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Abstract 

This LDRD project attempts to use novel electrochemical techniques to understand the reaction 
mechanism that limits the discharge reaction of lithium CFx chemistry.  If this advanced 
component development and exploratory investigations efforts are successful we will have a 
High Energy Density Li Primary Battery Technology with the capability to double the run time 
in the same volume, or provide the same energy in a much smaller volume.  These achievements 
would be a substantial improvement over commercial Li/Thionyl chloride battery technology. 
 
The Li(CFx)n chemistry has the highest theoretical energy (and capacity) and hence very 
attractive for long life battery applications. However, the practical open circuit voltage (OCV) is 
only 3.2 V which is ~1.3 V lower than the thermodynamic cell voltage (for an in depth 
explanation of the voltage depression refer to “Introduction” below).  The presence of 
intermediate has been invoked to explain the lower OCV of the cell. Due to the reduction in cell 
voltage the cell out put is reduced by ~40%. 
 
To account for the initial voltage loss a mechanism has been proposed which involves the 
formation of a ternary compound (like C(LiF)x).  But neither its presence nor its nature has been 
confirmed.  Our work will seek to develop understanding of the voltage depression with a goal to 
produce a primary battery with improved properties that will have significant impact in 
furthering advancements. 
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Executive Summary 

Purpose 

The work documented in this report was undertaken for one key purpose: 
 

To understand the mechanism of the discharge reaction of Li/(CFx)n cell to 
improve the operating voltage and thus double the exchange time interval of the 
LLC. 

 
Accomplishments: 
 
Key Results and Conclusions: 
 

1. Fabricated (CFx) electrodes with uniform loading and reproducible performance. 
 

2. Performed in-situ x-ray on Li/(CFx) pouch cells while discharging cell. 
 

3. Applied Multivariate Analysis and identified existence of intermediate in the discharge 
reaction. This is a major accomplishment. 

 
4. Three papers have been published in international refereed journals. 

 
 G. Nagasubramanian, M. Rodriguez, “Performance Enhancement at Low 

Temperatures and in-situ X-ray Analyses of Discharge Reaction of 
Li/(CFx)n Cells, J. Power Sources 170, 179-184(2007) 

 M. Rodriguez, M. R. Keenan and G. Nagasubramanian, “In-situ X-ray 
Analyses of (CFx)n Battery: Signal Extraction by Multivariate Analysis, J. 
Applied Crystallography 40, 1097-1104(2007) 

 Ganesan Nagasubramanian, ‘‘Fabrication and Testing Capabilities for 
18650 Li/(CFx)n Cells’’ Int. J. Electrochem. Sci., 2, 913 --- 922(2007) 

 
5. Employed two different models to identify the nature of the intermediate.  The two 

models include: 1) Molecular Dynamics Simulations:  This simulation will provide 
atomistic detail about the reactions that occur including the products, reactants, and 
intermediate compounds.  Simulation is able to observe small changes in stoichiometry 
and chemical bonds. 2) Density Functional Theory:  Computationally search for what 
types of intermediate compounds might form electrochemically during this discharge 
reaction, and also where they are in the overall voltage curve.  Hopefully, then that 
understanding might help us to suggest chemistries or processing routes that would avoid 
this intermediate. 

 
 Both these models suggest the presence of intermediate in the discharge reaction. 
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1. Introduction 

Lithium ambient temperature primary batteries are being proposed and developed as power 
sources for surety applications such as code control and Permissive Action Link (PAL) or Code 
Management Systems (CMS).  These batteries will be limited life components (LLCs) in this 
type of use and must have high reliability, predictable aging characteristics, and make maximum 
use of available space to meet minimum lifetime requirements under all environments.  It would 
be highly desirable to develop advanced power sources with the capability to last more than a 
minimum LLC exchange interval without sacrificing any reliability, safety or power 
performance.  This cannot be done with existing technology.  Lifetime in the application is 
directly governed by the deliverable energy/capacity that can be obtained from a specific 
volume. 
 
Lithium batteries have high theoretical energy density, although the practical energy is typically 
much lower than the theoretical.  All batteries deliver less than theoretical capacity/energy for 
several reasons.  One reason for this is the burden from inactive cell and battery packaging 
materials that can add considerable weight and volume.  This can vary depending on the 
containment needs of the particular cell materials.  Additional losses in delivered capacity can 
result from depression in operating voltage from the theoretical, or from inherent features of the 
cell electrochemistry, such as increasing internal resistance during discharge, increases resulting 
from cold temperature.  These issues can be dealt with to improve the percentage of theoretical 
energy/capacity that is actually delivered for use.  However, the central issue in the case of CFx 
is voltage loss which lowers the cell output by ~40%.  The facts that cell potential losses are 
observed immediately upon discharging a cell and remain nearly constant over a range of 
discharge conditions and times have been used to argue that an interface controlled by a specific 
graphite intercalated compound (or GIC) or ternary intermediate results in lost function.  A 
definitive determination of the existence of a GIC layer and an understanding of its 
characteristics (i.e. composition, structure thickness) is required in order to identify strategies for 
tailoring its properties and improving the cell output. 
 
In the (CFx) chemistry, if the discharge reaction proceeds via the reaction scheme given below 
the OCV of the battery should be around 4.5 V.  This mechanism assumes that the overall 
reaction (C) is a direct reaction between Li+ and F-.  The theoretical specific energy for the CFx 
(with x=1) chemistry will then be ~3900 Whr/kg.  This is obtained by multiplying the 
thermodynamic cell voltage of 4.5 V and the capacity per unit weight of 865 Ahr/kg.  This 
calculation assumes a simple reaction mechanism between the Li and CFx to C and LiF. 
 
Description of cell chemistry: 
The overall reaction for the Li-CFx chemistry is given below: 

 
x Li ------  x Li+  + x e-  (anode reaction)   (A) 
 
x e-  + CFx ----- C + Fx

-  (cathode reaction)   (B) 
 
x Li+  +  C + Fx

- ---- x LiF  + C (overall reaction)  (C) 
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The overall reaction involves the generation of carbon and the formation and precipitation of LiF 
in the cathode pores.  In addition to high theoretical energy density, this chemistry is inherently 
safe, exhibits long life and is extremely thermally stable.  The chemistry has not been fully 
optimized to deliver maximum energy.  Currently CFx cells are being used in memory backup 
applications where the cell is discharged at a very low current.   However, surety applications 
requirements include increasing delivered energy, so as to be able to increase the run time of the 
device.  Thus, the aim of this project is to increase the delivered energy of the CFx cells at a 
moderate rate and improve performance at sub-ambient temperatures so that these inherently safe 
and stable cells can be used in long life surety applications for NW.  Demonstration of a long-life 
(10 yr) cell concept is needed within the next 5 years. 
 
Although, the thermodynamic OCV is ~4.5 V, the observed OCV is around 3.2 V.  Further, upon 
discharge at a moderate rate, the operating voltage of the cell goes down to ~2.6 V which is a lot 
lower than the 4.5 V computed from thermodynamic considerations.  This reduction in voltage 
decreases the practical energy significantly.  The practical energy is around 2249 Whr/kg (2800 
Wh/L).  This value was computed by multiplying the operating voltage of ~2.6 V and 865 
Ahr/kg. 
 
The important question that needs to be answered is “why the measured OCV is 3.2 V and not 
4.5 V?” unlike in other primary Li primary chemistries where the practical OCV is at or close to 
thermodynamic OCV.  For example, in the case of lithium thionyl chloride (Li-SOCl2) the 
measured OCV of 3.65 V is equal to the voltage predicted by the thermodynamic computation. 
 
The reason for the precipitous drop in OCV for CFx is not apparent but implies that perhaps the 
reaction mechanism is not as straight forward as described above.  A new discharge reaction 
mechanism that accounts for the OCV depression has been proposed and is shown below. 
 
 
 
 
 
 
 
 
 
 
This reaction scheme invokes the formation of a ternary intermediate (reaction step #2) which 
decomposes to the final product.  This advanced reaction mechanism suggests that as soon as the 
cell is fabricated/activated the solvated Li+ reacts instantly with the cathode forming a solvated 
ternary compound.  Based on this supposition Touhara et al came up with a free energy flow 
chart to account for the formation of the ternary intermediate and subsequent decomposition to 
the end products (shown in Figure 1 below).  In this model calculation the authors have taken 
propylene carbonate (PC) as the solvent.  To account for the OCV depression to 3.2 V the 
formation of a ternary compound (C-F---Li.zPC) by electrochemical reaction has been 
hypothesized. Subsequently, the intermediate chemically decomposes to yet another compound 
(C+F-.zPC+Li+.zPC) which finally desolvates to C + LiF + zPC. 

 Anode Reaction: Li +zPC       Li+.zPC + e- ------(1)

Cathode Reaction: (CF) + Li+.zPC + e - C-F-Li.zPC    -----(2)

Total Reaction:
(CF)n +mLi +mzPC          (CF)n-m +m(C-F-Li.zPC) ------(3)

mC  + mLiF  +mzPC ------(4)

Anode Reaction: Li +zPC       Li+.zPC + e- ------(1)

Cathode Reaction: (CF) + Li+.zPC + e - C-F-Li.zPC    -----(2)

Total Reaction:
(CF)n +mLi +mzPC          (CF)n-m +m(C-F-Li.zPC) ------(3)

mC  + mLiF  +mzPC ------(4)
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Figure 1. Relative position of each reaction state in free energy during the discharge of 
Li/(CFx)n Cell. 

(Reproduced  from H. Touhara, H. Fujimoto, N. Watanabe and A. Tressaud, Solid 
State Ionics, 14, 163(1984) with permission from Elsevier). 

 
 
While this reaction scheme suggests the existence of the ternary intermediate there is no direct 
proof or indirect evidence for its existence.  So the principal objective of this LDRD is to search 
first for the existence of the intermediate and second characterize the nature of the intermediate.  
Once the nature of the intermediate is known, technical solutions may then be proposed for 
improving the operating voltage of the cell and thus to improve the discharge energy.  We took a 
step by step approach which aims first to detect the presence of the intermediate by in-situ x-ray 
measurement and second to identify the nature of the intermediate by modeling. 
 
Additionally, we also performed a series of spectroscopic probes with electrochemical scanning 
tunneling microscopy to locally and systematically form and probe the advancing interfacial 
region in a series of graphite-derived carbon monofluoride materials.  The new aspect of the 
research we are proposing is to locally discharge the intercalated cathode in a systematic fashion 
and monitor the resulting changes in structural and conductive properties.  This experiment was 
conducted on an electrochemical scanning tunneling microscope.  These measurements are true 
in situ measurements conducted in real time using propylene carbonate and or other organic 
electrolytes.  The imaging tip is also used to drive local discharge allowing for a progressive 
picture to evolve of local structural changes as a function of time (discharge duration at constant 
rate) or current density (discharge rate as at constant time).  From such experiments, we identify 
the characteristics of and learn the relative kinetics of events like graphene sheet delamination, 
GIC interphase formation, and LiF nanocrystalite nucleation and growth. 
 
A second novel aspect will be the generation of electrode designed for individual particle 
analysis using a combination of techniques beyond STM.  Graphite-based CFx will be our 
starting material in powder form.  Powders will be sized produce monodispersed particle 
populations.  Solution-based assembly onto either suitable planar electrodes or transmission 
electron microscopy (TEM) grids will be employed eliminating the need for embedding particles 
in a conductive matrix. Similar concepts have been used to orient carbon nanotubes end-on onto 
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planar substrates for device fabrication.  The grid concept allows for controlled atmosphere 
extraction of a STM interrogated electrode to conduct secondary structural and compositional 
analysis.  Time-of-flight secondary ion mass spectrometry will be used in a 3-dimensional 
imaging mode to determine both the GIC thickness and composition.  Larger particles of > 10 
micron will be the subject of SIMS analysis.  We have developed multivariate spectral analysis 
that is particularly useful for separating out spatially correlated chemical signatures.  This aspect 
of Sandia’s unique approach to SIMS provides a method of discriminating between the GIC and 
precipitated LiF. SIMS has sub-nanometer depth sensitivity allowing for a determination of GIC 
layer thickness.  TEM technique will also be applied for chemical and structural characterization.  
Selected area diffraction can provide extremely high spatial resolution required for the GIC 
interphase, well beyond the limits encountered in x-ray techniques.  Electron energy loss 
spectroscopy conducted on the TEM will provide quantitative compositional information. 
 
The product of these research activities will be the development of a single particle platform and 
the techniques necessary to establish structure-property relationships at the single micron sized 
particle level.  Our focus will be on understanding fundamental mechanisms and charting 
strategies for overcoming voltage depression in CFx for future application in weapon system as 
power source. 
 
The accomplishments in the electrochemical, in-situ x-ray and spectroscopic studies are 
described below.  The first segment describes the electrochemical, in-situ x-ray and electrode 
fabrication studies.  The second segment describes accomplishments that relates to the use of 
surface chemistry tools such as STM, AFM etc. 
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2. Activities for FY06-FY08 

2.1 FY-06----1st Year 

It is imperative that we have good quality electrode for testing and evaluation.  In FY06 we 
developed in-house capability to coat large electrodes.  We made several (CFx)n electrodes with 
PVDF (Polyvinylene difluoride) as binder.  To my knowledge we are the first to coat (CFx)n 
electrodes with PVDF as binder.  A photo of the Sandia National Laboratories coated electrode is 
shown in Figure 2. 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. SNL Coated CFx Electrode. 

 
Typical composition of (CFx)n electrode: 
 
90 w% (CFx)n; 5 w%  Shawingin Acetalyne Black (Honeywell); 5 w% PVDF (Kureha W#1300). 
Electrode thickness: ~2.5 mil.  A detailed description of the electrode making and coating is 
given later in this report. 
 
Using our electrode coater (SNL in-house capability has been published in Int. J. Electrochem. 
Sci., 2 (2007) 913 --- 922 (Appendix A)) we coated (CF)n electrodes of uniform thickness and 
loading.  We evaluated them in coin cells for performance at different temperatures in the range 
of 72 to -55oC.  Our test data clearly showed that the SNL cells had improved performance over 
the commercial cells of comparable size and were highly reproducible.  We also made large 
capacity cells (18650-type) and tested them for capacity at high temperature. Typically these 
cells gave >3 Ahr capacity. 
 
In FY06 we initiated a contract to the University of South Carolina (USC) for modeling (based 
on first principle) cell performance at different temperatures and rates.  This model will also have 
“predictive” capability which will eliminate making measurements at conditions that are not 
easily obtainable in the laboratory.  In FY06 we also collected discharge data on commercial 
cells to support the modeling activity. 
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Figure 3. Coin Cell Holder. 

 
During the electrode coating studies we realized that (CFx)n needs a thin coating (~ 3 micron) of 
conductive carbon on aluminum substrate for improved adhesion.  I obtained carbon-coated (2-3 
micron thick) aluminum electrodes from Intelicoat a small company located in South Hadley, 
MA.  In a typical run 7.5 grams of PVDF is added to 200 ml of NMP (1-Methy-2- pyrrolidinone) 
to 800 grams of Zirconia beads and the mixture is stirred for 15 minutes to dissolve the PVDF.  
To this solution are added 7.5 grams of conductive carbon and stir again for 20 more minutes.  
Finally add 135 grams of (CFx)n powder to the above mixture and stir at 3200 RPM for 1 hr.  
The time was found to be sufficient to homogenize the mixture to consistent slurry of viscosity in 
the range 220-250 cP.  This slurry was then coated on to aluminum substrate obtained from 
Intelicoat.  These electrodes were used for the electrochemical studies. 
 

2.1.1 Coin Cell Testing 
In the cell holder (Figure 3 above) we can test a maximum of 6 coin cells at a time.  The cells 
were tested in Moccor tester at temperature.  Since these are primary cells they cannot be 
recharged.  Typically these cells gave around 10 mAhr capacity.  A typical discharge curve is 
shown in Figure 2.  The open circuit voltage is around 3.4 V.  The operating voltage is around 
2.6 V even for a low discharge rate (C/100). 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Discharge Behavior of a SNL Made Coin Cell. 
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2.1.2 X-ray studies 
Further, we performed in-situ x-ray diffraction measurement studies on Sandia built pouch cells 
while the cell is discharging to gather structural data on changes in the cathode material or the 
appearance of crystalline discharge products.  We have shown that a pouch cell configuration 
can be used to perform in-situ x-ray studies to obtain structural information of the cathode during 
discharge.  It took us several trial runs and iterations to hit the right thickness of the plastic bag 
(that contains the cell components) to maximize signal from the (CFx)n electrode.  Sample 
configuration of the test pouch cell is given below (Figure 5).  The grey side is where a very thin 
(~2.2 mil) Li anode is located. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Sample Configuration for In-situ X-ray. 

 
We used the cell configuration shown above to collect in-situ x-ray data on (CFx)n cells while the 
cell is discharging.  This study has the potential to yield information of any intermediate species 
(that is X-ray detectable) formed in the discharge reaction sequence.  We collected a series of x-
ray data on the cell while discharging and the presence of the intermediate was not apparent in 
the x-ray data.  We used SNLs’ unique modeling capability to extract information on the 
intermediate from the x-ray data.  We performed Multivariate Analysis on this data and extracted 
information on the presence of the intermediate.  The analysis was performed in FY07 and will 
be discussed later. 
 
Additionally, we also performed in-situ measurements (described below) for understanding the 
interfacial reaction at the electrolyte/CFx interface and nature of the intermediate. 
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2.1.3 In-situ TEM and other studies 
FY06 activities are focused on developing the capability to conduct isolated cathodic discharge 
and characterization on single particles of carbon monofluoride.  Initial efforts are focused on 
fixing single particles to suitable substrates and demonstrating the probing of these particles. 
Emphasis has been placed on scanning probe microscopy, initially as an ex situ probe, but with 
the intent of conducting in situ imaging during local cathodic discharge.  A preliminary 
demonstration of single particle compositional characterization is also conducted using time-of-
flight secondary ion mass spectrometry (TOF SIMS).  Particles have been fixed to amorphous 
carbon TEM grids with the intent of analytical electron microscopy and diffraction on individual 
particles. 
 
The basic orientation of particles presented to the electrolyte during discharge is shown in Figure 
6 for a Sandia fabricated CFx cathode.  A suspension of CFx, carbon black, and binder is 
dispersed onto a carbon coated Al foil to create this composite cathode film.  The atomic force 
micrograph of Figure 6 shows that the particle orientation includes particles with the basal or c 
axis oriented normal to the surface plane, as evidenced by the smooth, flat facets, combined with 
some degree of particle tilt resulting in the a axis (parallel to the graphene planes) intersection 
with the battery electrolyte.  This composite film morphology results largely because of the 
shape of the particles (as platelets) and the processing method.  As shown below, this 
morphology is well simulated by individual particles fixed onto planar electrode substrates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. AFM image of a Sandia composite CFx cathode. 

 
Single particles can be fixed onto flat Au surfaces by modifying the Au with a short chain 
alkanethiol and relying on Vander Waals forces. Figure 7a shows an atomic force micrograph of 
two sub-micron sized particles in the upper portion of the image and a larger particle in the lower 
half of the image.  The larger particle shows a good deal of morphology on the upright facing 
facets of the particle. Flat, planar regions appear to be oriented with their c-axis upright or 
normal to the Au surface.  Regions of high step density exist between c-plane terraces where the 
a-axis is graphene edges are exposed.  A particle fixed in this geometry still provides plenty of 
perimeter access for the release of F during cathodic discharge and an opportunity to track the 
formation of the graphite intercalation compound formation.  Figure 7b shows a scanning 
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tunneling micrograph of a portion of a CFx particle on a Au substrate.  This image demonstrates 
that significant electronic conductivity exists within the particle and at the particle-Au interface 
to support tunnel-based imaging.  Au terraces are clearly visible in the lower right hand corner of 
this image, while the highly stepped edge of the CFx particle appear in the center to upper left of 
the image. 

Figure 7. AFM (a) and STM (b) images of CFx particles fixed on an Au surface. 

 
Discrete laminae can be seen in the center of this image, which at this resolution are most likely 
ensembles of the terminus of graphene planes at this particle edge.  These results clearly 
demonstrate that single particle can be fixed on planar electrodes and relevant details of the 
particle structure critical for the study of F egress and graphite intercalation compound (GIC) 
formation during cathodic discharge can be imaged and therefore studied.  Continued work in 
FY06 will focus on demonstrating in situ imaging during the discharge process.  A glove box for 
housing the SPM instrument under a controlled atmosphere has been designed and fabricated in 
order conduct these experiments.  Single particles can also be characterized in order to determine 
local compositional changes. Figure 8 shows a TOF-SIMS secondary positive ion image set for a 
CFx particle fixed on Au.  Primary positive ions are C+ (Fig. 8a) and CF+ (Fig. 8b).  These 
images are the result of cumulative ion generation between periods of sputtering and therefore 
represent the integrated composition through the outermost graphene layers.  Individual layer 
images can be reconstructed as essentially a 3 dimensional map once the sputter rate has been 
quantified.  Larger particles can be used for this purpose using AFM after the fact to measure 
sputter depth into the material.  The variation in secondary ion yield with sputtering is shown in 
the formal sputter depth profile shown in Figure 9.  Good signal-to-noise ratio exists for the 
relevant ion yields for the first series of graphene layers, before the limits of kinematic damage 
are reached in the particle bulk.  This signal integrity will allow for sufficient 2 dimensional 
imaging at a given graphene layer to discriminate between fluorinated carbon at the particle 
center and an evolving de-fluorinated zone at the particle perimeter.  A demonstration of this 
compositional characterization is a focus of our remaining FY06 activities. 

a ba b



 18

 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 8. Positve secondary ion images of a CFx particle fixed to an Au surface: a) C+ 
and b) CF+. 

The depth profile of Figure 8 was acquired at the center of the particle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. TOF-SIMS sputter depth profile of a single CFx Particle fixed on a Au 
electrode. 
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2.2 FY’07-----2nd Year 

In FY07 we investigated (CF)n materials from 3 different sources to further optimize cell 
performance for rate capability and temperature.  We have successfully identified the presence of 
the intermediate by performing Multivariate Analysis on the X-ray data.  A full paper has been 
published in the Journal of Applied Crystallography which has been copied below (Appendix B). 
 
Additionally, we studied kinetics of de-fluorination and GIC formation in CFx single particles 
using STM type techniques developed in FY06. 
 
In this FY two new activities were initiated to perform F-NMR on CFx electrodes discharged to 
different depth-of-discharge (DOD) and Raman to monitor the local changes in the graphene 
planes while discharging cell.  F-NMR work was performed in collaboration with City 
University of New York (CUNY) and the Raman work was performed with Lawrence Berkeley 
National Laboratory (LBNL). 
 
The second segment describes the accomplishments of TOF-NMR (Time of Flight NMR), STM 
(Scanning Tunneling Microscopy), AFM (Atomic Force Microscopy) etc. 
 

2.2.1 Accomplishments 
Two full papers were published in the current FY.  These are: 
 

 “Performance Enhancement at Low Temperatures and In-situ X-ray Analyses 
of Discharge Reaction of Li/(CFx)n cells” Ganesan Nagasubramanian, Mark 
Rodriguez, J. Power Sources (published) 

 “In-situ XRD Analysis of (CFx)n Batteries: Signal Extraction by Multivariate 
Analysis” Mark A. Rodriguez, Michael R. Keenan, and Ganesan 
Nagasubramanian – J. Applied Crystallography (published). 

 
Prepared electrodes with optimum performance. 
 

 For electrode optimization study, we investigated 4 different (CFx)n materials 
purchased from different sources.  The electrodes were made using Sandia in-
house facility.  We chose the best performer based on the electrochemical data 
obtained in coin cells. 

 We prepared using, SNL in-house facility, three 18650* Li/(CFx)n cells and 
adjusted them to different SOCs (State-of-Charge) for F-NMR  and C-NMR 
studies at CUNY. 

*Cylindrical cell with 1.8 cm diameter and 6.5 cm high. 
 We also prepared and conditioned several special* (CFx)n electrodes for 

Raman studies by LBNL.  The electrodes for the Raman study didn’t contain 
any conductive carbon to eliminate scattering and obscuring of the signal from 
the partially discharged (CFx)n electrode.  We electrochemically discharged 
the cells to a predetermined SOC (State-of-Charge) and provided them to 
LBNL for Raman analyses.  *These electrodes don’t have additive carbon in 



 20

order to eliminate unwanted fluorescence background that would mask the 
useful Raman signal. 

 We performed MVA (Multi-Variant Analysis) on the x-ray results (collected 
at Sandia) and showed for the 1st time the presence of an intermediate in the 
discharge reaction of the Li/(CFx)n cell. 

 Detected the initial stages of sheet exfoliation during carbon monofluoride 
reduction and ion:solvent intercalation using in situ AFM. 

 Demonstrated successfully single carbon monofluoride particle imaging on 
inert electrode surface. 

 

2.2.2 Electrochemical Testing of Cells in 2032* configuration 
* Coin cell with 2 cm diameter and 3.2 mm thick 
 
A typical discharge curve for one of the SNL-Built coin cell is shown in Figure 10.  The open 
circuit voltage is around 3.4 V. The operating voltage is around 2.6 V even for a low discharge 
rate (C/100).  We tested several cells to check for reproducibility. The coin cells performance is 
extremely reproducible and a paper has been published which is copied below (Appendix C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Discharge curve for an SNL built (CFx)n coin cell at 25C. 

 

2.2.3 X-ray studies 
A summary plot of both the voltage curve obtained during discharge of our pouch cell, along 
with a contour plot of the XRD data collected using a Siemens D500  diffractometer (Cu  
KÅ) are given and explained below. 
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Figure 11. Discharge curve for our pouch cell. 

 
 

 

Figure 12. A contour plot of the XRD data collected during discharge. 

 
The voltage curve shows typical discharge behavior for (CFx)n, with a precipitous drop from 
OCV at the onset of the discharge process, to a plateau voltage of ~2.6 V.  This plateau voltage 
persists until the onset of cell failure.  The XRD analysis is shown below the voltage curve as a 
contour plot, having axes of x = time, and y = 2 angle and the intensity (as a log scale) shown 
as a color scale.  The contour plot shows significant presence of the (CFx)n cathode material at 
the beginning of cell discharge as illustrated by the prominent (CFx)n (001) intensity at ~10o 2.  
The contour plot shows the (CFx)n intensity dissipating as the cell progresses through discharge.  
LiF peaks are observed to mature concurrent with the decay of the (CFx)n intensity.  These 
observations are consistent with other published results1.  A thorough analysis of the XRD data 
using multivariate analysis (MVA) cleanly separated the (CFx)n feature from scattered intensity 
due to the fixed components of the pouch cell (e.g. separator).  Moreover, the MVA technique 
suggested that another species, perhaps an intermediate phase, formed during cell discharge as 
well shown in the contour map as CF(x-y) -Li.  An in-depth discussion regarding these 
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observations, along with further detail regarding MVA of the obtained XRD dataset has been 
published in the Journal Applied Crystallography for publication. 
 

2.2.4 F-NMR Results (Professor Steve Greenbaum; CUNY) 
We made three 18650 cells and discharged them to different SOCs (State-of-charge).  We 
supplied CUNY the cells for F-NMR studies on the (CFx)n cathodes. 
 
Sample Preparation for NMR Studies 
The three 18650 cells provided by Sandia National Laboratories discharged to different SOCs 
(State-of-Charge) were cut open inside an argon-filled, controlled atmosphere glove box for 
extracting the cathode material and the samples were packed into airtight 4mm and 1.7mm rotors 
in the box for NMR studies. In addition, the un-cycled starting material was dried overnight at 
100 oC in a vacuum oven before packing.  The 19F Nuclear Magnetic Resonance (NMR) data 
was collected using a Varian NMR 500MHz magnet, externally referenced to CFCl3, using 
Magic Angle Spinning (MAS) and a spin-echo pulse sequence, techniques employed to reduce 
the homo- and hetero- dipole interactions experienced by the fluorine nuclei.  Figure 13 shows 
the 19F NMR spectra overlapping corresponding to the expected compounds present: a prominent 
PVdF signal (near –15ppm), present in all samples including the starting material; a strong LiF 
signal (near 130ppm), seen only in the cycled samples; a narrow (suggesting mobility) LiBF4 
signal (84ppm); and a small shoulder (near –150ppm), characteristic of intercalated fluorine.  
This latter signal is more prominent in the 80% versus the 50% discharged sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. 19F MAS NMR of (CFx)n cathodes cycled against lithium to different voltages. 

 

2.2.5 Raman Studies 
LBNL is equipped with tools to probe the battery electrode structure in-situ and ex-situ.  I took 
advantage of this unique capability and worked with Robert Kostecki to probe (CFx)n cathode 
electrode using Raman. Sandia provided LBNL with specially made and conditioned (CFx)n 
electrodes for performing ex-situ Raman studies.  In addition, we provided them with (CFx)n 

 

LiF 

Intercalated 
Fluorine 

LiBF4 

Spinning sidebands 



 23

powder and its precursor (graphite carbon) for control measurement.  Figures 14 and 15 show ex-
situ Raman spectra collected on Sandia supplied graphite precursor and the partially discharged 
electrode.  Raman spectra of (CFx)n powder and electrode (undischarged) are not shown here 
since no discernable peaks were observed- mostly fluorescence was observed. 
 
 
 
 
 
 
 
 
 

Figure 14. Raman spectra of precursor graphite carbon. 

 
Figure 14 shows three spectra collected at three different spots of the graphite powder particle.  
The response is typical Raman response of graphene structure.  The intensity plotted on the y-
axis is not very high which suggests that this material doesn’t fluoresce.  Figure 10 shows Raman 
spectra for the partially discharged electrodes (black and red) and for the fresh electrode (not 
discharged; green).  For the partially discharged electrodes in addition to the two peaks at 1328 
cm-1 and 1577 cm-1 (see Figure 10) there is an additional peak at around 1600 cm-1.  This extra 
peak, we believe, is coming from the local changes in the graphene plane due to discharge.  This 
observation gives us some measure of confidence that it is possible to see changes in the 
graphene planes by Raman technique.  The spectrum for the fresh electrode (green) shows only 
fluorescence as expected. 
 
The collaborative studies with CUNY and LBL were not continued into FY08 and so no work on 
F-NMR and Raman was performed in FY08 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Raman spectra of partially discharged electrodes. 
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2.2.6 STM Type Studies 
Detected the initial stages of sheet exfoliation during carbon monofluoride reduction and 
ion:solvent intercalation. 
 
Figure 16 shows a series of in situ AFM images for a (CFx)n film (10% Polyvinylidene difluoride 
binder and graphite) at several stages of cathodic charging.  Intercalation was conducted in a 1 M 
LiBF4:propylene carbonate electrolyte using a constant current.  The images were generated in 
an attractive intermittent contact mode using a magnetically coated lever and an AC magnetic 
field to drive the cantilever at a 10 kHz frequency.  The ridge that runs down the approximate 
center of the 3-D image in Figure16a represents the exposed edge plane (a aixs) of single carbon 
monofluoride particle. Assuming a 0.58 nm interlayer spacing between carbon sheets with 
fluorine interspaced, the measured ridge height of ca. 230 nm corresponds to the exposure of 400 
carbon fluoride sheets.  No changes in this structure were observed for an initial 20 
milliCoulomb (mC) polarization when compared to the initial local topography after several 
hours of equilibration at open circuit. Figure 16b shows the local topology after an additional 60 
mC has been passed. Some drift (image compression along the y-axis, a drift to the left along the 
x-axis) is evident, but no change is detected in the height of this carbon monofluoride sheet stack 
and no changes are evident in the surface texture of the basal plane of this particle. Figure 16c 
shows that topographic changes start to take place at 120 mC cumulative charge.  The ridge 
height above the adjacent grain has increased to 520 nm indicating that the monofluoride has 
undergone reduction and vertical expansion with the formation of a graphite intercalated 
compound (GIC).  Vertical height increases due to Li cation insertion, association with fluoride 
anion, and possibly solvent intercalation into the crystal edge.  This height change of an 
approximate factor of 2.3 is considerably greater than an expected ratio of 1.6, based on 0.94 nm 
for a Li intercalated carbon monofluoride and 0.58 nm for the starting material.  This difference 
could reflect the inclusion of propylene carbonate into the GIC, as this solvent has been proposed 
to participate in Li insertion chemistry for pure graphite. 
 

ca b ca b

 

Figure 16. Topographic AFM images after cathodic polarization of a carbon 
monofluoride electrode in 1 M LiBF4 propylene carbonate. 

Arrows indicate the approximate point of comparison along a monofluoride edge 
plane – the site for GIC formation.  The vertical difference measured indicates 
reduction and GIC formation is taking place. 

 
What is learned from this type of experiment is that the intercalation process can occur at a fairly 
early stage during cathodic discharge of the monofluoride. No evidence of film formation from 
solvent breakdown or intercalation into partial monofluoride sheets, presumed to create the basal 
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plane surface texture, occurs.  The process being observed is a relatively low activation energy 
process for the monofluoride reduction in an energetically heterogeneous material.  These results 
show that early stages of GIC formation can be tracked using in situ AFM.  These early stage 
processes are viewed as the critical chemistry responsible for the undesirable cell voltage 
reduction in primary batteries based on the Li: (CFx)n electrode pair. 
 

 Successfully demonstrated single (CFx)n  particle imaging on inert electrode surface 
 
The idea is to locate individual carbon monofluoride particles on electrodes that serve as current 
collectors.  Cathodic polarization is used to intercalate the particle to some extent.  The particle 
can then be analyzed using combinations of time-of-flight secondary ion mass spectrometry 
(SIMS) and transmission electron microscopy (TEM).  The use of a alkyl thiol (decane thiol) is 
used to attract carbon monofluoride particles on a gold electrode.  Specific size range particles 
are retained on the electrode surface with electrolyte introduction and AFM imaging.  The intent 
is to conduct intercalation with imaging and then conduct ex situ compositional and structural 
analysis of the intercalated particles. 
 
Again this work also was not carried on into FY 08 and so no more work was performed in 
FY08. 
 

2.2.7 Summary of Accomplishments 
 Performed MVA analysis on the in-situ x-ray data and identified unequivocally the 

presence of an intermediate.  To my knowledge we are the first to confirm the presence 
of an intermediate. 

 Two full papers and one proceedings paper were written.  One of the full papers has been 
accepted for publication in the J. of Power Sources and the other has been submitted to 
the J. Applied Crystallography. 

 Provided CUNY with three 18650 cells for F-NMR, C-NMR studies and the data is being 
analyzed in depth.  Initial results indicate that these techniques are suitable for monitoring 
changes caused by the discharge reaction in the graphene planes of the cathode. 

 Prepared special electrodes for ex-situ Raman studies.  The initial results show that 
Raman technique can be advantageously used to monitor changes in the graphene 
structure. 

 Detected the initial stages of sheet exfoliation during carbon monofluoride reduction and 
ion:solvent intercalation. 

 Demonstrated successfully single carbon monofluoride particle imaging on inert 
electrode surface. 

 Investigate the intermediate reactions occurring in the (CFx)n material in the presence of 
lithium, by molecular dynamics simulations.  The General Reactive Atomistic Simulation 
Program (GRASP) developed at Sandia will be used with a reactive forcefield (ReaxFF 
developed at Caltech).  These simulations will provide atomistic detail about the 
reactions that occur including the products, reactants, and intermediate compounds.  
Simulation is able to observe small changes in stoichiometry and chemical bonds.  
Therefore, information can be obtained that is difficult to acquire experimentally that 
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complements the X-ray diffraction data and makes a more complete picture of the 
physical processes during cell discharge. 

 Conduct If the above activities are successful and complete then we will issue a contract 
to a (CFx)n manufacturer to produce (CFx)n powder with improved voltage performance. 

2.3 Accomplishments for FY 08 

2.3.1 Two different modeling efforts were funded in this FY 
The first model involves the molecular dynamics simulation of Li/(CFx)n discharge reaction  This 
work was performed at Sandia National Labs in Org1814. The other model, Density Functional 
Theory, was performed by Professor Chris Wolverton at Northwestern University, Chicago. Both 
these models suggest the presence of an intermediate in the discharge reaction which is in 
concurrence with what I have shown experimentally.  The accomplishments of the two modeling 
works are given below. 
 

2.3.1.1 Molecular Dynamics Simulations of Lithium Ions in (CF)n 

2.3.1.1.1 Introduction 
Molecular dynamics simulations are often used to provide insight into the behavior of materials 
at the atomic level.  The purpose of this work was to attempt to provide insight into the 
unexpected behavior of lithium batteries that are based on fluorinated graphite (CFx)n. 
Experimentally, the voltage drop across these batteries is observed to be much less than expected 
from thermodynamic calculations of the assumed reactions.  Thus, it would be very handy to be 
able to watch what occurs in this system at an atomistic level. 
 
The greatest difficulty in performing any simulation is simplifying the physical situation to make 
the calculations tractable, yet still capture the relevant behavior.  The concern is that by 
simplifying the problem, spurious behavior may result or unphysical results obtained.  In an 
effort to prevent such difficulties, simulation model systems are usually built in stages.  That is 
the case here.  While ideally one could start with atoms jumbled together in a box and watch 
them assemble into the desired material, practically, systems are carefully constructed to have 
the structure and topology determined from experiments.  Complicated systems are built in 
stages so that intermediate behaviors can be checked and modifications made to ensure that the 
testable simulation results accord with experiment, lending more confidence that predictions 
from simulation are useful. 
 
This work used followed the idea of constructing simple systems and then adding complexity in 
steps to get to the desired simulation.  The plan was to use fixed topology classical molecular 
dynamics simulations on increasingly complex systems and then switch to reactive force field 
simulations1,2. to get the detailed reactions in the complex system.  Unfortunately, the 
preliminary work with the fixed topology systems showed that small defects in the system, 
defects guaranteed to be present in varying and un-quantified levels in the experimental samples, 
make using the reactive force field unreliable because the resulting behavior will be too 
dependent on the given initial state of the system.  This is doubly true because the reactive force 
field parameters were already in the process of being updated this spring to reduce recently 
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discovered inaccuracies for similar systems.  Thus, no simulations with reactive force fields were 
performed in this work and all results shown are from classical fixed topology simulations. 
 

2.3.1.1.2 Theory and Methods 
In the simplest terms, molecular dynamics simulation is the integration of Newton’s equations of 
motion for a system of atoms3: 

   F  ma    (1) 

The force is determined from the derivative of the potential energy interactions of the atoms.  
Choosing the integration method and potential energy interactions for a specific system is an art.  
For this work, the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
program4 developed at Sandia was used.  This program was chosen because it is a widely used 
program that has a track record of giving good results, provided that proper input is supplied. 
 
To calculate the forces on each atom, classical molecular dynamics relies on a system of 
potential energy equations based on the different types of interactions.  For this work, the 
relevant types of interactions are bonds, angles, torsions, Coulombic interactions, and excluded 
volume.  The parameters for the atoms in the simulation came from the universal force field5.  
The non-bonded interactions were truncated at 10 Å.  A neighbor list was constructed with a 
binning procedure and the skin radius was 2.0 Å.  1-2 and 1-3 interactions were not included in 
the non-bonded interactions. 
 
Of course, Newton’s equations of motion are only valid for a constant energy calculation.  To 
better approximate experimental conditions, a thermostat and a barostat are often applied to 
control the temperature and the pressure of the simulations.  For the simulations performed here, 
a Nose-Hoover thermostat was applied with a time constant of 1.0 fs.  When the barostat was 
applied, it was also of the Nose-Hoover type and had a time constant of 10 fs.  A time step of 0.1 
fs was used. 
 
The largest system used in this study started as 512 carbon atoms arranged in four layers of 
graphite.  To emulate a bigger system, the standard practice of applying periodic boundary 
conditions was employed.  Periodic boundary conditions were applied in all three directions with 
care taken so that the graphite sheets would be continuous across the box, thus necessitating the 
small time step used. 
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Figure 17. Initial Graphite System. 

 
The spacing between adjacent layers of the graphite matched the experimental value of 3.35Å.  
This point is important because adding the fluorine to the graphite system expands the interlayer 
distance.  This expansion is a result not just of adding the relatively large fluorine atoms into the 
gap, but is exacerbated by the resulting deformation of the carbon bonding from a planar 
geometry to a tetrahedral geometry.  Experiment has shown6 that the resulting interlayer distance 
is usually between 5.8 and 8.9Å. 
 

 

Figure 18. Fluorinated Graphite: (CF)n. 
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The exact value of the interlayer spacing depends on a few factors.  According to the literature, 
experiments show that one of the primary factors is the extent of fluorination.  A F/C ratio of 
0.94 was observed to have a gap of 6.00 Å, while a F/C ratio of 0.93 gave a spacing of 5.84Å.  
One reason for this variation, which is a complicating factor for simulation, is that the type of 
bonds between fluorine and carbon in these systems vary from ionic to covalent due to degree of 
fluorination7.  Thus, the actual size of the fluorine and the charge on it will be different 
depending on how many other fluorine atoms are present in the immediate vicinity.  These 
variations introduce an additional complexity for simulation because, while number of fluorine 
are fixed at the beginning of the simulation, checking for possibilities of reactions with lithium 
will be heavily dependent on charge and size of the fluorine.  For all the systems here, the F/C 
ratio was exactly one.  However, to investigate the effect of varying nature of the fluorine-carbon 
bond, simulations were performed with charges in both the covalent and ionic limits. 
 

2.3.1.1.3 Results and Discussion 
Adding lithium to the prepared systems lead to some interesting observations.  A single lithium 
ion in the system with the covalent level of charge (-0.1 on the fluorine atoms) shows a 
pronounced bending of the layers next to the lithium ion.  Changing the charge on the fluorine 
atoms to be the ionic value of -1 lead to an unstable system in which the layers flew apart. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. System with one Li+ and a fluorine charge of -0.1. 

 
Varying the loading of the lithium also had an effect on the structure of the layers.  As one might 
expect, having two lithium ions near each other on opposite sides of a layer means no bending in 
their vicinity.  Otherwise, bending still occurred by the atoms near the lithium.  No clustering of 
the lithium ions was observed and lithium ions in different layers appeared to have minimal 
effects on each other. 
 
In all cases, the lithium ions were observed to be mobile with a jumping motion between 
evidently preferred locations.  With systems of this size, measuring diffusion coefficients are 
meaningless because of the spurious effects due to each layer being a continuous two-
dimensional surface.  Physical systems will have defects so that the lithium ions can jump 
between layers and move along grain boundaries.  Including those defects in these simulations 
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would lead to either systems that are too large for current computing capabilities or systems that 
have too high a concentration of those defects.  Edge effects will be noticeable in physical 
systems, but including them here by turning off the periodic boundary conditions would lead to a 
huge overemphasis on them. 
 

2.3.1.1.4 Conclusion 
Molecular dynamics simulations were performed on (CF)n systems with fixed topology.  These 
systems were simplified models of the physical systems that were chosen to be computationally 
tractable.  It was determined that defects in the physical model probably account for most of the 
reaction sites.  Seeding the simulations with those defects was not feasible.  Too much would 
depend on initial configurations with abnormally high levels of those defects due to the small 
system sizes.  Simulating larger system sizes with the fixed topology is feasible, but using 
systems large enough to have a physical concentration of defects is not a feasible option when 
using the reactive force fields. 
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2.3.1.2 Identifying intermediate in the discharge reaction of the Li/(CFx)n cell 
and understanding effect on cell voltage 

2.3.1.2.1 Abstract 
Professor Wolverton and Dr. Shin of Northwestern University have used first-principles 
calculations based on density functional theory (DFT) to derive the open circuit voltage profiles 
of Li/(CFx)n cells.   They wish to understand and explain the significant difference between the 
thermodynamic calculation of the cell voltage (~4.5 V) and the observed operating cell voltage 
(3.2 V). One theory suggested in the literature to explain this voltage reduction involves the 
formation of a ternary compound in the reaction sequence which governs/controls the open 
circuit voltage (OCV):  For the discharge reaction, xLi + (CFx)    C + xLiF, the OCV should be 
~4.5 V from available, well-established thermodynamic data (essentially, the difference in heats 
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of formation of LiF and CFx) .  However, the observed OCV is around 3.2 V.  In our project, we 
have used DFT calculations to study the thermodynamics of the above reaction, and also the 
possibility of a stable ternary intermediate phase. They also analyze the thermodynamics of the 
reaction, and assert that a stable ternary intermediate cannot reconcile the discrepancy between 
observed and thermodynamic calculations of the voltage.  The discrepancy could only be 
explained via a non-equilibrium ternary intermediate pathway.  They also find that DFT is not 
well suited for an accurate description of the CFx-type systems, presumably due to well-known 
deficiencies of DFT for treating van der Waals bonding, and molecular systems in general.  They 
have attempted to use quantum-chemical cluster-based methods in an attempt to rectify the DFT 
results, without success.  In an attempt to ascertain whether DFT can be accurate for other Li 
electrode reactions (e.g., not involving van der Waals bonding or molecular systems), they have 
performed studies of a recently proposed Li-ion anode material (LaSn3), and find that the DFT 
predictions are excellent.  Thus, extensions of DFT, high order quantum chemical methods, or 
quantum Monte Carlo based methods will presumably have to be used to study the CFx reactions. 
 

2.3.1.2.2 Introduction 
The open circuit voltage (OCV) of the discharge reaction for the Li/(CFx)n cell may be simply 
calculated from available thermodynamic data for the heats of formation of LiF and CFx.  Such a 
calculation yields ~4.5 V for the OCV. However, the observed OCV is around 3.2 V. This 
difference (~ 1.3 V) in voltage between the theoretical and the measured is quite significant as it 
reduces the delivered energy from a potential value of 3900 to 2200 Wh/kg. So there has been a 
strong desire in the community to understand (and perhaps mitigate) this decreased voltage. One 
possible theory which has been asserted in the literature [1, 2] to explain this voltage reduction 
involves the formation of a ternary compound in the reaction sequence which governs/controls 
the OCV. 
 
Figure 20 shows a schematic of the energetics of the CFx/LiF reaction.   The OCV is related to 
the chemical potential difference of Li in the cathode vs. anode, and in the plot of the energy vs. 
composition, the average voltage of the reaction (the voltage integrated over composition) can be 
easily shown to be related to the slopes of the lines connecting various points.  Thus, the slope of 
the line connecting CF and LiF is labeled ~4.5V, for instance.  This plot then offers a convenient 
graphical method to assess the possibility of a ternary intermediate:  Clearly, if a ternary 
intermediate is the explanation for the observed 3.2V OCV, then it must lie above the line 
connecting CF and LiF.  Of course, this means that the ternary intermediate is unstable with 
respect to decomposition into CF+LiF.  On the other hand, a stable ternary intermediate would 
necessarily have to lie below the tie-line connecting CF+LiF, and hence would have an OCV 
greater than 4.5V.  This discussion is all simply consistent with the well-known fact that during 
discharge, the voltage of a system decreases with increasing discharge.  In other words, if there 
are multiple stable phases in a system, discharge into the initial phase always is at the highest 
voltage, and subsequent discharge is at lower voltages.  In the system of Fig. 20, this simply 
means that the initial ternary intermediate, if stable, would give a voltage higher than the CF/LiF 
reaction, and subsequent steps would result in a lower voltage.  In sum, then, the simple 
schematic of Fig. 20 illustrates the important point that a stable ternary intermediate cannot 
explain the discrepancy between thermodynamic calculation and observed OCV of the CFx/LiF 
system. 
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Figure 20. Schematic diagram of voltage change for Li/(CFx)n cell discharge reaction. 

 

2.3.1.2.3 First-principles calculations 
Here, we use first-principles density functional theory (DFT) calculations in an effort to help 
accelerate the search for novel battery reactions. Quantities directly relating voltage and 
structural stability may be computed from DFT, and thus these computations can be used as a 
“screen” for predicting improved materials. Wolverton etal have calculated total energies of 
individual phases from first-principles in the discharge reaction to predict the OCV. It has been 
shown by a large number of researchers that first-principles calculations DFT calculations 
accurately predict the properties of a wide range of solid state materials. However, there are also 
well-known failures of DFT:  Mott insulators and highly correlated systems, some magnetic 
materials, van der Waals bonded/molecular solids, etc.  And, current implementations of DFT 
are also known to be much less quantitatively accurate for molecules than they are for solids. 
 
They use the Vienna Ab initio Simulation Package (VASP)[3, 4] to perform the electronic 
structure calculations. The projector augmented wave (PAW) method[5] was selected and the 
generalized gradient approximation (GGA)[6] was used for exchange and correlation 
contributions to the Hamiltonian of the ion-electron system.  Energy cutoff was set as 875 eV for 
all the calculations and an isotropic mesh of 5000 k-points per primitive cell was used based on 
Monkhorst-Pack scheme[7]. 
 

2.3.1.2.4 Cluster calculations 
As an alternative tool to calculate total energies of each phase that participate the discharge 
reaction of Li/(CFx)n cell we have used GAMESS (General Atomic and Molecular Electronic 
Structure System) [8, 9] in the present work. For wavefunctions, a high spin open shell SCF 
(ROHF) has been used as implemented in GAMESS. 
 

2.3.1.2.5 Results and discussions 
In order to compute the OCV of discharge reaction, we begin by computing the VASP energies 
of the individual phases in the xLi + (CFx)    C + xLiF reactions. Calculated total energies for 
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the phases other than CFx are shown inError! Reference source not found.. It should be noted 
here that we have used total energy of diamond carbon in the OCV calculation instead that of 
graphite. Graphite is a layered structure with van der Waals interaction between layers (absent 
from DFT), and hence we suspect that total energy calculation of graphite would not be nearly as 
reliable as that of diamond. However, the energy difference between the diamond and graphite 
phases for carbon is known to be very small so that this use of the diamond structure will not 
make any significant difference in OCV calculations. 
 

Table 1.  Calculated total energies for C, Li, and LiF from first-principles calculations. 

 

Structures Prototype 
Total Energy 

(eV/f.u.) 
C Diamond -6.2614 
Li W -1.8999 
LiF CsCl -9.6941 

 
First, we have considered the discharge reaction, when x=1 (i.e., CF), then the reaction can be 
rewritten as: 

Li + CF  C + LiF (1) 
 
So, the remaining phase to compute from DFT is CF.  However, it should be noted that they 
anticipate that this polymeric material might be problematic within DFT, so they explored 
previous literature on the topic.  In 1993, Charliere et al.[10] have studied structural and 
electronic properties of carbon monofluoride (CF) from first-principles. They have studied two 
different conformations, which are denoted as boat and chair, respectively. Wolverton etal wish 
to reproduce their reported crystalline parameter for both phases. Calculated total energies and 
corresponding OCVs are shown inError! Reference source not found.. 
 

Table 2.  Calculated OCV for boat and chair phases from Charlier et al.[10]. 

 

Designation 
Total Energy 

(eV/atom) 
Calculated 
OCV (V) 

Boat -6.2787 1.5 
Chair -5.2405 3.6 

 
Interestingly, according to Charliere et al.[10] (who used the local density approximation in their 
calculations) the chair CF conformation has a lower than boat, however, we find the opposite 
(using the generalized gradient approximation).  And, for our lowest-energy conformation (boat), 
we find a calculated OCV that is much lower (1.5V) than observed. 
 
Because we suspected that the polymeric structure of CF might pose difficulties for the DFT-
GGA, we decided to try searching for another low-energy structure of CF that we might use in 
the voltage calculations.  The motivation behind this search was not to propose a novel crystal 
structure for this phase, but rather to find a dense, non-polymeric form of CF that DFT might 
predict as a ground state, which presumably would then have an energy close to the true 
polymeric ground state.  The idea, then, is that this might serve as a reasonable energy to use for 



 34

CF in voltage calculations.  The calculated energies of CF in about 30 possible “AB” structure 
types are given inError! Reference source not found., along with the calculated OCV for each 
structure. We find that the B29 (SnS-type) structure has the lowest energy and the corresponding 
OCV is 1.4V.  Interestingly, this energy is quite close to the polymeric boat conformation for CF. 
 

Table 3.  Calculated OCVs for various CF structures. B29 has the lowest formation energy 
indicating amongst the most stable structure and predicted OCV is 1.4V. 

 

Designation Prototype 
Total Energy 

(eV/atom) 
Calculated 
OCV (V) 

Ba CoU -5.4157 3.2 
Be CdSb -5.4946 3.1 
Bg MoB -5.5235 3.5 
Bh Wc -3.3125 7.4 
Bi AsTi -3.3123 7.4 
Bk BN -3.1128 7.8 
B1 NaCl -3.0971 7.9 
B2 CsCl -3.0052 8.0 
B3 Zincblende -3.0185 8.0 
B4 Wurtzite -3.1248 7.8 
B81 NiAs -4.8777 4.3 
B9 Cinnabar -5.0821 3.9 
B10 PbS -3.5718 6.9 
B11 γ-CuTi -5.4701 3.1 
B12 BN -4.6803 4.7 
B13 NiS -5.4956 3.1 
B16 GeS -5.4935 3.1 
B17 PtS -3.5235 7.0 
B18 CuS -3.2041 7.6 
B19 AuCd -5.1924 3.7 
B20 FeSi -4.3946 5.3 
B24 TlF -3.0969 7.9 
B26 CuO -3.5233 7.0 
B27 FeB -5.3237 3.4 
B29 SnS -6.3248 1.4 
B31 MnP -5.1451 3.8 
B32 NaTl -3.1571 7.7 
B34 PdS -5.8960 2.3 
B35 CoSn -3.2157 7.6 
B37 SeTl -5.2116 3.6 

 
Wolverton etal also have performed a similar crystal structure search for the energetics of the 
C2F compound. The calculated energies and OCV for various structures are shown inError! 
Reference source not found..  As shown in Error! Reference source not found. for CF 
calculations, the predicted OCV for the discharge reaction 

Li + C2F  2C + LiF (2) 
is quite scattered. The C23 (PbCl2-type) structure has the lowest energy and hence is the most 
stable structure.  In this case, the extreme stability of this C2F compound even leads to a 
negative OCV.  Hence, we find that standard plane-wave DFT (within the GGA) is not suitably 
accurate to yield quantitatively accurate predictions for CFx/LiF reactions. 
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Table 4.  Calculated OCVs for various C2F structures. C23 has the lowest formation energy 
indicating amongst the most stable structure. However its calculated OCV is negative. 

 

Designation Prototype 
Total Energy 

(eV/atom) 
Calculated 
OCV (V) 

Ca Mg2N -5.1595 4.8 
Ce PdSn2 -6.1271 1.9 
Ch Cu2Te -6.6656 0.3 
C1 Fluorite -2.9562 11.4 
C1b MgAsAs -2.9562 11.4 
C2 Pyrite -4.1104 8.0 
C3 Cuprite -3.1631 10.8 
C4 Rutile -5.1004 5.0 
C5 Anatase -4.7642 6.0 
C6 Trigonal ω phase -6.9190 0.5 
C7 MoS2 -6.7292 0.1 
C8 High Quartz, SiO2 -6.6368 0.4 
C9 Ideal β-Cristobalite -2.7030 12.2 
C10 β-Tridymite, SiO2 -3.3924 10.1 
C11b MoSi2 -5.2347 4.6 
C14 Laves (MgZn2) -4.6343 6.4 
C15 Laves (Cu2Mg) -3.9187 8.6 
C15b MgSnCu4 -3.9186 8.6 
C16 Al2Cu -4.5236 6.7 
C18 Marcasite -6.0556 2.2 
C19 α-Sm -6.7494 0.1 
C21 Brookite -6.0364 2.2 
C22 Fe2P -6.0890 2.0 
C23 PbCl2 -7.2214 -1.3 
C24 HgBr2 -6.6797 0.3 
C32 Hexagonal ω -6.5068 0.8 
C34 AuTe2 -6.7492 0.1 
C35 CaCl2 -6.1249 1.9 
C36 Laves (MgNi2) -5.2655 4.5 
C38 Cu2Sb -5.3715 4.2 
C40 CrSi2 -5.1612 4.8 
C42 S2Si -6.1079 2.0 
C43 Baddeleyite, ZrO2 -6.5790 0.6 
C46 Krennerite, AuTe2 -6.6324 0.4 
C49 ZrSi2 -6.6743 0.3 
C54 TiSi2 -6.6789 0.3 

 
Due to the difficulties with planewave DFT for this system, Wolverton etal.  have also used the 
cluster-based quantum-chemistry tool, GAMESS, to calculate total energies of each phase that 
participating in the discharge reaction of Li/(CFx)n cell.  Unfortunately, Wolverton etal also 
found that GAMESS was insufficient to quantitatively predict the OCV reaction energy, 
presumably due to the difficulties in treating periodic systems and metals within GAMESS. 
 
Since Wolverton etal found difficulties with DFT and quantum-chemistry-based methods for the 
CFx/LiF system, we wish to understand whether these difficulties are pervasive for Li 
“displacement” reactions, or whether they are specific to this system. Therefore, Wolverton etal 
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applied our planewave DFT methods to another recently-proposed displacement-type Li 
insertion material, LaSn3.  (This work was performed in collaboration with experimental work 
from J. Vaughey and M. Thackeray at Argonne National Laboratory, and a manuscript is in 
preparation.) 
 

2.3.1.2.6 First-principles calculations of LaSn3 as a Li battery anode 
Wolverton etal report the results of our preliminary investigation of LaSn3 as anode materials for 
lithium-ion batteries.  LaSn3 is an interesting candidate anode material due to the possibility of 
either displacement- or insertion-type reactions with Li. 
 
Displacement Reactions:  If LaSn3 reacts with Li via displacement of La and formation of Li-Sn 
compounds, it potentially could exhibit a high theoretical specific capacity due to its high tin 
content. Specifically, a theoretical specific capacity of 650 mAh/g would be achieved based on a 
complete displacement of La via the reaction of 12 lithium atoms per formula unit (i.e., 4 Li per 
Sn atom): 
 

12 Li   +   LaSn3      La   +   3 Li4Sn 
 
and a volumetric capacity of 4920 mAh/ml based on the density of LaSn3 (7.57 g/ml).  In 
practice, however, the volumetric capacity will be slightly lower because the electrode expands 
overall on lithiation.  And, since other compounds with lower Sn content exist in the La-Sn phase 
diagram (e.g., La3Sn5), it is possible that La would only be partially displaced by Li, which 
would also result in lower capacity numbers. For simplicity and convenience in some of our 
general discussions, we assumed a maximum uptake of 4.0 Li per Sn atom. 
 
Insertion-type Reactions: LaSn3 has the prototypic Au3Cu structure (cubic Pm-3m symmetry) 
which may be viewed from two different perspectives.  One could think of this as a substitutional 
arrangement of La and Sn on an fcc lattice, and hence as a close-packed intermetallic compound 
with possible interstitial sites available for Li incorporation.  Alternatively, one can view this 
structure as a “defect perovskite” with a vacant cation site.  This vacant octahedral site at the 
body-centered position gives an interstitial space that might allow the incorporation of at least 
one lithium atom per LaSn3 formula unit.  In this hypothetical perovskite LiLaSn3 structure, the 
Li atoms would be bonded predominantly to six nearest-neighbor Sn atoms.  In order to 
understand more completely the reaction mechanism of LaSn3 with Li, we report here on a 
coupling of experimental efforts with computational first-principles calculations of various 
reactions to determine the preferred mechanism of lithium reaction with LaSn3 as well as the 
likely reaction products.  (J. Vaughey, M. Thackeray, D. Shin, and C. Wolverton, in preparation). 
 
In an attempt to gain insight into the electrochemical reaction of lithium with LaSn3, and to 
determine if the reaction might form intermediate phases, Wolverton etal employed first-principles 
calculations based on density functional theory (DFT) to predict thermodynamically-preferred 
reactions and reaction sequences. Wolverton etal wish to predict low-energy reaction pathways 
from first-principles calculations based on density functional theory. For the LaSn3 negative 
electrode reaction with Li, Wolverton etal have both considered insertion and displacement 
reactions. The relevant reactions that we have considered are summarized inError! Reference 
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source not found..  ΔHrxn of each reaction in Error! Reference source not found. is evaluated 
from total energies of individual phases which are obtained from VASP calculations. 

Table 5.  Formation enthalpies for competing reactions. 

 

Reaction type Reactions  ∆H (meV/Li) 

Insertion 
 

Li + LaSn3 → LiLaSn3                                             

12Li + LaSn3 → Li12LaSn3                                   

(1) 
(2) 

864 
3232 

Displacement 
 

66Li + 5LaSn3 → 5La + 3Li22Sn5               

51Li + 4LaSn3 → 4La + 3Li17Sn4                  

(3) 
(4) 

-252 
-275 

 
88Li +  15LaSn3 → 5La3Sn5 + 4Li22Sn5    
17Li + 3LaSn3 → La3Sn5 + Li17Sn4          

(5) 
(6) 

-368 
-395 

 
Reactions (1) and (2) are the insertion-type reactions, starting from the vantage point of thinking 
of LaSn3 as a structure with one of the cation sites is vacant at the body-centered position. In 
Reaction (1), Wolverton etal just filled this vacant site to form a hypothetical LiLaSn3 perovskite 
structure. In Reaction (2), all octahedral and tetrahedral sites are filled to form a hypothetical 
Li12LaSn3 structure.  Reactions (3)-(6) are displacement reactions, involving the displacement of 
Sn in the LaSn3 structure to the most Li-rich intermediate phase in the Li-Sn system, “Li4.4Sn”.  
Two such phases have been reported in the literature[11, 12] for this Li-rich phase, Li17Sn4 and 
Li22Sn5.  Wolverton etal considered both phases, and we considered reactions involving either La 
or La3Sn5. 
 
In order to validate our first-principles results, the formation enthalpies of LaSn3 and La3Sn5 are 
compared with experimental measurement for these compounds[13]. Figure 21 shows formation 
enthalpies for LaSn3 and LaSn5 calculated from first-principles and those from experiments and 
they are in good agreements. 
 

 

Figure 21. Calculated formation enthalpies for La3Sn5 and LaSn3 from first-principles 
compared with experimental measurements (See Huang et al.[13] and 
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references therein). Dotted line represents a conceptual convex hull of La-Sn 
connecting averaged experimental formation enthalpies of each intermetallic 
compound. 

Negative numbers in Error! Reference source not found. mean that the right-hand-side is 
lower in energy than the left-hand-side. It should be noted here that since our first-principles 
density functional calculations are those of at 0K so that temperature effect, e.g., vibrational 
entropy, has not been fully taken into account. However, it can be assumed that ΔSrxn is almost 
negligible here and will not reverse the sign of above reactions. Also, the voltage of these 
reactions relative to Li metal is just given by –ΔHrxn. So, from this table, we can make the 
following conclusions: 
 

(i) The insertion reactions are extremely unfavorable with a very large, negative voltage 
relative to Li from these calculations, and it seems extremely unlikely to occur. This 
can be understood by looking at LaSn3: The crystal structure is commonly described as 
an fcc-based substitutional ordered pattern, L12. The L12 structure (prototype Cu3Au) is 
one of the most common intermetallic compounds, and has 12-fold fcc-type 
coordination about each atom, which is close-packed. Thus, trying to insert Li into an 
interstitial site in a close-packed structure is going to incur a very large strain-energy 
penalty, and this penalty is clear from the above reaction energies. 

(ii) The reactions involving Li17Sn4 as a byproduct are energetically more favorable than 
the analogous ones involving Li22Sn5. This essentially means that the former compound 
is more stable than the latter. There has been some controversy in the literature about 
the precise stoichiometry of this compound, and the first-principles calculations clearly 
indicate that Li17Sn4 is lower in energy than Li22Sn5, and thus Li17Sn4 is a more 
reasonable stoichiometry to use for the “Li4.4Sn” phase. This result is in agreement with 
the x-ray and neutron work of Lupu et al.[12]. 

(iii) Displacement reactions involving the La3Sn5 phase are much more stable than those 
involving La. Thus, La3Sn5 as a product provides an energetically more reasonable 
pathway for the displacement reaction. The energetically preferred reaction (6) for 
lithiation of LaSn3 from this study is a displacement reaction involving Li17Sn4 and 
La3Sn5 as byproducts. This reaction energy is approximately –400 meV/Li, and thus the 
first-principles prediction is that LaSn3 operating via this reaction sequence should 
have an open circuit voltage approximately 400 mV above Li. This prediction seems to 
be in good agreement with the measured voltage profiles, where the majority of the 
uptake seems to occur somewhere near ~0.5V. 

 
Hence, for this LaSn3 system, we find that DFT-GGA is quantitatively accurate.  This implies 
that the failure of DFT in the CFx/LiF is likely specific to that system.  In order to more fully 
address the energetics of this system, then, methods beyond DFT will need to be employed in the 
future. 
 

2.3.1.2.7 Conclusions 
In summary, we have used first-principles calculations based on density functional theory (DFT) 
to derive the open circuit voltage profiles of Li/(CFx)n cells.   Wolverton etal have analyzed the 
thermodynamics of the reaction, and assert that a stable ternary intermediate cannot reconcile the 
discrepancy between observed and thermodynamic calculations of the voltage.  The discrepancy 
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could only be explained via a non-equilibrium ternary intermediate pathway.  Wolverton etal 
also find that DFT is not well suited for an accurate description of the CFx-type systems, 
presumably due to well-known deficiencies of DFT for treating van der Waals bonding, and 
molecular systems in general.  Wolverton etal have attempted to use quantum-chemical cluster-
based methods in an attempt to rectify the DFT results, without success.  In an attempt to 
ascertain whether DFT can be accurate for other Li electrode reactions (e.g., not involving van 
der Waals bonding or molecular systems), we have performed studies of a recently proposed Li-
ion anode material (LaSn3), and find that the DFT predictions are excellent.  Thus, extensions of 
DFT, high order quantum chemical methods, or quantum Monte Carlo based methods will 
presumably have to be used to study the CFx reactions. 
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3. Published work related to this LDRD 

1) H. F. Hunger and G. J. Heymach, J. Electrochemical Soc. 120, 1161(1973) and references 
therein. (This describes the discharge characteristics of CFx material) 

 
2) H. Gisser, M. Petronio and Shapiro, Lubric Eng. 28, 161(1972) and references therein. 

(This describes the discharge characteristics of CFx material) 
 
3) N. Watanabe, Solid State Ionics 1, 87(1980).  (This paper describes two types of graphite 

fluoride, their discharge characteristics etc). 
 
4) M. S. Whittingham, J. Electrochemical Soc. 122, 526(1975). 
 (This paper describes the ternary intermediate compound that determines the cell OCV) 
 
5) M. A. Rodriguez, D. Ingersoll, and D. H. Doughty, Powder Diffraction, 18, 135(2003) 



 42

 



 43

4. Conclusions 

In this section we describe the main conclusions of our study in the last three FYs. 
 

1. We developed methodology to coat (CFx)n electrodes that exhibited: 
 Uniform loading 
 Reproducible and optimized performance 

2. Performed In-situ x-ray studies while the pouch cell was discharging: 
 Collected X-ray data continuously till the cell is finished  
 Performed Multivariate Analysis on the X-ray data and identified the 

presence of an intermediate in the discharge reaction.  Although others have 
speculated the presence of an intermediate we have shown that the 
intermediate does exist in the discharge reaction. 

3. After successfully identifying the presence of the intermediate we moved forward 
with identifying the nature of the intermediate species with modeling.  

 Molecular Dynamic Simulation  
 Density Functional Theory 

4. Finally, the electrode coating and cell fabrication expertise gained in this project has 
promise to bring-in funding from out-side sources including private companies both 
domestic and foreign. 
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5. R&D Needs and Opportunities 

The author has identified the following activity as potentially fruitful research addressing the key 
issue of increasing the operating voltage in order to double the exchange interval time of the 
LLC. At Sandia National Laboratories we have identified the presence of the intermediate in the 
(CFx)n discharge reaction  by in-situ x-ray studies while the cell was being discharged. The two 
modeling studies also confirmed the existence of the intermediate. The next logical step in the 
evolution of this study is to prevent the formation of the intermediate by appropriately modifying 
the (CFx)n structure by doping with a foreign atom, for example, nickel, cobalt, or chromium. 
This approach we believe will introduce ensemble of energy level in the (CFx)n lattice which 
matches that of the intermediate. This could either eliminate formation of the intermediate or 
provide a pathway to mitigate the effect of the intermediate.  So the choice of the dopant is 
critical to eliminating the deleterious effect of the intermediate.  Using Computer Modeling 
Capabilities in Org 6316 the choice of the dopant can be determined. Once this is accomplished, 
for the final demonstration, the material will be synthesized by a private company (there is a 
private company in Tulsa, OK which is dedicated to the production of (CFx)n primarily for US 
customers) and tested in cells at Sandia National Laboratories. 

The development of this in-house capability has generated interest in the private companies in 
the US and abroad. This awareness is bringing in research opportunities through WFOs. We will 
take advantage of this awareness and elevate this SNL capability to a higher level to prepare NW 
quality power sources for future NW applications. 
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