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ABSTRACT
To assess the effect of the lithium content of copper phthalocyanine on the open-circuit voltage of the cell:
lithium/electrolyte/copper phthalocyanine (active material of cell cathode); the formulation has been developed using the
concept of vacant active sites in the active material, copper phthalocyanine, and the principles of electrochemical
thermodynamics. Also, the formulation is provided to evaluate the electric energy loss and thermodynamic efficiency of
an actual lithium-based cell with the copper phthalocyanine as the active material in its cathode electrode. Numerical
data computed using the developed formulation shows a decrease in the open-circuit cell voltage with an increase in the
lithium content of the active material.
The experimental data acquired on the actual operational cell voltage versus charge storage per gram of
copper phthalocyanine at 20oC is 836 mAh g-1 at the cell cut-off voltage of 1 volt. This capacity is much greater than the
120.0, 148.0, and 200 mAh g-1 of LiMnO4(s), LiCoO2(s), and LiNi0.8Co0.15Al0.05O2(s), respectively observed with the
materials used in rechargeable lithium-ion batteries. The density functional theory based software, VASP(Vienna Ab
initio Simulation Package) is currently being used to observe the site locations of intercalating lithions into the copper
phthalocyanine crystal in addition to the determination of minimum energy of its complex with lithium at each lithium
content level. Availability of the minimum energy data for the stable phases of the solid copper phthalocyanine, lithium,
and lithium complex with copper phthalocyanine is being envisioned to be very helpful in the prediction of the opencircuit voltage of a cell/battery with lithium and copper phthalocyanine as its anode and cathode, respectively.
KEYWORDS
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INTRODUCTION
High charge storage capacity phthalocyanine-based cathode active materials have been and are still being
investigated as well as electrochemically characterized for the development and design of high energy density
lithium-based batteries [1]. The theoretical/model formulation depicted in the next section is based on
experimental observations of the cell voltage versus the lithium intercalation of charge storage capacity of the
cell cathode active material, copper phthalocyanine (CuPc(s)), in the cell: Li(s)/electrolyte/CuPc(s). Our
understanding of the experimental data has led us to state that the cathode active materials
copperphthalocyanine and iron phthalocyanine (CuPc(s) and FePc(s)) act as host materials for lithium
intercalation in the form of (Li+– e-) pairs, here called ‘lithions’. Each lithion, after charge transfer across the
interface between an electrode active material and the electrolyte in contact with it, travels to its most
appropriate location (i.e., site or seat) in the active material for its occupation to satisfy the thermodynamic
condition of the minimum energy of the cathode active material system for its most stable state. Also, our
experimental data, here clearly shows that the number of lithions into a host active material, such as copper
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phthalocyanine (CuPc(s)), per molecule of the host material is greater than one. For theoretical/model
formulation of the cathode half-cell reaction, a three-phase composite system shown in Figure 1 is considered.
During the period of lithion intercalation into the cathode material, no plating of the active material with solid
lithium, Li(s), is observed, certainly at low current densities (e.g., 10-5 – 10-6 amp cm-2), as long as the vacant
sites in the active material are available for their occupation by lithions. This fact has led us to the following
probable mechanism of charge transfer across the interface of an electrolyte in contact with the electrode
active material, CuPc(s), and an electronic conductor, e.g., graphene flakes, carbon nanotubes, graphite, or
carbon black grains.

Electronic conductor grain

Cathode electrode active
material grain
Electrolyte
Figure 1: Three-phase composite system
It is here assumed that an electron from the electronic conductor (e.g. a graphene grain) is transferred to a
vacant site on the surface of the active material, CuPc(s), grain. Then, (Li+– e-) pair, i.e. lithion, moves to a
most suitable site in the active material for its occupation to satisfy the thermodynamic condition of minimum
energy of the cathode active material system (e.g. CuPc(s) grain) for its most stable thermodynamic (also,
quantum mechanical) state. This process of charge transfer is here represented as:

Li   e  Sv

( Li   e )  Soccp

(1)

where S v is a vacant site in the cathode active material, CuPc(s), 𝐿𝑖 + is a lithium positively charged ion in the
electrolyte in contact with the active material, e- is an electron in the electronic conductor, and

 Li



 e   Soccp represents a lithion occupying a most suitable active site in the active material.

Our experimental work on the electrochemical characterization of the cathode active materials, FePc(s)
and CuPc(s), since 2014 has shown that the voltage of the cell, Li(s)/electrolyte/cathode active material, has a
tendency to precipitously drop at the state of complete utilization of the maximum available vacant active sites
in the cathode active material at low discharge current densities (e.g., 10-5 – 10-6 amp cm-2). A probable cause
for this voltage drop is the very large resistance to the lithion diffusion mass transfer in the cathode active
material grains, assuming their close contact with the electronic conductor grains and electrolyte, and absence
of any mass transfer limitation on the transport of lithium ions in the electrolyte.
The maximum number of g-moles of lithions which can intercalate into each one g-mole of the
cathode active material is represented by Xtot. Also, the maximum number of available active sites per g-mole
of the cathode active material is assumed to be equal to Xtot. If at any state of the cathode active material, X gmoles of the active sites have been occupied by lithions; then, there are still (Xtot – X) g-moles of active sites
available for occupations by lithions per g-mole of the cathode active material. It is here being mentioned that
the classical thermodynamics demands that the macroscopic thermodynamic properties of the lithiumintercalated cathode active material, such as the internal energy, enthalpy, Helmholtz free energy, and Gibbs
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free energy, must change as the number of lithion-occupied sites increases provided there is negligible change
in the crystal structure of the cathode active material, e.g.,CuPc(s).
In the following section, the formulation based on the electrochemical thermodynamics for the charge
transfer across the interface of the three-phase system cathode electrode active material (e.g., CuPc(s))electrolyte-electronic conductor, is provided.
ELECTROCHEMICAL THERMODYANIC FORMULATION FOR THE PREDICTION OF THE
OPEN CIRCUIT CATHODE ELECTRODE VOLTAGE
The half-cell cathode reaction, represented by Eq. (1), is in dynamic equilibrium at the cell external
circuit open condition; when the cathode active material composition corresponds to X g-moles of the
intercalated lithions per g-mole of the lithium-free, unreacted cathode active material at the same fixed
temperature and pressure. The reaction equilibrium condition requires the following:

sum of chemical and

  Electrochemical / chemical 

 

electrochemical potentials
potential of the species



 of species on the left side of Eq 1   on the right hand side of Eq 1 

 


(2)

Here, an active site for occupation by a lithion and an election are treated as species, the statement in Eq. (2)
represented in symbols is now expressed as:

 Li  e   S   Li





v



(3)



 e   Soccup

whereμLi+ is the lithium ion electrochemical potential in the electrolyte, μe− is the electrochemical potential of
an electron in the electronic conductor, μSv and μ(Li+−e−)−Soccup are the chemical potentials of the vacant and
lithion occupied sites in the cathode active material, respectively. At the three-phase [cathode active materialelectronic carbon conductor-electrolyte] contact point, the cathode electrode active material electric potential,
Φelectrod , is assumed to be equal to the electric potential of the carbon electronic conductor, Φe-, i.e.,
Φe-=Φelectrod. Equation (3) is now expressed as:









chem
chem
chem
  chem

 Li  zLi F electrol  Sv  e  ze F electrod    Li e Soccup

(4)

Inserting zLi+ = +1, ze− =-1 into Eq. (4) and simplifying; the following expression for the electric potential
difference between the electrode and electrolyte is obtained.

open ,C
electrod

E

 ( electrod -  electrol ) 

 Schem  e   Lichem -  chem
 Li -e -S
v

-





-

F

occup

(5)

where Φelectrod is the cathode active material electrode electric potential and Φelectrol is the electric potential in
the electrolyte. In the derivation of Eq. (5), the chemical potential of an electron in the electronic conductor,
θ
μchem
e− , is assumed to be equal to the standard-state potential represented by μe− . Following the Guggenheim
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method of relating chemical potential and absolute activity of a species [2], Eq. (5) was transformed to the
following form [1]:

open ,C
Eelectrod


RT  f Li ,electrol CLi ,electrol 
 ,C
 Eelectrod


ln 

F 
CLi  ,electrol



X
 RT 
 RT 
  F ln  f Li e  Soccup   F ln  X tot  X










(6)

where

 ,C

Eelectrod 

 S  e   Li
v





, electrol

  Li  e



 S

occup

(7)

F

f(Li+-e- )-Soccupis the activity coefficient to account for the departure of the lithion interaction behavior at the
lithion concentration corresponding to the cathode active material lithium content of X g-moles of lithions per
g-mole of the lithium-free cathode active material, and μiθ in Eq. (7) for every species i is the standard-state
θ
chemical potential of species i when its activity is unity; e.g. μchem
Li+ ,electrol = μLi+ ,electrol for CLi+ ,electrol =
θ
CLi
+ ,electrol

𝜃
fLi+,electrol = fLi
+ ,electrol

where

f 
CLi ,electrol
 Li ,electrol


CLi

,electrol


so

that

the

activity

of

Li+

in

the

electrolyte



 is equal to 1 at a conveniently defined standard-state concentration of CLi
.

,electrol



Derivation of Eq. (6) involves many steps; the reader is referred to Appendix A in reference 1 for detail.
In our experimental work on the electrochemical characterization of the cathode active material, such
as CuPc(s) and FePc(s), because cathode electrode electric potential is measured relative to its counter electrode,
lithium sheet or foil, in the cell: Li(s)/electrolyte/cathode active material (e.g. CuPc(s)); therefore, the following
equation for the reference electrode electric potential for the reference electrode reaction[Li(s)⇌Li+(electrolyte)+e(metallic Li) ]was derived [1].
open , A
 ,A
Eref
, electrod  Eref , electrod 

RT  f Li  ,electrol CLi  ,electrol
ln 

F
CLi  ,electrol







(8)

where

 ,A

Eref ,electrod 

e  Li    Li
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,electrol

(9)

F

Subtraction of Eq. (8) from Eq. (6) leads to:
open
rel  electrod

E



 Erel electrod
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where
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(11)

F

Here, one should note that Eθrel-electrod, the standard-state cathode electrode electric potential relative to the cell
anode standard-state electric potential, is only a function of the cell temperature. In the event of no significant
X
variation in f(Li+-e- )-Soccup over the range of interest of (Xtot ) at a temperature, Eq. (10) can be expressed as:

open

Erel
 electrod  Emod  rel  electrod

 X
RT  X tot

ln 
F  1 X

X tot



X
 ;0.0  tot  1.0
X



(12)

where
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F  f Li e  S
 occup
 






(13)

Emod  rel electrod is the standard-state relative cathode electrode electric potential adjusted for the effect of the
activity coefficient,f(Li+-e- )-Soccup, of the lithion occupied sites in the cathode active material.
X
)at a
Xtot
X
(Xtot ) from

θ
One can experimentally investigate the behavior of Emod−rel−electrod
as a function of (
X

open

θ
temperatureby measuring Erel−electrod at each (Xtot )and calculatingEmod−rel−electrod
at that

cell
Eq.

θ
(12). If Emod−rel−electrod
is found totally invariant or very slightly variant with respect to the variation in
X

X

θ
(Xtot ); then Emod−rel−electrod
may be conveniently assumed to be independent of (Xtot ) at a temperature.
θ
However, Emod−rel−electrod
must be determined as a function of temperature over the temperature range of
X
)
Xtot

interest whether or not it is independent of (

open

using the measured Erel−electrod and Eq. (12).
open

Development of Eq. (12) is necessary for its application to compute Erel−electrod corresponding to a
X

value of (Xtot ) during the discharge of the cell: Li(s)/electrolyte/cathode electrode incorporating active material
(e.g., CuPc(s)) at a cell current of Itot(amp). If at the discharge current, Itot, the actual cell voltage cell voltage is
E (volts); then, the total cell voltage loss due to the resistances to the lithium ion transport from the cell anode
to cathode, charge transfer across the cathode-electrolyte and anode-electrolyte interfaces, the diffusion
transport of lithions in the cathode active material, electron transport in the electrodes, etc. is
open
ΔEloss=(Erel−electrod − E) [volts]. Then, the electric power loss [W] appearing as thermal energy production
rate is given by:
open
tot
Ploss  Eloss I tot   Erel
electrod  E  I

(14)
X

Equation (14) is valid at any time, t, when the cathode active material lithion content corresponds to (Xtot ).
Total loss of electric energy during the cell discharge period, Δt, is:
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t t

Ploss 

  E

open
rel  electrod

t 0

 E  I tot  dt

(15)

 E  dt

(16)

and for constant total current,
t t

  E

Ploss  I tot

open
rel  electrod

t 0

Thermodynamic efficiency of a cell or battery: Li(s)/electrolyte/CuPc(s) as the active material of the cathode, is
given by

thermod

t


EI tot dt

0


 t
 E open
tot
I dt 
  0 rel electrod


(17)

t


Edt

0


 t
 E open
dt 
  0 rel electrod 

(18)

and for constant total current,

thermod

X

open

Application of Eq. (12) to observe the effect of ( tot ) on the Erel−electrod , relative electric potential of the
X
cathode of the cell: Li(s)/electrolyte/CuPc(s) active material of the cell cathode:
X

θ
Assuming a reasonable cell open-circuit voltage of 3.1 volt at (Xtot )=0.001 at 20oC, Emod−rel−electrod

θ
was computed to be about 2.93 volt. Then,Emod−rel−electrod
=2.93 volt was used in Eq. (12) to calculate
X

open

X

open

Erel−electrod as a function of (Xtot ) over the range [0.001<(Xtot )<0.999]. Erel−electrod decreases with an
X

increase in (Xtot ); however, the decrease in the cell open-circuit voltage was found to be less than 12% over
this range.
EXPERIMENTAL ELECTROCHEMICALMATERIAL CHARACTERIZATION AND THE
DENSITY FUNTIONAL THEORY (DFT) GENERATED DATA INCLUDING DISCUSSION
In this section, the electrochemical and DFTgenerated data reported in Ref [1] for CuPc(s) as the cathode
active material in the cell: Li(s)/electrolyte/CuPc(s) active material in the cathode, are reported. Specifically,
some of the experimental data on CuPc(s) permitted for international publication and presentation is briefly
provided and discussed. For the details of electrochemical cell assembly and instrumentation employed for the
electrochemical characterization of CuPc(s), the reader is referred to [1]. The following sub-section deals with
the electrochemical characterization of copper phthalocyanine as the cathode active material
ELECTROCHEMICAL CHARACTERIZATION OF COPPER PHTHALOCYANINE AS THE
CATHODE ACTIVE MATERIAL
Figure 2 shows the cathode voltage relative to that at the counter electrode, Li (s)|Li+ anode, at 20oC as a
function of the cathode charge storage capacity in a cell of the coin geometry. The coin cell cathode was
composed of 60, 30, and 10 wt % of the active material, carbon black, and PVDF (poly(vinylidene fluoride), [CH2CF2]n-), respectively.
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C/10

C/96

0

0

Figure 2: Baseline coin cell discharge curve of 60 wt% CuPc with 30 wt% carbon black and 10 wt%
PVDF
The electrolyte used in the coin cell was one molar solution of lithium bis(fluorosulfonyl imide) in 1,2
dimethoxyethane. The cell cathode charge storage capacity test was initiated at the C/10 discharge rate
(which is equivalent to 93 mA g-1 of the active material). At this rate, the charge storage capacity, as observed
in Figure 2, is 545.5 mAh g-1 at the cell cut-off voltage of 1.0 volt. At this point, the cell external circuit was
opened and maintained so for two hours. In this two hour, open-circuit period, the cell voltage rise to about
1.75 volt is apparent. After this two hour period, the cell was discharged at C/96 rate (i.e., at 9.7 mA g -1) to
utilize the residual capacity of the active material for charge storage. At the cell cut-off voltage of 1 volt, the
charge storage capacity of about 836 mAh g-1 is observed. This corresponds to 89.9% of the theoretical
capacity of 930.9 mAh g-1 (which is equivalent to 20 g-equivalents per g-mole of CuPc(s)). This capacity is
greater than 148.0 and 200 mAh g-1 of LiCoO2(s) and LiNi0.8Co0.15Al0.05O2(s), respectively, used in the lithiumbased batteries.
Very rapid voltage drop at the start of the cell discharge at C/10 rate shown in Figure 2 is qualitatively
explained as follows. It is here assumed that the cell assembly and its discharge were carried out in the inert
gas, argon, environment free of oxygen, air, and water vapor; and there was no occurrence of parasitic
reactions. The cell voltage drop from about 3.0 volt to 1.65 volt is thought because of the loss of the Gibbs
free energy (a useful form of energy) change for the overall cell electrochemical reaction: X Li(s)+CuPc(s) ⇌
Li X CuPc(s) ; to compensate for the cell voltage losses associated with the following processes: Initial opening
of ‘inlets’ or ‘mouths’ of the active material, CuPc(s), channels for intercalation of lithions; lithium ion, Li+,
transport from the cell anode through the cell electrolyte separator and through the cathode electrode
electrolyte to the grains of the cathode active material; the very sluggish diffusion of lithions in the CuPc (s)
grains, especially if the grain sizes are greater than nanometer scale; electron transport in the cell anode and
cathode electrodes in conjunction with their current collectors; and the intrinsic faradaic charge transfers
across the interfaces between the electrolyte and the cell anode and cathode electrode active materials of
lithium and copper phthalocyanine. After the voltage drop to 1.65 volt in the initial period; further voltage
drop to about 1.3 volt may be thought of due to additional resistance to diffusion of lithions in the channels of
the crystal CuPc(s) grains. After 1.3 volt, the voltage rises to and exceeds 1.4 volt at the CuPc(s) capacity
around 200 mAh g-1. This phenomenon may be interpreted in terms of decrease in resistance to lithion
diffusion in the CuPc(s) channels because of their relative opening and possible re-arrangement of the lithions
stored in the channels conducive for their diffusion. Also, there is probability of more effective contacts of
the electronic conductor carbon grains with the active material grains resulting in the lowering of the cell
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voltage loss. After the capacity of 200 mAh g-1, voltage decreases. This reflects the effect of decrease in the
open-circuit voltage due to the increase in the lithion content of the active material represented by X g-moles
of lithium per g-mole of the CuPc(s) and further decrease in the diffusivity of lithions in the channels being
filled up by the intercalating lithions; hence further increase in the voltage loss required to overcome
diffusional resistance in addition to other voltage losses mentioned above. The cell voltage drops to 1.0 volt at
the capacity of 545.5 mAh g-1 at which time the cell external circuit is opened and kept opened for 2 hours. In
this time period, the lithion concentration profile developed in the active material, CuPc(s), channels under the
transient or non-steady state conditions relaxes. Also, the strain on the double-charge layer on the electrolyte
side of the active material-electrolyte interface becomes less; consequently, the double charge layer adjusts to
the new electrochemically thermodynamic state at the interface. Effect of all this is rise in the cell opencircuit voltage to 1.76 volt in the 2 hour period. During the period of the cell discharge rate of C/96 (9.7 mA
g-1) there could be some voltage losses associated with all the processes mentioned above; however, the
diffusional resistance to the lithion transport in the active material channels would be overwhelmingly large.
Thus the diffusion of lithions in the active material channels would be the controlling process for the cell
discharge behavior. Also, the lithion diffusivity is likely to decrease, hence, the voltage loss due to it is likely
to increase as the active material channels are being filled up to their maximum capacity. Finally the active
material, CuPc(s), capacity reaches about 836 mAh g-1 at the cell cut-off voltage of 1 volt.The following subsection presents the simulation of the electrochemical reaction process based on the density functional theory
(DFT).
COMPUTATIONAL MODELING SIMULATION
Modeling/simulation presented here was carried out using VASP, which is based on density
functional theory (DFT). The major goals of these theoretical calculations are to determine (1) the optimized
structures of copper phthalocyanine and its lithium complexes, (2) volume and crystal lattice parameter
changes resulting from lithium intercalation, (3) the electric potential on intercalation of each lithium atom
into the copper phthalocyanine crystal, and (4) the maximum number of lithium atoms which can be assigned
to each molecule of copper phthalocyanine which is incorporated as the cathode active material of a cell:
Li(s)/electrolyte/cathode with CuPc(s) as the active material. Complex calculations were primarily performed
using the Air Force Research Laboratory DoD Supercomputing Resource Center (AFRL DSRC).
Copper (II) phthalocyanine (CuPc(s)) structure was optimized by matching the unit cell crystal
dimensions available in the open literature. Here, only the CuPc(s) optimized structures along with the other
data resulting from such calculations are presented. Details for performing calculations using the VASP are
provided in Ref 1.
Figures 3 and 4 show the VASP optimized CuPc(s) structure. The unit cell crystal sides a,b, c differ
from the Cambridge Structural Database (CSDB) only by 0.017 Å, 0.039 Å, and 0.01 Å, respectively.

Figure 3: VASP optimization of CuPc for ISIF=4, precision set to accurate, and using Coulomb term U.
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Figure 4: Side view of VASP optimization of CuPc for ISIF=4, precision set to accurate, and using
Coulomb term U.
The angles α and γ match exactly with those from the CSDB, whereas the angle β only slightly differs by
0.09o. Figure 5 shows the CuPc unit cell energy and volume relation. It is apparent that the crystal unit cell
energy is minimum around the unit cell volume of 1166 Å3, which matches very well with the volume
computed from the unit cell dimensions (see Figures 3 and 4).

Figure 5: Unit cell volume and energy curve for CuPc.
Figures 6 and 7 show the VASP optimized structure of Li2CuPc(s). The Li2CuPc(s) unit cell crystal
dimensions increase along the a, b, and c directions relative to those of CuPc(s) unit cell crystal by 0.251 Å,
0.035 Å, and 0.187 Å, respectively. No change in theα and γ angles is observed, while the angle β increases by
0.28o.

Figure 6: VASP optimization of Li2CuPc for ISIF=4, precision set to accurate, and using Coulomb term
U.
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Figure 7: Side view of VASP optimization of Li2CuPc for ISIF=4, precision set to accurate, and using
Coulomb term U.
Each lithium atom forms a bond with a nitrogen atom in the Li2CuPc(s) molecule. Figure 8 shows the relation
between the Li2CuPc(s) crystal unit cell energy and its volume. The unit cell volume is around 1200 Å3 which
is in agreement with that observed in Figures 6 and 7 at the crystal unit cell minimum energy.

Figure 8: Unit cell volume and energy curve for Li2CuPc.
Figure 9 shows the VASP optimized Li(s) crystal body centered cubic (bcc) structure along with the unit cell
parameters of a, b, c dimensions, unit cell volume, and its energy.

Figure 9: VASP optimization of lithium for ISIF=4, precision set to accurate.
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For the reaction of two lithium atoms intercalating into the CuPc(s) crystal per one molecule of
CuPc(s); 2Li(s)+CuPc(s) → Li2CuPc(s); the DFT-based voltage was computed using the following formula and
the VASP simulation generated data.

U 

 ER  PVR 
G based on each event of the above shown reaction

n qe
2 qe

(19)

where |qe− | is the magnitude of charge on an electron,





ER   ELi2CuPc s  2 ELi s  ECuPc s 


is the system energy change involved per event of the above given reaction occurring in the forward direction,
simulated at 0 K and





ΔVR  VLi2CuPc s   2VLi s   VCuPc s  


is the system volume change per event of the above reaction in the forward direction; and E i and Vi are the
species i internal energy and volume per particle of species i, respectively. P is the pressure on the system
under which the reaction takes place. Using the VASP simulated species volume data, and P = 1 bar = 10 5 N
m-2; the ratio PΔVR:ΔER is less than (1.5 x 10-5). So for practical purposes,

U 

 1.6388 eV   1.6388V  qe  0.8194 volt
ER

2 qe
2 qe
2 qe

(20)

This voltage is lower than the actual operating voltages observed at the cell discharge rate of C/96 at 20oC as
shown in Figure 2. This discrepancy between predicted and experimental cell voltages is presently being
investigated. Typical VASP simulation optimizations using the AFRL-DSRC consumed about 10 000 core
processor hours.
Computational analyses were also carried out by the implementation of the Gaussian G09 using DFT
with the hybrid functional Becke, 3-parameter, Lee-Yang-Parr (B3LYP) and the basis set of 3-21 G. The
Gaussian optimized structure data on CuPc(s) and LixCuPc(s) are given in Ref [1]. In future planned papers, the
Gaussian generated data will also be presented.
CONCLUSIONS
To assess the effect of the amount of lithium intercalation into the CuPc(s) cathode active material on a primary
lithium-based cell voltage, the principles of electrochemical thermodynamics and the concept of vacant active
sites in the active material were used to develop the formulation presented.The computed numerical data from
the formulation, Eq. (12), leads us to state that the open-circuit cell voltage decreases with an increase in the
lithium content of the active material, CuPc(s). However, the decrease in the above said voltage is less than
X
12% over the range of CuPc(s) lithium content: [0.001 <(Xtot )< 0.999]. Also, the formulation has been
provided to calculate: electric energy loss (due to various processes occurring under the irreversible
conditions) and the thermodynamic efficiency of an actual operating cell, which is the standard criterion for
the assessment of efficiency of an electric energy producing system.
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The experimental cell voltage versus capacity data acquired at 20oC for the cell discharge rates of
C/10 (in the initial period) and later C/96 clearly shows the practical capacity of about 836 mAh g-1 of CuPc(s).
This capacity is greater than the 120.0, 148.0, and 200 mAh g-1 of LiMn2O4(s), LiCoO2(s), and
LiNi0.8Co0.15Al0.05O2(s), respectively [3].
The DFT-based VASP software has been used to predict the site locations of intercalating lithions into
the CuPc(s) crystal unit cell structure along with its minimum energy corresponding to a lithium content of it.
The minimum energy data generated by the use of VASP on the structures of CuPc(s), LixCuPc(s), and Li(s)have
been used for the prediction of the open-circuit voltage of the primary lithium-based cell involving the
reaction: X Li(s) + CuPc(s) ⇌ Li X CuPc(s) . The predicted open-circuit voltage for the reaction: 2Li(s) + CuPc(s) ⇌
Li2CuPc(s), has been found to be lower than that observed through experimental measurements of the voltage
difference between electrodes of the cell. Further understanding of the large discrepancy between the
predicted and observed open-circuit cell voltages is being investigated.
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