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ABSTRACT 

An electrochemical cell suitable for in-situ XRD analysis is presented. Qualitative information 

such as phase formation and phase stability can be easily monitored using the in-situ cell design. 

Quantitative information such as lattice parameters and kinetic behavior is also straightforward. 

Analysis of the LiMnzO4 spinel using this cell design shows that the lattice undergoes two major 

structural shrinkages at -4.0 V and -4.07 V during charging. These shrinkages correlate well 

with the two electrochemical waves observed and indicate the likelihood of two separate redox 

processes while charging and discharging. 

INTRODUCTION 

Lithium based materials su h as LiMn204 are f importa interest in battery research and 
development due to their low cost for components, high output voltage, and environmental 

friendliness.[l,2] The dynamic behavior of these materials within the confines of the battery is 

of great importance in determining failure mechanisms as well as possible avenues for 

modification and improvement in performance. The ability to monitor the changes of the crystal 
structure during use (that is during electrochemical cycling) has proven useful to understand and 

verify important structurelproperty reIationships.[3,4] This task is often quite difficult because 

batteries are encased in materials having high x-ray beam attenuation. The in-situ cell described 

in this article demonstrates one way of building a test battery to obtain structural information 

from anode and cathode materials during operation. The ability to obtain this structural 

information “real-time” as well as the advantage of comparing multiple measurements from the 

same sample results in a clearer picture about the mechanisms which control battery 

performance. 
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Figure 1. Electrochemical view of Li intercalation process for LiMn204 spinel 

Lithium-ion batteries are often referred to as "rockrng-chair" batteries.[ 1.21 Figure 1 illustrates 

this rocking behavior both crystallographically and electrochemically. Charging and discharging! 

of the battery can be described as the intercalation and de-intercalation of Li' from host materials 

In our case LiMn204 spinel was used for the cathode and Li metal for the anode. However, in 

many Lithium-ion batteries carbon-based materials serve as the anode. In the LiMn204 spinel- 

type lattice (see Figure 1) the Mn cations occupy ?h of the octahedral sites coordinated by 

oxygen and the Li cations occupy ?A of the tetrahedral sites. If one views the spinel lattice down 

the (1 10) direction, one can observe channels through which loosely bound Li cations can travel 

in and out of the lattice and are taken up by the anode, As the bias voltage is placed on the 
battery during charge, the Li ions move out of the oxide lattice. The removal of Li ions from the 

spinel (de-intercalation) causes the unit cell to shrink. Conversely, when the cell is discharged, 

Li ions move back into the spinel lattice (intercalation) which causes the unit cell of the spinel to 

expand. Li ion intercalation and de-intercalation maintains charge balance in the oxide as the 

Mn metal center is reversibly oxidized and reduced. (There is some recent theoretical work that 



indicates that the oxygen in the oxide lattice plays a large role in the charge transfer process, and 

that a significant amount of the charge resides on the oxygen.)[5] It is this reversible and 

repeatable nature of charging and discharging that makes Li manganese spinel attractive as 

secondary (rechargeable) battery cathode material. 
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Figure 2. View of front and back of sealed electrochemical cell with cell layers identified. 

EXPERIMENTAL 

Cell Design 

The in-situ cell design can be an extremely useful tool for obtaining useful data for Li ion 

batteries. The cell was fabricated as shown in Figure 2. Porous cathodes consisted of 83% 

active material, 8% PVDF used as a binder, and the balance as conductive carbon. The LiMnzO4 



cathodes were cast from solution directly onto the aluminum grid material that served as the 

current collector. Casting of the oxide was done onto the front side of the grid only, and any 

excess material that was deposited onto the backside was physically removed. After allowing 

the coating to air-dry, the electrodes were dried in a vacuum oven, then placed into a press, and 2 

tons pressure was applied for five minutes to ensure good particle-to-particle contact. The final 

cathode was approximately 11 mil thick and approximately 50% porous. The LiMnzO4 powder 

was obtained from FMC. The porous cathode was prepared in such a way that the aluminum 

grid and porous electrode were at the same height on the backside of the cathode, that is the side 

that faces the incident x-rays. The aluminum grid thus served as the internal standard for all 

XRD measurements. Lithium metal was used as the anode for these studies and was pressed 

onto a copper grid, which served as the current collector. Two pieces of 1 mil Celgard were used 

as a separator for the in-situ cells. A second piece of lithium, which served as a reference 

electrode, was incorporated into this cell design to improve the electrochemical response of the 

cell. This electrode is placed at the edge of the oxide electrode and in close proximity to it, and 

is sandwiched between the two pieces of Celgard to prevent internal shorting. The supporting 

electrolyte solution used was 1M LiPF6 in ethylene carbonate/diethylene carbonate (70:30). The 

12 cm?' electrodes (6cm X 2cm) were assembled into a stack and placed into a small plastic bag 

constructed using 1 mil polypropylene (or polyethylene). The bag was assembled by impulse 

heating of the materials. The current collectors were also sealed to the bag assembly using 

impulse heating. The cell was then vacuum filled with the electrolyte through a small fill hole 

left in the cell, and allowed to soak for approximately 5 minutes. At the end of this time period 

the cell was sealed while a vacuum was applied, thus ensuring compression on the cell 

components. The thickness of the plastic bag and the quality of the compression and vacuum are 

very important aspects of the cell preparation. Proper attention to these aspects during the 

fabrication of the cell can ensure minimum beam attenuation during analysis. Additional details 

about cell preparation have been given elsewhere.[6] 

Data Collection 

Figure 3 shows a schematic diagram of the data collection setup for the ,,i-situ battery. The cell 

was loaded into a Siemens 8-8 diffractometer equipped with a standard sealed tube X-ray source 

(Cu), a diffracted beam monochromator, and a scintillation detector. The battery electrodes 



(cathode, anode, and reference) were connected to lead wires from a computer-controlled PAR 

263 potentiostat. The battery was potentiostatically charged and discharged at a rate of SpV/s 

and the current (I) vs. voltage (V) curve was monitored by the PC during charginddischarging. 

The combination of potential control, low scan rates, and use of reference electrode tend to 

ensure thermodynamic equilibrium of the oxide material during charge and discharge. 

Diffraction data was collected on an independent PC but the collection times were synchronized 

at the beginning of the experiment. Parameters for typical diffraction scans were 34-80' 28 

range, 0.05 step-size and a count-time of 2.5 seconds. Hence, each pattern collected represents 

-40 minutes or roughly a 12 mV step. The 34-80' 26'range was chosen since the plastic showed 

good x-ray transparency in this range and many reflections from both the A1 current 

collector/standard and the LiMnzO4 cathode could be detected. Diffraction patterns were 

collected in series with only a few seconds required for the scan to reset. 
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Figure 3. Schematic drawing of experimental setup for in-situ battery data collection. 

Figure 4 shows a 3D plot for a 16' 26 section of the data obtained using the in-situ cell. This 

data was collected during charging of the LiMnzO4 cathode. The (511), (440) and (531) 

reflections for the cubic spinel lattice show some dramatic changes in peak location during the 



course of charging. On the other hand, the aluminum reflection (220) from the current collector 

stays fixed for the whole series of diffraction scans. Thus one can see the effectiveness of 

aluminum as an internal standard. This standard was used to quantify lattice parameter values 

from the observed diffraction scans, the results of which are shown below. 
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Figure 4. 3-D plot of X-ray data shows lattice shrinkage around AI standard during charging. 

The quantified lattice parameter results are quite revealing. Figure 5 shows the comparison of 

structural (lattice parameter) and electrochemical (I vs. V) data for the battery as it undergoes 

charging. The electrochemical results for I vs. V (continuous line at bottom of Figure 5) show 

two separate and distinct peaks or “waves” during charge. The lattice parameter values (data 

points at the top of Figure 5 )  were calculated based on 5-10 peak reflections of the Li spinel. 

The error bars on the data points represent lo standard deviation based on the refinement. As 



one can see, the lattice parameter values correlate very highly with the electrochemical results. 

During the lg wave, the lattice parameter shows a split indicative of two separate Li content 

spinels. This may be a particle size effect of the spinel powder. As the cell charges, large grains 

can not yield Li as quickly as fine grains which results in some fraction of the cathode remaining 

highly lithiated. Alternatively, this could be a reflection of the electrochemical process 

proceeding from front-to-back in the electrode structure or perhaps poor electronic connectivity 

of the oxide material making up the electrode. However, the majority of the spinel does shr ink 

continuously during this 1'' wave with the highest shrinkage occurring at the highest rate of 

current flow (-4.OV). Then the unit cell shrinkage slows until the 2nd wave. During the 2"d 

wave, the cell shrinks discontinuously with a very large drop in lattice size at about 4.07V 

corresponding to the peak of the 2nd wave in the electrochemical data. Above 4.07V the lattice 

parameter essentially remains constant. Lattice shrinkage of the large-spinel-particles which 

could not yield Li as quickly as the finer grains may correspond to the small shoulder in the 

electrochemical data above the 2nd wave. By about 4.2V there does not appear to be any 

unconverted spinel remaining in the cell. The two waves in the electrochemical data indicate 

two separate and distinct redox processes within the spinel structure. 

Other authors have observed the two waves for the LiMnz04 but have not addressed the 

structural aspects of these waves.[7,8] Although it is not clear what mechanisms drive the two 

redox processes within the battery, it is clear that they occur at two separate voltages: the lattice 

' parameter data also indicates a dramatic difference in lattice contraction during the Ist and Znd 

waves. The 1'' wave demonstrates a continuous shrinkage while the 2nd wave shows a 

discontinuous behavior. This adds support to the idea that the mechanisms for cell contraction 

are different for the two cases. 

The I vs. V data starts to become somewhat noisy above 4.1V. This may be caused by the 

beginning of cell failure, perhaps resulting from permeation of gaseous species through the cell 

housing during the long run times (66 hours). Even with this instability in the electrolyte, we 

have had success in cycling the battery through a complete charge and discharge process where 

we clearly observed lattice shrinkage and expansion, respectively. However, more work is 
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needed to assure good electrochemical behavior, and hence better I vs. V data, during the 

complete cycling process. 
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Figure 5. Comparison of lattice parameter data for Li spinel and the electrochemical results. 

CONCLUSION 

In-situ XRD analysis is an excellent method for obtaining structural information in battery 

development. Qualitative information such as phase formation and phase stability can be easily 
monitored using the in-situ cell design. Quantitative information such as lattice parameters and 

kinetic behavior can be obtained in a straightforward manner. The cell design is flexible and 

easily extended to other battery systems such as the layered cathode materials LiCoO2, LiNiO2 



and carbon-based anode materials. Our analysis of the LiMn204 spinel shows that the lattice 

undergoes two major structural shrinkages during charging. These shrinkages correlate well 

with electrochemical results and indicate the likelihood of two redox processes occurring while 

charging corresponding to the two waves in the electrochemical results. 
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