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g r a p h i c a l a b s t r a c t
� In-situ temperature controlled bat-
tery testing under direct gamma
radiation.

� Direct gamma radiation show no
immediate battery degradation.

� Gamma radiation induced latent ef-
fects leads to battery performance
loss.

� Shortened battery calendar life and
cyclability after gamma exposure.

� Physical changes in the separator
observed when directly exposed to
gamma radiation.
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Radiation effects induced by gamma rays on battery performance were investigated by measuring the
capacity and resistance of a series of battery coin cells in-situ directly under gamma radiation and ex-situ.
An experimental setup was developed to charge and discharge batteries directly under gamma radiation,
equipped with precise temperature control, at The Ohio State University Nuclear Reactor Lab. Latent
effects induced by gamma radiation on battery components directly influence their performance. Charge
and discharge capacity and overall resistance throughout a time span of several weeks post irradiation
were monitored and compared to control groups. It was found that exposure to gamma radiation does
not significantly alter the available capacity and the overall cell resistance immediately, however, battery
performance significantly decreases with time post irradiation. Also, batteries exposed to a higher cu-
mulative dose showed close-to-zero capacity at two-week post irradiation.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The rapid development of Li-ion batteries (LIBs) is due to their
high-energy density storage capability that makes them suitable
for applications in both vehicles (e.g., electric car) and electronic
devices (e.g., cell phone, laptop, etc.), which are currently ubiqui-
tous in our society [1]. Another less common but important
application of LIBs is the powering of equipment in extreme envi-
ronments such as unmanned vehicles conducting survey or rescue
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missions in environments exposed to radiation [2], or vehicles and
probes for outer space explorations [3].

In a previous study, we had irradiated a series of LiFePO4 cath-
odes and a 1 M LiPF6 in a 1:1 wt ratio of ethylene carbonate and
dimethyl carbonate (EC:DMC) electrolyte with gamma-rays from a
Co-60 source up to 10Mrad [4], and had observed capacity fade and
resistance increase in battery coin cells assembled with irradiated
electrodes and electrolyte components. Most notably, the electro-
lyte changed color upon irradiation. This phenomenon has also
been observed by several groups [4e6] previously. Based on this
observation, we further discovered a latent effect on the irradiated
electrolyte, wherein the solution turned darker with time, even
when stored in an air free and dark environment. The discoloration
was more intense for higher initial radiation dose. Methods
including Fourier transform infrared spectroscopy (FTIR), Ultra-
violetevisible spectroscopy (UVevis), mass spectrometry (MS),
nuclear magnetic resonance (NMR) and electron paramagnetic
resonance (EPR) have been employed to study the decomposition
of the irradiated electrolytes by several groups [7e10]. In our work
[4], we used FTIR, UVevis and NMR spectroscopy to confirm that
the radiation damage in the electrolyte is due to the decomposition
of the organic solvent (EC and DMC), and further discovered that
the decomposition could be potentially initiated by the LiPF6 salt.
Several new organophosphorus fragments, different from thermal
decomposition of the electrolyte [11], were observed on the irra-
diated electrolyte solution, with amounts strongly correlated to the
cumulative gamma dose as well as time allowed for the latent effect
to develop.

With respect to the battery performance, several studies have
been conducted on the radiation effects on LIBs but their conclusion
varies [6,12e15]. Furthermore, none of the previous reports has
specifically addressed the effect of time on the decomposition
products and battery performance, after the battery was irradiated
with gamma rays. In our previous study [4], we had noticed that
coin cells assembled with gamma-exposed electrolytes immedi-
ately post irradiation performed better than those assembled three
days post irradiation. The electrolytes in this comparison had the
same radiation dosage. A higher battery failure rate (i.e., batteries
that would not cycle at all) and poorer performance were observed
for coin cells that were assembled with the 3-day old irradiated
electrolyte compared to those assembled within a few hours of
irradiation. A hypothesis was then proposed that the battery per-
formance degradation due to latent effects could be more signifi-
cant than the initial dose of gamma radiation received by the
electrolytes.

The existence of latent effects implies that in space missions or
post-accident events, instruments equipped with LIBs may fail
unpredictably upon exposure to radiation, even if they survive the
initial dose. These instruments may experience power failure
several days or weeks after irradiation, depending on the initial
cumulative dose and dosage rate.

In this work, we report the performance of the battery when the
entire battery, instead of individual components, are irradiated. The
battery performance including overall capacity fade, cyclability, and
cell resistance weremonitored ex-situ and in-situ under a direct Co-
60 gamma exposure, with temperature control. A battery cycling
setup was built and evaluated inside the Co-60 irradiator located at
The Ohio State University nuclear reactor lab (OSU-NRL). In the in-
situ study, we monitored the instantaneous radiation effects on the
capacity and cycling performance of batteries maintained at room
temperature (23 ± 2 �C). We compared the in-situ data with that of
one- to two-week post irradiation and observed that latent effects
result in a significant decrease in capacity compared to the control.
Lastly, we investigated the effect of gamma radiation and radiolysis
products on the battery separator.
2. Experimental

In this study, half-cells were assembled using commercial
LiFePO4 electrodes (83 mm, 127 mAh g�1, MTI Corp) as the active
material, a high purity metallic lithium foil disk (12-mm diameter,
0.3-mm thick, battery grade, Rockwood Lithium) as the combined
counter and reference electrode, a Celgard separator (25 mm), an
electrolyte (1 M LiPF6 in a 1:1 vol% of ethylene carbonate:
dimethyl carbonate, Purolyte A5 Series), and CR2032 coin cell
casings and spacers (MTI Corp). The coin cell components were
cleaned in acetone (�99.5) and dried under vacuum (30 min,
85 �C). The separator was washed in methanol (�99.5), dried
under vacuum (30 min, 85 �C), and soaked in the electrolyte for
24 h. The LiFePO4 electrodes were dried under vacuum (15 h,
85 �C). The coin cells were assembled using a manual hydraulic
crimping machine (MSK-10, MTI Corp) equipped with a CR2032
die at pressures of 1000e1100 psi. The materials were handled
and assembled in an argon-filled glovebox (mBraun) with
continuous detection of H2O < 0.5 ppm and O2 < 0.5 ppm. After
assembling, the cells were cycled at C/2 for tens cycles until a
steady state capacity is reached.

In-situ battery cycling was conducted in a 6-inch diameter Co-60
irradiator tube at OSU-NRL. The gamma irradiator generates a dose
of 30 krad h�1 on the samples. A potentiostat (Gamry 600) located
outside the irradiator was connected to the coin cell with 30 ft
(9.14 m) wires. A temperature control system (�10 to 70 �C) with a
Peltier cooler was designed to achieve temperature control within a
limited space. Cooling the coin cell requires heat removal by
installing a water loop on the temperature stage. Using this setup,
the coin cell attached to the Peltier cooler could be stabilized as low
as �10 �C, and as high as 70 �C. Thermal paste was used to ensure a
uniform heating and cooling. A thermocouple (Omega OM-El-USB-
TC-LCD) was placed beneath the coin cell to record the tempera-
ture. Fig. 1 shows the in-situ experimental setup in the irradiator
tube.

One of the perceived safety concern was with gamma heating
when cycling the coin cell under gamma radiation using the setup
shown in Fig. 1. The Co-60 irradiator emits a steady flow of gamma
rays at 30 krad/h, assuming that the coin cell used in this work has
an average mass of 3 g. Then, rate of energy deposited on the
battery is approximately,

_Q ¼ 30 krad
hr

�3g ¼
300 J
kg

hr
�3g ¼ 0:9 J=hr

Assuming the coin cell's specific heat capacity is 0.89 kJ/kg-K use
data from this reference [16], the temperature change in a coin cell
placed under the irradiator, is calculated to be,

dT
dt

¼ 300J=kg$hr
0:89kJ=kg$K

¼ 0:34
K
hr

Considering natural air circulation and assuming a low air speed
within the irradiator tube that has a heat transfer coefficient of
10 W/m2-K, the convective heat removal by air is,

_Q ¼ 10
W

m2$K
$2$p$0:012m2$DT ¼ 11:3

J
hr$K

$DT:

Assuming a temperature difference, DT, of 0.34 K, the heat
removal rate will be 3.8 J/hr, more than 4 times that of the heat
deposition rate. Based on this estimation, the heating effect on the
coin cells due to gamma irradiation can be ruled out. Additionally,
gamma effects on lithium metal are also negligible and will not be
further discussed in this paper because metal is typically radiation-
resistant. It would have been the gamma heating that would



Fig. 1. Schematic of an in-situ battery cycling set up inside the Co-60 irradiator tube
(not to scale).

Fig. 2. Discharge capacity of a LiFePO4/Li cell in 1 M LiPF6 in 1:1 vol% EC:DMC at C/4, C/
3, C/2 and 1C for four sets of coin cells cycled at room temperature.
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possibly cause a safety concern, which is ruled out with above
analysis.
3. Results and discussion

3.1. Coin cell stability and C-rate selection

As in-situ cycling of a coin cell within the irradiator tube has to
be carefully monitored while conducting a reasonable number of
cycles within the irradiation period of one day to one week, a
relatively fast and stable discharge/charge rate had to be deter-
mined before the in-situ experiments can be conducted at OSU-
NRL. Half-cells assembled using a LiFePO4 cathode were cycled at
a sequence of changing C-rates ten times under each C-rate. As
shown in Fig. 2, a higher capacity was expected at lower charge and
discharge C-rates. Despite a capacity loss, the C/2 rate demon-
strated a good stability compared to 1C. Hence, C/2 was selected for
in-situ cycling experiment under irradiation, including control
groups that are not exposed to gamma radiation for comparison of
capacity. Before cycling the coin cells under irradiation, each cell
was cycled 10e20 times at C/2 to reach a reasonably constant
capacity.

3.2. Ex-situ cycling of irradiated battery coin cells

Fig. 3 shows the performance of three batteries pre and post
gamma irradiation. Prior to gamma exposure, the cells were cycled
at C/2 until a relatively stable capacity was reached. The fully
charged coin cells were then irradiated to cumulative dose of
2.2 Mrad. After that, the coin cells were stored while fully charged
at 23e24 �C for one week and then cycled at C/2 (yellow triangle in
Fig. 3). After 10e20 cycles, the irradiated cells were again stored
while fully charged for another week and cycled (grey squared in
Fig. 3). The control cell was also cycled at a C/2 rate to a stable
capacity and left idle at full charge for a week and then a second
week, the conditions of which were similar to how the irradiated
cells were tested and stored. From the control cell data in Fig. 3, we
can see that generally, the in-house made coin cells have good
cycling performance. The capacity at C/2 is relatively constant, even
after 80 cycles with a calendar life of more than three weeks.

Although the three coin cells in Fig. 3 have different pre-
irradiation capacity, after being exposed to 2.2 Mrad, they all
showed a clear drop in capacity, by approximately 30 mAh g�1 one
week post irradiation. Another 10 mAh g�1 was lost by the second
week post irradiation. The charge and discharge behavior of the cell
two-week post irradiation were erratic and would not stabilize to a
steady state value. Eventually by the 20th cycle, the capacity
dropped to lower than 20 mAh g�1 for all the cells.

To reveal the change in the battery resistance during cycling, the
resistance in this work was obtained by taking the potential dif-
ference measured between the initial 1s time interval and dividing
the difference by the C/2 current. Other groups also reported bat-
tery resistance using a similar approach [17,18]. The results were
also compared to the electrochemical impedance spectroscopy
(EIS) measurements of a control cell (Fig. 4). Three cycles of
impedance measured at a galvanostatic discharge of 0.00048 A,
equivalent to a C/2 current, were conducted on a control cell during
charge and discharge. Fig. 4 shows that the total impedance of the
LiFePO4/Li coin cell was around 147 U. On the same control cell, the
resistance calculated using the potential difference in the first
second of discharge and C/2 current is detailed in Table 1. The
average resistance measured for 3 cycles is 150.1 U. Comparing the
impedance result in Fig. 4 and the calculated resistance using the



Fig. 3. (a), (b) and (c) Discharge capacity of 3 LiFePO4/Li cells in 1 M LiPF6 in 1:1 wt% EC:DMC after 3-day gamma irradiation with a cumulative dose of 2.2 Mrad; (d), (e) and (f)
corresponding discharge resistance of the control and 3 irradiated coin cells.

Fig. 4. Nyquist plot of the impedance measured at a galvanostatic (discharge
of �0.00048 A) for a LiFePO4/Li coin cell.

Table 1
Resistance calculated using the potential difference in the first second of discharge
and C/2 current for the same LiFePO4/Li coin cell used in Fig. 4.

Cycle E0(V) E1(V) C/2 Current(A) Resistance (Ohm) from DE/I

1 3.41 3.338 �0.00048 149.7
2 3.415 3.343 �0.00048 149.7
3 3.415 3.343 �0.00048 150.8
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potential drop method gave resistance values that are statistically
the same. A similar conclusion was also drawn by Zhang et al. [17].

Fig. 3 (d)-(f) display the discharge resistance for a control cell
compared to those irradiated to 2.2 Mrad. Generally, the resistance
profile corresponds to the cyclic performance of the cells in Fig. 3.
Both control and irradiated cells consistently exhibited an
increasing resistance upon cycling. The control cell's resistance
increased from ~90 U to ~150 U during the entire cycling period of
80 cycles, with two small step increases of 10 U, after being idle for
a week each.

For the irradiated cells, the pre-irradiation cell resistance
increased steadily to around 130 U, 150 U and 160 U, before a sharp
rise of around 40 U one week post irradiation for all three cells and
another 20 U further two weeks post irradiation. By the 20th cycle
two weeks post irradiation, the resistance for three cells were
255 U, 284 U, and 295 U respectively.

In summary, the C/2 capacity for the irradiated cells decreased
by around 80% two weeks after irradiation, whereas the resistance
showed an increase as high as 130% from the initial resistance two
weeks after exposure to gamma radiation. On the other hand, a cell
that is not exposed to gamma radiation (i.e. the control cell)
showed a 20% decrease in cell capacity and 80% increase in resis-
tance over 80 cycles.
3.3. In-situ cycling under gamma radiation

Fig. 5 demonstrates in-situ cycling of batteries at C/2, directly
under gamma radiation and ex-situ cycling one and twoweeks post
irradiation for cells irradiated to 2.2 Mrad (Fig. 5(a)-(b)) and
3.6 Mrad (Fig. 5(c)-(d)), respectively. The cells in Fig. 5 had under-
gone 10e20 cycles at C/2 rate prior to gamma exposure (blue
circles).

For the 2.2 Mrad group, upon placement in the irradiator tube,
the capacity immediately dropped by 10 mA h/g (green triangles)
and at the end of in-situ cycles under direct gamma radiation the
capacity stabilized at 70 mA h/g and 100 mA h/g. Unfortunately, we
could not definitely conclude that the initial decrease in capacity
was due to radiation exposure, while the capacity stayed relatively
constant when cycled directly under gamma radiation (Fig. 5 green
triangles). On the other hand, the cell depicted in Fig. 5(c) was
allowed to stabilize (Fig. 5(c), blue circles) prior to gamma irradi-
ation. From Fig. 5(d) we can see that, apart from the fluctuation in



Fig. 5. Charge and discharge capacity of LiFePO4/Li cell in 1 M LiPF6 in 1:1 wt% EC:DMC conducted in-situ under gamma irradiation to (aeb) 2.2 Mrad and (ced) 3.6 Mrad (solid
symbols depict discharge capacity and hollow symbols depict charge capacity).

Fig. 6. C/10 cycling profile of a LiFePO4/Li cell in 1 M LiPF6 in 1:1 wt% EC:DMC using a
30 ft. (9.14 m) wire, under normal operating conditions (open symbols depict charging
capacity and solid symbols depict discharging capacity).
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capacity when cycled inside the irradiator tube, there is no signif-
icant drop in capacity when the coin cell is cycled under direct
gamma radiation.

Furthermore, cycling in the Co-60 irradiator introduces fluctu-
ations. Compared to the charge and discharge capacity obtained in
the laboratory with short leads (~1 ft) between the coin cell and the
potentiostat, the discharging capacity deviates from the charging
capacity during irradiation. We attribute this difference in the
charge and discharge capacity due to the potential drop introduced
by the 30 ft. (9.14m) electrical leads that connect the coin cell to the
potentiostat, as shown in Fig. 1. To prove that the fluctuations are
due to the long leads, we later cycled a separate set of coin cells in
the lab, free from radiation, with the same 30 ft electrical leads and
observed a deviation of up to 4% in the current readings during a C/
10 discharge (Fig. 6), while the charging current and capacity are
unaffected regardless of the length of the wires. In a separate
experiment, we also verified that no detectable current was regis-
tered from the interaction of the gamma rays with the copper
wires.

Cycling with and without radiation allows us to distinguish
immediate effects of radiation from the decrease in the perfor-
mance observed due to latent effects. In the previous study, the
electrolyte's discoloration with time and the poor performance of
coin cells assembled with the irradiated electrolyte three days post
irradiation suggest a latent effect from the gamma irradiation on
the LIBs [4] due to electrolyte decomposition based on the increase
in organophosphate and organofluoride species in the gamma
exposed electrolyte solution. In earlier ex-situ discussion (section
3.2, Fig. 3), capacity and resistance of the post-irradiation coin cells
clearly showed significant changes in the available capacity after
being idle for one and two week post radiation. In this section, we
observed two drops in the overall capacity measured during charge
and discharge at approximately 20 mA h/g each for the cells
exposed to 2.2 Mrad in Fig. 5(a) and (b), one week and two weeks
post radiation. A week after the in-situ study, the C/2 capacity was
38 mA h/g at the end of the cycling. After two weeks, the value
stabilized at 10 mA h/g, while no significant changes in the capacity



Fig. 7. Resistance of the LiFePO4/Li cell in 1 M LiPF6 in 1:1 wt% EC:DMC coin cells pre- and two weeks after (a)e(b) 2.2 Mrad, and (c)e(d) 3.6 Mrad irradiation.
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was observed during direct gamma exposure. The cells exposed to a
higher gamma dose of 3.6 Mrad showed a continuous rapid fade in
capacity over 20 cycles one week post irradiation and was not able
to cycle during the second week post irradiation. We can conclude
that the latent effects on the LIBs generally result in a total dose
dependent capacity loss.

Fig. 7 illustrates the changes in coin cell resistance before and
after irradiation. We can see that originally the resistance is almost
the same for both groups of cells, at approximately 90e100 U.
When cycled under radiation, the resistance did not increase
drastically for both the cells, instead the resistance appeared to
climb as the batteries cycle, which is consistent with the conclusion
that direct gamma exposure does not result in immediate battery
fade.

However, both groups of cells demonstrated clear increases in
resistance post irradiation. For the cells exposed to 2.2 Mrad
(Fig. 7(a) and (b)), the resistance increased by 50 U for (a) and 60 U
for cell in (b), after each one-week idling. For the coin cells exposed
to 3.6 Mrad (Fig. 7 (c) and (d)), the increase in the resistance can be
as high as 70 U for (c) and 60 U for the cell in (d). Between the two
groups of samples, the cells receiving a higher dose (3.6 Mrad) have
higher post-irradiation resistance, with the final resistance of 250U
and 320 U for 2.2 Mrad group and 340 U and 400 U for 3.6 Mrad
group, respectively. This is consistent with our previous study,
wherewe observed a higher resistance for cell components (i.e., the
electrode and the electrolyte) exposed for longer irradiation pe-
riods [4]. From this observation, it is further confirmed that
instantaneous exposure to radiation does not immediately affect
the battery capacity and overall resistance. Instead, the battery
degradation develops as a function of time. In our case, in-house
made coin cells showed a shortened calendar life after being irra-
diated. None of the coin cells exposed to gamma radiation could
maintain their cycling capacity two weeks after exposure, as
opposed to the control cells that demonstrated very good stability
and cyclic performances, even after five weeks.

3.4. Effect of the decomposition species and direct gamma radiation
on the separator

In our previous study, it was determined that organophos-
phates, organofluorides, and hydrogen fluoride were generated in
the electrolyte under radiation by P-, F-, H-, C-NMR [4]. To inves-
tigate the effect of these species on the polymer separator, scanning
electron microscopy (SEM) images of a pristine separator and
separators harvested from a disassembled cell that was cycled with
an irradiated electrolyte (12 months old) and from a disassembled
cell where the entire coin cell was irradiated directly with gamma
radiation (cell used in Fig. 3 (a) and (d)) are shown in Fig. 8, with
more quantitative details reported in Table 1. To ensure the validity
of the information presented by the SEM images, for each sample,
four images with the same magnification were considered. The
statistics were evaluated based on all four images using an open
source processing tool, ImageJ [19].

From Fig. 8, first we can see a reduction in the number of pores,
as well as an increase in the amount of debris on the surface and
plugged holes in Fig. 8(b) and (c), compared to the pristine sample.
The separator that is directly exposed gamma radiation (Fig. 8(c))
shows significant difference from the pristine sample (Fig. 8(a)).



Table 2
Summary of average pore area and % area occupied by pores on separators that are pristine, disassembled from a coin cell with irradiated electrolyte, and exposed directly to
gamma radiation.

Separator Total number of pores (in all 4 images) Average pore area (103 nm2) % area occupied by the pores

(a) pristine 1253 2.9 14.1 ± 1.2
(b) coin cell with irradiated electrolyte 970 3.1 11.8 ± 3.9
(c) irradiated coin cell 735 3.4 9.4 ± 1.3

Fig. 8. SEM images of the (a) pristine separator, (b) separator from a coin cell with the irradiated electrolyte (0.8 Mrad), (c) separator from an irradiated coin cell (also in Fig. 3 (a)
and (d)).
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First of all, the number of pores had decreased possibly due to ra-
diation damage and secondly, some of the pores had merged such
that an overall larger average pore sizes are observed (Table 2). The
separator in the 12-month old cell that was assembled with irra-
diated electrolyte (Fig. 8(b)), also showed to a lesser extent, surface
debris, andmerging of the pores, resulting in a small increase in the
average pore size.

Table 2 quantifies and summarizes the observation on the sep-
arators using ImageJ. The number of pores in groups (b) and (c)
(Fig. 8(b) and (c)) are approximately 77.4% and 58.6% of that of the
pristine sample. The reduction in the number of pores, together
with the 6.9% and 17.2% increase in the average pore size, results in
a decrease in the actual area occupied by pores, from 14.09% to
11.8% and 9.35% for groups (b) and (c), respectively, although there
is a high standard deviation in group (b). This drop in the available
area for ion and molecular transport eventually contributes to the
increase in the overall cell resistance, as demonstrated in Fig. 4, and
in the previous study [4]. Since the separator in Fig. 8(b) was not
irradiated but only assembledwith irradiated electrolyte, the debris
observed on this separator suggests that the organophosphides,
organofluorides, and hydrogen fluoride generated in the post-
irradiation electrolyte play a critical role in material deterioration.
Comparing Fig. 8(b) and (c), it was established that, when the entire
battery was directly exposed to gamma radiation, a significant
damage to the separator was observed than from chemical degra-
dation due to radiolysis products.

4. Conclusion

We conducted ex-situ and in-situ studies on battery degradation,
under varying cumulative doses of gamma irradiation. In the ex-situ
study, we confirmed that battery performance degrades with time
due to latent effects induced by gamma radiation to the electrolyte.
An increased resistance in the irradiated coin cells was also
observed compared to the control cells. In the in-situ study, no
instantaneous radiation effects on the capacity were observed.
However, degradation and rapid loss in the battery capacity were
confirmed one- and two-week post radiation, compared to control
samples. A higher cumulative gamma dose resulted in a larger
capacity loss and greater increase in the resistance for the exposed
batteries at post-irradiation.
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