
Low-cost, long-lasting, and environmentally friendly batteries are essential in the coming 

decades to successfully meet society’s demand for increased integration of technology in 
everyday life. Development of areas such as transportation and portable consumer electronics is 

limited by the lack of efficient and reliable power sources, which could otherwise enhance the 

production of next-generation technologies in these fields. Currently, lithium-ion batteries are the 

industry choice for these applications since they are lightweight, offer high energy density, and 
are easily manufactured.1 However, they do not operate at their theoretical efficiency, and thus 

there is intense research dedicated to further characterize the materials used in battery 

fabrication.  
Lithium-ion batteries use redox reactions to induce a flow of electrons and lithium ions 

between the anode, cathode, and electrolyte, as shown in Figure 1.2 The most desirable batteries 

have high storage capacities, long lifetimes, and an ability to be quickly and safely cycled. These 
characteristics are mainly limited by the quality of the electrodes. Most ongoing research focuses 

on anode improvements, while little attention has been given to the cathode. The bulk of my work 

will focus on cathode improvements. 

Two currently notable cathode materials include lithium cobalt oxide (LiCoO2) and lithium 
manganese oxide (LMO). The former has been popularized as a cathode material for its ability to 

effectively intercalate lithium, but its potential for use in larger applications is limited by the high 

price and availability of cobalt.3 LMO shows promise for widespread commercialization since it is 
low-cost, safe, environmentally benign, and has great rate capability. However, its practical use 

has been limited by the severe capacity fading during battery cycling, attributed to the migration 

of manganese species from the cathode to the anode.4 It has been hypothesized that, at the 
interface between the cathode and the electrolyte, Mn undergoes a disproportionation reaction 

(2Mn3+
→ Mn2+ + Mn4+). The Mn2+ species are soluble in the electrolyte and migrate from the 

cathode to anode upon cycling, where they are reduced to metallic Mn on the anode surface. This 

loss of active material and resulting deposition poisons the solid-electrolyte interface (SEI) at the 
anode and contributes to the observed capacity fading over the lifetime of the battery.4 

The Hersam Group at Northwestern seeks to utilize nanomaterial-processing capabilities 

to improve these cathode materials. When coated with a monolayer of graphene, LMO thin-film 
cathodes showed substantial improvements in specific capacity (120 mAh/cm3 as compared to 40 

mAh/cm3) and capacity retention (90% retention between the first two cycles as compared to 

70%), as shown in Figure 2.5 The graphene layer serves as a filter that allows lithiation and 

delithiation while blocking manganese diffusion into the electrolyte. The oxidation state of Mn at 
the LMO surface also changes from Mn3+ to Mn4+ upon graphene adsorption to the surface, 

creating a layer at the surface that prevents dissolution of bulk Mn2+ atoms into the electrolyte.5 

Despite the promising improvements originating from the addition of graphene, this behavior has 
only been characterized using sputtered LMO thin films, which are not practical for scale-up since 

the weight of thin film LMO is small compared to the weight that could be achieved with other 

geometries. A more feasible fabrication technique involves making cathodes from LMO 
nanoparticles. The challenge here is to uniformly coat the nanoparticles with graphene such that 

the associated benefits observed for thin films are also realized for this morphology. For 

nanoparticles, reduced graphene oxide (RGO) will be used since it bonds strongly with the LMO 

while maintaining excellent electrical conductivity. I will develop techniques to wrap LMO 
nanoparticles with graphene, fabricate the batteries, and test under repeated cycling.  

Prior to cathode fabrication, the LMO particles must be functionalized to promote RGO 

adsorption. To do so, the LMO will be coated with an intermediate layer containing amine groups 
that will then bond with the hydroxyl groups on the RGO. My research will involve finding the 

optimal chemical route for this functionalization. To validate these results, XPS spectroscopy will 

be used to analyze the adsorption behavior at the surface of the nanoparticles. Moreover, the 
amine and hydroxyl groups typically bond via intermolecular forces; further chemistry is needed to 

form covalent bonds between the LMO and the RGO, which can be done using ester groups 



formed during EDC/NHS activation in a controlled pH environment. I will attempt to accomplish 

this goal through a number of different methods. For successful battery operation, it is necessary 
to ensure that lithium ions are able to pass through the RGO coating. Battery measurements 

(described below) will be performed after each step of functionalization to determine if those 

steps were problematic. 

After the LMO particles are sufficiently coated with RGO, a nanoparticle slurry is made by 
sonicating a mixture of graphene, the coated LMO nanoparticles, and poly(vinylidene fluoride) 

(PVDF) in an N-Methyl-2-pyrrolidone solvent. The resulting slurry will then be dropped onto an 

ozone-purified aluminum current collector and baked at 120°C for 12 hours to remove the solvent 
and polymer. The final cathode structure is thus RGO-wrapped LMO nanoparticles dispersed 

throughout a broader graphene matrix. A half-cell will be made with pure lithium as the anode 

material such that the lithium migration during operation is not limited by the lithium availability at 
the cathode. These batteries will then be tested over several hundred cycles in an Arbin BT2143 

battery tester, which outputs measured charge and discharge capacity during cycling. From this 

data, metrics describing battery performance (such as maximum capacity, capacity retention, 

etc.) will be calculated. Since the battery assembly strongly affects the performance, these steps 
must also be optimized across different battery iterations. When these results prove successful, I 

will construct a full cell to test whether manganese dissolution and the resulting poisoning at the 

anode are suppressed. Similar analysis techniques as those described above will be used. 
In addition to basic battery tests, impedance spectroscopy tests will be conducted to 

understand the changes in battery performance during cycling. Scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) will also be used to validate the morphology 
of these nanoparticles before cycling by ensuring they are adequately wrapped in graphene. TEM 

sample prep involves drop casting the graphene slurry on a TEM grid, while SEM samples are 

made by baking the slurry directly onto an SEM stub.  Finally, XPS spectroscopy will be also used 

to measure the extent of manganese loss during cycling. 
If the battery preparation of the first phase is successful, I will look to improve other 

electrode materials. Li2S is another potential cathode material that, despite being effective at 

intercalating lithium, has poor electrical conductivity6 and quickly loses its capacity due to 
polysulfide dissolution into the electrolyte.7 These problems could be mitigated by coating the Li2S 

cathode with graphene. The challenge is to handle Li2S in an argon atmosphere since it is 

unstable upon contact with air and water. Thus, I will explore techniques for dry transfer of 

graphene onto a Li2S thin-film cathode. The same characterization and analysis techniques as 
described above will be used for testing in this phase. 

These two phases can be performed simultaneously, since the battery fabrication steps 

are similar across both projects. Battery fabrication and testing will occur in waves due to the 
nature of the slurry preparation and testing apparatus. I plan to assemble batteries weekly, 

although the bulk of this will occur in the first four or five weeks of the summer. The remaining 

time will be spent focusing on characterization and data analysis. 
 My experience with research began in March 2014 when I joined the Laurence D. Marks 

group, a group that focuses on advanced electron microscopy. In conjunction with class, I have 

gained valuable SEM and TEM experience that will carry over into this project. Since then, I have 

also joined the Hersam group, and have been working closely with Kan-Sheng Chen, a post-
doctorate research associate. Over the last few months, I have gained experience in the battery 

fabrication and testing steps required for this project. Over the course of the next quarter, I will 

learn XPS analysis fundamentals with the Hersam group and will take a course on 
electrochemical materials and devices to further increase my knowledge in this subject area. Next 

year, I will continue this project into a senior thesis, where I will further investigate the effects of 

material, morphology, and processing techniques on improvements in lithium-ion battery anodes. 
My experience this summer will also prepare me for my goal for graduate school, where I hope to 

pursue research in energy and sustainability materials. 



 
Figure 1. Schematic of Li-ion battery.8 

 

 

 
Figure 2. Cycling life and capacity retention of LMO and graphene-LMO thin films.  

a. Specific capacity vs. cycle number of LMO and graphene coated LMO cathodes. b. Capacity 

retention of LMO and graphene coated LMO cathodes. c. Specific capacity of uncoated and 

graphene coated LMO thin films with varied applied rate.5 
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