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The Endangered Species Act requires actions that improve the passage and survival rates for migrating
salmonoids and other fish species that sustain injury and mortality when passing through hydroelectric
dams. To develop a low-cost revolutionary acoustic transmitter that may be injected instead of surgically
implanted into the fish, one major challenge that needs to be addressed is the micro-battery power source.
This work focuses on the design and fabrication of micro-batteries for injectable fish tags. High pulse
current and required service life have both been achieved as well as doubling the gravimetric energy density
of the battery. The newly designed micro-batteries have intrinsically low impedance, leading to significantly
improved electrochemical performances at low temperatures as compared with commercial SR416
batteries. Successful field trial by using the micro-battery powered transmitters injected into fish has been
demonstrated, providing an exemplary model of transferring fundamental research into practical devices
with controlled qualities.

he Juvenile Salmon Acoustic Telemetry System (JSATS)'“*was developed by the U.S. Army Corps of

Engineers, Portland District, to estimate the survival and observe the behavior of juvenile salmonoids

passing through hydropower dams in the Federal Columbia River Power System located on the mainstream
Columbia and Snake Rivers**. Acoustic micro-transmitters currently in use (Fig. 1a) are surgically implanted in
test fish. The weight and volume of the transmitter needed to be reduced and the transmitter’s dimensions and
shape optimized for passage through the shaft of an injection needle in order to decrease the amount of handling
required to implant transmitters, the effect of the tags on fish health and the cost of implantation, (Fig. 1b)°.

Currently, the primary batteries for the JSATS micro acoustic transmitters (Advanced Telemetry Systems, Inc.,
Isanti, MN, USA), are two 1.55-V silver oxide button cells (SR416), which comprise approximately 60% of total
weight and 20% of total volume of the transmitter. Two stacked SR416s are necessary to supply the 3 V voltage
required by the transmitter circuit. Reduction in the volume and weight of the battery is essential to achieve the
goal of an injectable transmitter. In addition to size and weight concerns, new battery chemistries and packaging
designs are necessary to improve both gravimetric and volumetric energy density and extend the lifespan of the
battery to power the downsized transmitter.

Lithium chemistry has been selected to improve battery energy density because of the lightweight and highest
negative potential of lithium. Various compounds are available as cathode materials in primary lithium batteries,
such as MnQO,’"?, I,'*", FeS,'*** or SOCI,'*** et al. For the new JSATS transmitter, lithium/carbon fluoride (Li/
CF,) batteries were chosen as the candidate to replace the current silver oxide cells because of their many
advantages, including high power density, high average operating voltage, long shelf life, and wide operating
temperature'®’. Theoretically, carbon monofluoride (CF, with x = 1) has a high capacity of 864 mAh/g**-**. Its
practical energy density reaches up to 650 Wh/kg in an envelope cell design'®, more than four times higher than
that of SR416 (less than 150 Wh/kg, originated from Energizer)*’. However, the operating voltage of a Li/CFy cell
exhibits a delay accompanied by a significant polarization at high discharge rates, mainly because of the low
electronic conductivity of CF,'***. Other issues also exist in the practical application of Li/CF, cells such as heat
generation during the discharge process, which can be significant at elevated current densities**°. To address
those problems in a micro-battery employing Li/CFy chemistry, it is necessary to increase the electronic con-
ductivity of the entire CF,/C electrode and minimize the internal resistance as well as the size of the cell”’.
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Figure 1 \ Acoustic transmitters. (a) current JSATS transmitter design. (b) a newly proposed downsized design. (c) cross-sectional view. (d) weight

distribution of PNNL-made MB306.

In this work, specifically designed micro-batteries (MB306) have
been developed for the JSATS project. This work focuses on the
design and evaluation of the micro-battery part while more detailed
characterizations on the as-fabricated electronic devices will be
reported later. Through appropriate lamination and fabrication pro-
cess, cylindrical CFy-based micro-batteries have been prepared in the
lab readily for mass production. The changes in impedance, high
discharge rate characteristics, and high power pulse properties of
micro-batteries along with temperature influences on battery per-
formance are discussed in detail.

Results

Fig. 1c illustrates the section structure of the micro-battery (MB306)
developed in this work. The jelly-roll structure of MB306 cell enables
the final cylindrical shape of the transmitter, which is critical for the
injectable fish tag. Another advantage of this design is that the total
capacity/energy can be increased conveniently by extending the
length of the cell for other transmitters targeted to track bigger fishes.
The weight distribution from each component of MB306 is plotted in
Fig. 1d. The energy density of a battery usually goes down with
decreasing battery dimension due to the increased weight from
accessories. For example, weight contribution from cathode and
anode together in MB306 cell is less than 25%. The parasitic weight
from package, sealant, etc., accounts for a much larger portion of the
total weight (Fig. 1d). A light packaging material with the necessary
mechanical strength is helpful to further increase the micro-battery
energy and worth exploration.

The lamination technique used in this work allows a high loading
of CFy on the limited electrode area (18 mg/cm?) without signifi-
cantly increasing the cell impedance, which is closely related with the
battery performance especially at high pulse current. The usually
observed voltage delay phenomena is removed during discharge
under constant current (Fig. S1), even though the mass loading of
CF, in MB306 is five to ten times higher than that of the button cell
results reported in literature. Fig. 2a shows the Nyquist plots for a
fresh lab-made MB306 cell at different temperatures from —5°C to

25°C. All the impedance spectra consist of a depressed semicircle in
the medium- to high-frequency range and an inclined line in the low-
frequency range. The depressed semicircle is attributed to the solid
electrolyte interphase (SEI) film on the lithium anode in the high-
frequency range and the charge transfer between electrolyte and
active materials in the medium-frequency range. The near-vertical
inclined line in the low-frequency range is due to the lack of lithium
ion diffusion in active material because the irreversible reaction
between the lithium ion and active material occurs on the surface
of the active material, CF,*. Every semicircle has two intercepts with
the real axis (Fig. 2). The high-frequency intercept (Rg) includes the
resistance from the electrolyte, electrodes, and current collector/
wires. Rg is the internal ohmic resistance of the battery. As discussed
above, the medium-frequency intersect (R,) includes impedance aris-
ing from charge transfer, SEI film, and Rg.

Fig. 2b compares the response of Rg of MB306 and SR416 cells at
different temperatures from —5°C to 25°C. As the cold-blooded
juvenile salmon migrate from freshwater into saltwater, the oper-
ating temperature of JSATS transmitters will vary between 7°C and
22°C, the temperature of the water through which the salmon are
traveling. Therefore, we broaden the temperature range (—5°C to
25°C) to evaluate the micro-batteries to better understand their elec-
trochemical performances under extreme conditions. Internal resist-
ance of the MB306 cell was much lower than that of the SR416 button
cells over the entire temperature range. This is mainly because the
jellyroll design of the MB306 cell contains an increased total elec-
trode area (approximately 0.8 cm?) for both the cathode and anode
electrodes, ten times larger than that of the SR416 button cell (about
9.6 X 107> cm?), which lowers the resistance arising from electrolyte
and electrode interface. When the operating temperature decreased
from 25°C to —5°C, the conductivity of the electrolyte is reduced® as
reflected by electrolyte viscosity measurements at different tempera-
tures (see supporting information Fig. S2). However, the impedance
of MB306 cell did not show big changes and always stayed at low
values (5.5 Q) suggesting that the ionic resistance of the organic
electrolyte may only account for a small part of the total resistance.
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Figure 2 | Electrochemical behaviors. (a) Comparison of the Nyquist impedance spectra of the MB306 cell at temperatures from —5°C to 25°C. The inset
of (a) shows a magnification of the impedance spectra in high frequency range. (b) Measured resistance of the MB306 cell and SR416 cells at temperatures
ranging from —5°C to 25°C. (c) Pulse current generated from the MB306 cell. (d) Pulse current generated from SR416 button cells at different

temperatures.

In contrast, within the same temperature range, the impedance of the
commercial SR416 button cells increased significantly from 29 Q to
155 Q (supporting information Fig. S3). In actual JSATS applica-
tions, this means that the transmitters powered by MB306 batteries
will be more stable and efficient, especially at the current draw
required for high transmission pulse rates, than those powered by
SR416 button cells.

To further understand how impedance affects the function of the
battery when JSATS transmitters are in fish migrating downriver,
pulse current tests during discharge were performed to compare
MB306 (Fig. 2c) and SR416 batteries (Fig. 2d). During each trans-
mission, JSATS transmitter drew approximate 0.1 m] of energy from
a pair of SR416 batteries during a 100-ms-duration pulse at a trans-
mission repetition interval of 3 s. At room temperature, both the
MB306 and SR416 provide similar triangular current waveforms,
satisfying the basic power requirement for the transmitters. When
the temperature decreased to 0°C, the current waveform of MB306
changed slightly, indicating that a steady power was maintained to
support the transmitter operation. In contrast, the current waveform
of SR416 button cells became broader with reduced peak intensity.
The height of the peak from SR416 decreased from 3.4 mA at25°Cto
1.53 mA at 0°C, which suggests that charging the transmitter circuit
becomes more difficult (Fig. S4) at low temperatures and may even
terminate the signal transmission due to the decreased energy supply.

The voltage profiles of both micro-batteries connected to JSATS
transmitters were monitored between 0°C and 30°C (Fig. 3a). In this

condition, pulse current instead of constant current is supplied from
the micro-batteries with 3 s intervals. Therefore, the voltage curves
(green and blue lines) include both open circuit voltage (OCV) dur-
ingthe 3 sbreak as well as the operating voltage when pulse current is
drawn from the battery. The open circuit voltage of MB306 is 2.71 V
at 30°C and dropped slightly to 2.57 V at 0°C. The voltage change
rate for the MB306 cell was approximately 4.7 mV/°C, which is still
within the acceptable voltage range required by the transmitter.
Magnification of the operating voltage drop occurring in these two
batteries upon a single transmission pulse at 0°C is plotted in the
inset of Fig. 3a. The operating voltage drop (0.23 V) for SR416 button
cells is more than twice that of the MB306, due to the greatly
increased resistance at 0°C for the SR416 cells as discussed earlier
in Fig. 2d. In real JSATS applications, overall voltage variation within
the 3 s idle state of the MB306 is slightly larger than that for the
SR416 cell. However, the MB306 cell supplies more stable voltage
than the SR416 cell during transmission, which is more important for
the practical use of JSATS transmitters.

The stable energy supply during transmission is further confirmed
in Fig. 3b which compares the voltage variation and lifespan of both
SR416 and MB306 tested by using real JSATS transmitters at room
temperature. Both gravimetric and energy density have been largely
improved in cylindrical MB306 when compared with SR416
(Table 1). The service life is therefore extended in MB306-powered
transmitter, although two-stacked SR416 have to be used to meet
the minimum voltage output required by the transmitter. The
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Figure 3 | Micro-battery performance comparison. (a) Voltage variation
of SR416 and MB306 connected to JSATS transmitters as a function of
temperature. Solid green line — MB306 cell; dotted blue line — SR416
button cells; dashed red line — ramp of temperature change (6°C/h). The
insert of (a) compares the voltage drop of MB306 and SR416 during a pulse
transmission at 0°C. (b) Voltage profile versus service time of SR416 and
MB306. Both batteries were connected to a JSATS transmitter and
operated at room temperature. The service life requirement of a power
source driving a current JSATS transmitter is at least 20 days. The inset of
(b) shows a photo of SR416 and MB306.

gravimetric energy of as-designed MB306 was more than twice that
of the SR416. The most updated version of MB306 weighs only
70 mg thus further increasing the energy density of battery and
reducing the burden on small fishes.

Discussion

The two versions of batteries, SR416 and MB306, are shown in Fig. 3,
in which the difference in size and shape can be clearly seen. The
cylindrical high-energy density MB306 makes the tag injection for
juvenile salmon feasible. In the field trial, seven hundred micro
transmitters powered by MB306 were injected into the juvenile fish,
which were then released into the Snake River of Washington State.

Table 1 | Comparison of MB306 and SR416

Typical Physical Parameters

Dimensions
L oD \ M Energy Density
Baftery Type ~ mm mm cm® mg Wh/kg  Wh/I
MB306 60 3.0 0.042 100 222 528
*SR416x2 3.2 48 0058 260 100 443

*Calculated from the SR416 datasheet of Energizer's silver oxide batteries.

Valuable data was successfully collected and used to evaluate the
behavior and survival of the juvenile salmonoids as they migrated
through the Federal Columbia Power System. The major advantages
of as-designed micro-battery include: 1) unique lamination tech-
nique allows high loading of active mass on aluminum mesh; 2)
maximized electrode area in confined space minimizes the cell
impedance and improves the rate performance of the micro-battery;
3) flexible cell design can be easily adapted into other types of micro-
battery forms for various downsized flexible transmitters for many
other species such as juvenile lamprey.

To the best of our knowledge, there is no micro-battery commer-
cially available for this series of tags which may have a huge potential
market in the near future. Practical gravimetric and volumetric
energy densities have been remarkably improved, satisfying all
requirements for powering JSATS transmitters. The newly designed
micro-batteries have intrinsically much lower impedance than the
commercial SR416 button cells, leading to significantly improved
electrochemical performances over a wide temperature range. The
micro-battery capability becomes a critical component to the
development of current and future revolutionary injectable acoustic
micro transmitter, which will result in significant reduction in cost of
use, biological benefits for the tagged fish and provide information
for the development of fish-friendly hydro systems internationally.

Methods

Commercial carbon-coated CF, (Advanced Research Chemicals, Inc) was used for
cathode lamination without further treatment. 85 wt% CF,, 10 wt% Super P carbon
(Timcal), and 5 wt% of polytetrafluoroethylene (PTFE from DuPont) were mixed in
isopropanol, followed by continuous stirring until the material forms a dough-like
substance. The mixture was then laminated into a continuous film using a roller
calendar and pressed onto Aluminum mesh to serve as the current collector. The
laminated electrode was cut into different sizes to meet requirements. An enameled
copper wire (0.13 mm OD) was attached to the aluminum mesh current collector.
Lithium metal foil (from FMC) was used as the anode. All cells have a jellyroll design
(Fig. 1c). Two layers of micro-porous polypropylene separator (Celgard Separator
2500) were used to tightly wrap the entire cell.

Once the dry battery was prepared, the bundled electrodes were inserted into the
capsule case, which was filled with electrolyte (1 M LiPF6 in ethylene carbonate/
dimethyl carbonate (EC/DMC, volume ratio 1: 1). The lid was positioned on the case,
and the cell was sealed with epoxy. Transmitter driving tests to evaluate the micro-
batteries were performed by connecting the JSATS micro-acoustic transmitter
directly to the micro-battery.

All of the prototype cells were assembled in an argon-filled glove box (MBraun Inc.,
Stratham, NH, USA). Evaluations were conducted at room temperature except for the
temperature variation experiments, which were performed in a temperature chamber
(Model TJR-A-WF4, Thermal Product Solutions, New Columbia, PA, USA). An
Arbin tester (Model BT-2000, Arbin instruments Inc., College Station, TX, USA) was
used for electrochemical tests. A CH Instruments (Model 650D, CH Instruments,
Inc., Austin, TX, USA) electrochemical analyzer was used for the impedance analysis
and current measurement. The impedance analysis was performed over a frequency
range from 0.01 Hz to 100 kHz with an amplitude of 5 mV. Alternating current
impedance is a powerful tool for measuring the impedance of batteries at different
states®®. The information obtained from impedance can be used to predict the per-
formance and lifespan of a battery.
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