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Abstract:

The cathode material of conventional lithium-ion batteries was limited by the choice of suitable lithium
liberating materials i.e. the three oxide electro-active materials: LiMn,0,, LiCoO, and LiNiO,. While these
materials are relatively expensive to produce, they are generally found to offer high electrochemical
performance. However, their thermal instability when over-charged and/or over-heated has limited the use of
these materials to small format, less than 100 Wh, applications. In addition, there is a growing concern about the
most widely used active material, LiCoO,, due to the environmental and toxic hazards associated with cobalt.
These weaknesses can be overcome with a phosphate-based cathode material. The safety of phosphates enables
the construction of large format lithium-ion batteries greater than 1 kWh.

In this paper we describe the performance of cells and the construction of a large format, 2.87 kWh battery that
uses a phosphate based lithium-ion chemistry. Specifically, the calendar life and safety performance are
reviewed. The relative safety properties of the material determined using differential scanning calorimetry and
calendar life has been estimated using Arrhenius methods. Valence Technology developed the phosphate cells
tested for their K-Charge™ Power System for use in the utility, UPS and telecom backup markets.

Introduction:

Lithium-ion cell chemistry offers many features that would be attractive to backup applications, most notably
high energy density, high specific energy, and very low shelf-life capacity loss. The two most significant
performance-based concerns for the implementation of lithium-ion systems for backup have been calendar life
and safety.

The most common cathode material used to date has been LiCoO, (LCO), and has resulted in batteries which
exhibit good general performance in small personal electronic devices. The traditional charge method for this
chemistry is a constant current (CC) charge to a charge voltage limit, followed by a constant voltage (CV, or
“float”) charge until the charge current decays to some limit value.

Stand-by applications require large batteries which are at all times in electrical contact to their host system. The
battery sees a potential at all times, and is hence considered to be “on float”, where the charge profile is best
characterized as a current-limited constant voltage charge.

Accelerated Rate Testing (ART) is considered to be a practical method for the determination of long-term
phenomena, such as cell calendar life[1,2]. The ART testing involves comparing capacity loss vs. temperature
during float over a given period of time, and projecting these outcomes to an ambient environment via an
Arrhenius analysis.

The ART approach has been applied to several metal oxide-based cathode systems. LCO-based cells have been
found to be unsuitable for a continuous float configuration unless substantially de-rated (operated at a reduced
state of charge, or SOC)[2,3]. Mixed oxide systems however have been found to have good calendar life
performance if de-rated[1]. The intent of the work described herein has been to evaluate the calendar life on
float for phosphate-based lithium ion chemistry, where no de-rating is involved (all usable cell capacity is
exercised).

The most common battery chemistry employed in utility backup/stand-by applications is lead-acid. Safety
considerations associated with this chemistry focus on hydrogen evolution on float, electrolyte spillage, and
thermal runaway during abuse. While lithium-ion chemistry removes the risks associated with hydrogen
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evolution and electrolyte spillage, thermal runaway remains a concern. Phosphate-based cathode materials have
been shown to have significantly improved thermodynamic stability over that of comparable metal oxide-based
cathode materials[4]. By applying a heating test profile to a fully charged cell, the role of the cathode material
relative to the cell can be evaluated. More specifically, it is the susceptibility to a thermal event that is of a
concern from a safety perspective.

Experimental:

Testing was performed using the VP53109133 cell[4]. This cell ulitilizes a Bellcore PLION™ polymer
construction, and measures 133mm long by 109mm wide by 5.3mm thick. The anode active material is
synthetic graphite. The cathode active material is a mixed metal phosphate. The rated capacity for the cell is
5.0Ah at 3.2V.

Float Voltage Determination:

The voltage selected for the testing is a balance between charge time, charge capacity, and calendar life. It is
expected that lower float voltages will be advantageous to calendar life, since most long-term degradation
reactions occur at the cathode and normally involve the decomposition of the electrolyte salt, leading to
capacity loss (fade) as the primary failure mode.

For cycling applications, the cell is typically charged at a constant current to 3.65V, and then the current is
allowed to taper to C/20, where C is the cell’s rated capacity in Ah. In backup/standby applications the cell will
typically be charged to a set voltage and allowed to float at that voltage. The other requirement typical in
backup/stand-by applications is to be able to charge the battery from 0% SOC to >90% SOC within 24 hours.

Cells were initially cycled at C/8, between 3.65V and 2.50V, with a C/20 current cut-off on charge in order to
determine the total usable capacity in the cell. Cells were then test charged at a C/8 rate to various float
voltages: 3.650V, 3.400V, 3.375V, and 3.350V, and held at that voltage for a 24 hour total charge time. The
resultant capacities were then plotted as a function of time and the appropriate float voltage was determined.

Accelerated Rate Testing:

The initial discharge capacity for each test cell was determined by first charging the cell at C/8 to 3.65V with a
C/20 current cut-off, followed by a C/8 discharge to 2.5V. Each cell was then charged to 3.40V and maintained
at that voltage, for a total time of 24 hours. The cells were then transferred to their test temperature and
exposed to a continuous 3.40V float voltage. Test temperatures used were 23, 35, 45, 50, 55, and 60°C.

Every 28 days, the cells were removed from float, allowed to cool to 23°C, and then discharged at C/8 to 2.5V.
The discharge capacity value is equivalent to the discharge capacity that would be immediately available if the
system power were to fail. The capacity values were collected and plotted as a percentage of the initial
discharge capacity. Each cell was then recharged to 3.40V and maintained at that voltage for a total time of 24
hours, and returned to its appropriate temperature for float.

The capacity loss was then plotted vs. temperature, in order to validate the Arrhenius relationship of capacity
loss (fade) as a function of temperature.

(kt = Ae™RT),

Where k represents the relative rate of capacity loss, and T represents the float temperature (in K).

Safety Testing:

Results from studies on the thermal properties of de-lithiated cathode materials, determined through differential
scanning calorimetry[4], were compared to the cell-level results of a heating test. The heating test was modified

from that normally employed under UL1642[5]. In the modified heating test, a fully charged cell was
monitored for voltage, cell skin temperature and oven temperature. In an oven, the cell was exposed to a



5°C/minute temperature rise to 150°C oven temperature. The oven was then held at that temperature for 60
minutes, or until an event occurred. The oven was then ramped at 5°C/minute to 300°C, or until an event
occurred. An event is defined as a sudden cell exotherm, leading to a fire and/or explosion.

Results and Discussion:

Figure 1 illustrates the results of the different float voltages on the capacity delivered to the cell. It can be seen
that at 3.4V the cell can be charged to 100% of its initial capacity in 12 hours if charged at a C/8 rate. The time
required to fully charge the cell drops rapidly with charge voltages below 3.40V. 3.40V was therefore selected
as the float voltage, since it was the lowest charge voltage that would guarantee full capacity within 24 hours.

Figure 1: VP53109133 Time vs Capacity on Charge vs. Float Charge Voltage
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Accelerated Rate Testing to date has provided 7 months of data, shown in Figure 2 below. It can be seen that
fade behavior is linear at the higher temperatures (50-60°C), while fade is slowing at the lower temperatures
(23-35°C). The irreversible capacity loss is the difference between the discharge capacity after a certain period
of time at temperature and the initial discharge capacity. The irreversible capacity loss can then be plotted as a
function of time vs. temperature. Capacity loss is expected to be directly proportionate to lithium loss in the cell
caused by corrosion reactions at the cathode at low temperatures and at the anode at elevated temperatures.
These are normally expected to follow a parabolic rate with respect to time. They are also accelerated by
temperature.

Figure 2: 3.40V Float Discharge Capacity vs. Time
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The 60°C fade, which appeared to be extreme in Figure 2, is dominated by a different mechanism than that for
temperatures below 60°C. The fade mechanism at 60°C is dominated by the decomposition of the electrolyte
salt. The salt decomposition generates hydrofluoric acid (HF), which in-turn, attacks the anode secondary
electrode interphase (SEI) layer, thereby permitting lithium corrosion at the anode. The lithium is therefore
consumed more rapidly than at the lower temperature conditions. For this reason the 60°C data points were not
included in the accelerated life projection.

Since capacity fade accelerates with an increase in temperature, we can use elevated temperature fade data to
make accelerated calendar life projections. An Arrhenius projection can therefore be used for accelerated life
projection. Figure 3 below shows the Arrhenius results. For an accelerated rate test, only the elevated
temperatures can be considered as reliable data points. We therefore selected those data points between 45 and
55°C. Applying the results to an Arrhenius relationship, we generated a plot of Ln(% Capacity loss per day) vs
1000/T(K) as shown in Figure 3. The Arrhenius plot shows excellent linearity for the fade.

Figure 3: 3.4V Float Arrhenius Analysis
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Traditionally the cell is assumed to reach end of life once it cannot deliver 80% of its initial discharge capacity.
Since lithium-ion cells do not fail catastrophically once faded to below the 80% capacity mark, as do lead acid
batteries, we have continued to test the cells to values below 80%.

Using the solution for the Arrhenius model, we extrapolated % capacity loss per day to all temperatures
between 23 and 55°C as seen in Figure 4 on the next page. It was then possible to create service life
projections, where the end-of-life criteria were 80, 70, or 60% of initial capacity. The model would project
delivering almost 10 years to 80% of initial capacity and 19 years to 60% of initial capacity.

On float, the charge delivered was also monitored, and remained below the detection limits of the test
equipment. This response verified the high coulombic efficiency on charge, typically observed in Li-ion
chemistries.

Prior work focused on the evaluation of the thermodynamic properties for different de-lithiated cathode
materials is summarized in Figure 5 on the next page. The mixed metal phosphate demonstrated a significantly
lower amount of energy release during combustion than that for the metal oxide cathode materials.



Figure 4: 3.40V Calendar Life vs. T
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The VP53109133 was rigorously tested against UL1642, and has gained UL recognition as a technician-
replaceable lithium-ion cell. The heating test used by UL is used to evaluate the likelihood of thermal runaway
in a cell. The intention of the testing herein was to expand the heating test, so that it induced a worst-case
scenario onto the cell, which comprised a cell at full state of charge, and seeing temperature in excess of the
150°C upper limit of the UL specification.

Figure 5: Specific Heats for De-Lithiated Cathode Materials
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The results from the modified heating test are shown in Figure 6. No exotherm was observed during the heating.
The cell temperature closely tracked the oven temperature. Some vapor and smoke was generated at 215-
225°C, and this was primarily associated with the decomposition of the electrolyte. The result demonstrated
that the low energy of release from the cathode could translate to a more benign cell.

Figure 6: HeatingTest - Temperature vs. Voltage
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Conclusions:

Phosphate cathode-based cells exhibit exceptional performance under float conditions. Even when exercising
full capacity, the cells are projected to deliver 80% at up to 10 years of service life. The cells were shown to
exhibit a linear fade characteristic to capacities below 80%, allowing them to be considered for applications
where greater fade is acceptable. The thermodynamic stability of the metal phosphate cathode has translated to
a more stable and robust cell, even under abuse conditions.
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