveil 
complex mechanisms of Li-O2 battery by preserving the native environment of the 
discharges is presented.  

The second half of the thesis demonstrates the role of in situ TEM studies in preparing better 
batteries, utilizing the unique capability of TEM to resolve the microstructural and chemical 
evolution at high tempo-spatial resolution. MEMS chips are the heart of our in situ TEM 
battery experiments. In Chapter 6, fabrication insights of different chips are discussed. Chips 
with electrical biasing, heating, biasing and heating capability are fabricated.  
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In Chapter 7, the role of in situ TEM in improving thin film battery is shown. In situ heating 
is utilized to unveil the crystallization process of thin film LiFePO4 and effect of high 
current densities in Ni current collector is studied. 

In situ TEM has already contributed a great deal especially to the Li-ion battery technology.  
However, the existing open-cell design that uses oxidized lithium as the electrolyte does not 
allow Li-ions to be (de)inserted from every part of the nanoparticle, which restricts 
(de)intercalation. This may lead to incomplete information about the (de)lithiation 
mechanism of the electrode material under investigation. To overcome this we have 
designed widely applicable open-cell MEMS-based chips and a thin layer of LiPON as the 
electrolyte to enable Li-ion (de)intercalation from every part of the electrode. Using 
LiFePO4 electrodes in these setups, we have shown the importance of overlap between 
electrode, electrolyte and current collector for fast charging. Furthermore, we use EFTEM 
imaging to visualize the Li-ion deintercalation process during charging (Chapter 8).  

In Chapter 9, the role of “nanoreactor” setup in performing in situ TEM battery experiments 
with liquid electrolytes and role of heating-biasing chips in performing battery operation at 
elevated temperature are discussed.  
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Samenvatting 
Met het doel van de autoindustrie om over te gaan van voertuigen met een 
verbrandingsmotor naar geheel elektrisch aangedreven voertuigen, de groeiende 
vraag om energie op te wekken uit duurzame bronnen voor een veiligere en 
groenere toekomst en de altijd groeiende vraag naar draagbare elektronische 
apparaten is de noodzaak om beter batterijen te maken overduidelijk. Het 
uiteindelijke doel van batterijenonderzoek is het ontwikkelen van een goedkope, 
lichte en kleine batterij, die een hoge capaciteit en/of een hoog vermogen kan 
leveren. Lithium- en natriumbatterijen zijn de belangrijkste kandidaten voor zo’n 
optimale battterij. 

Een macro-batterij bestaat uit duizenden of miljoenen nanodeeltjes. Dus, om een 
betere batterij te maken, moeten we bepalen wat voor effect de grootte, vorm, 
structuur, korrelgrootte, defecten en doping van de nanodeeltjes in de elektroden 
hebben op de prestaties van de batterij.  Om dit te doen is het noodzakelijk om de 
nanodeeltjes van de elektroden te bekijken op nanoschaal om de correlatie te vinden 
tussen de prestaties van de batterij en hun morfologie, structuur en chemische 
eigenschappen en hun verandering ten gevolge van (ont)lading van de batterij. In dit 
proefschrift wordt de unieke kracht van de elektronenmicroscoop gebruikt om de 
microstructuur en chemische samenstelling van de nanodeeltjes in de elektroden op 
nanoschaal vast te stellen, teneinde te komen tot betere batterijen.  

In dit proefschrift worden eerst edelmetalen elektrode-, elektroliet-
fabricagestrategieen om Li-ionen-, Na-ionen-, Li-S- en Li-O2-batterijen te 
verbeteren onderzocht met betrekking tot hun prestaties. Onderzoek met Scanning-
ElectronenMicroscopie (SEM) en Transmissie-ElelektronenMicroscopie (TEM) is  
uitgevoerd om de belangrijkste factoren te bepalen voor de prestaties van de 
batterijen (hoofdstuk 3). 

In het bijzonder voor Li-O2-batterijen wordt de TEM analyse bemoeilijkt door de 
degeneratie van de monsters door blootstelling aan lucht en bestraling met de 
elektronenbundel. Daarom is het behoud van de originele details van de 
ontladingsproducten op een nanometer-schaal bij de monsterbereiding de grote 
uitdaging voor betrouwbare TEM-analyse. In hoofdstuk 4 worden de instellingen 
van de elektronenbundel geëvalueerd die degeneratie onder de elektronenbundel 
reduceren. Voorts worden er methoden aangedragen om het effect van 
luchtgevoeligheid te minimaliseren. Gevolgen van luchtgevoeligheid van de 
monsters kan verholpen worden door gebruik te maken van een vaccuum-
tranferhouder voor de TEM. De degeneratie ten gevolge van de elektronenbundel 
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kan vertraagd worden door gebruik te maken van een elektronenbundel met een 
lage dosessnelheid en met een lage versnelspanning. Voor het ontladingsproduct 
(Li2O2) is gevonden dat het 4 tot 5 keer sneller degradeerd bij 80kV dan bij 200kV 
en de ontbinding is geheel dosis afhankelijk. Voorts is aangetoond dat een 
“grafeencel”, die het monster opsluit tussen twee grafeenlagen, Li2O2 kan 
beschermen tegen schade door blootstelling aan lucht en door bestraling met de 
elektronenbundel. In hoofdstuk 5 wordt het gebruik van conventionele koolstof 
TEMgrids met gaten voor een Li-O2-batterij gepresenteerd om complexe 
mechanismen van de Li-O2-batterij te ontrafelen terwijl de originele omgeving van 
de ontladers behouden blijft. 

De tweede helft van het proefschrift beschrijft de rol van in situ TEM studies om 
betere batterijen te maken, gebruik makend van de unieke eigenschap van TEM om 
de microstructurele en chemische veranderingen met een hoog tijds- en ruimtelijk-
oplossendvermogen te kunnen bepalen. MEMS-chips zijn het hart van onze in situ 
TEM-experimenten aan batterijen. In hoofdstuk 6 worden de details van de 
fabricage van verschillende chips besproken. Chips met elektrische voorspanning-, 
verwarmings- en voorspanning samen met verwarmings-mogelijkheden werden 
gefabriceerd. 

In hoofdstuk 7 wordt de rol van in situ TEM om batterijen bestaande uit dunne film 
te verbeteren beschreven. In situ verwarming wordt gebruikt om het kristallisatie 
proces van een dunne LiFePO4  film te ontrafelen. Tevens werd het effect van hoge 
stroomdichtheden in Ni stroom-collectoren bestudeerd.  

In situ TEM heeft al een grote bijdrage geleverd met name aan de Li-ionen-
batterijtechniek. Echter, het open-celontwerp, dat gebruik maakt van geoxideerd 
lithium als elektroliet, staat niet toe dat Li-ionen (in/uit)gevoegd worden in elk deel 
van het nano-deeltje, hetgeen de (de)intercalatie beperkt. Dit kan leiden tot 
incomplete informatie over het (de)lithificatiemechanisme van het 
elektrodemateriaal dat onderzocht wordt. Als oplossing voor dit probleem hebben 
we een algemeen toepasbare open-cel-chip ontworpen gebaseerd op MEMS-
technieken en gebruiken we een dunne laag LiPON als elektroliet om het mogelijk 
te maken dat de Li-ionen-(de)intercalatie kan plaatsvinden in alle delen van de 
elektrode. Daarbij gebruik makend van LiFePO4 elektroden, hebben we het belang 
aangetoond van de overlap tussen de elektroden, elektroliet en stroomcollector voor 
het snel opladen van de batterij. Verder hebben we EFTEM gebruikt om de Li-
ionen-deintercalatie te visualiseren (hoofdstuk 8). 

In hoofdstuk 9 wordt de rol besproken van het “nanoreactor” ontwerp ten aanzien 
van het uitvoeren van in situ TEM-batterijexperimenten met vloeibare elektrolieten 
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en de rol van verwarmingschips met voorspanning in de prestatie van de batterij op 
verhoogde temperatuur. 
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