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The coefficient of restitution of alkaline batteries has been shown to increase as a function of
depth of discharge. In this work, using non-destructive mechanical testing, the change in coefficient
of restitution is compared to in situ energy-dispersive x-ray diffraction data to determine the cause
of the macroscopic change in coefficient of restitution. The increase in coefficient of restitution
correlates to the formation of a percolation pathway of ZnO within the anode of the cell, and that
the coefficient of restitution saturates at a value of 0.63 ± .05 at 50% state of charge when the
anode has densified into porous ZnO solid. Of note is the sensitivity of coefficient of restitution to
the amount of ZnO formation that rivals the sensitivity of in situ energy-dispersive x-ray diffraction
spectroscopy.
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The LR6 form factor Zn−MnO2 battery, or the “alkaline” AA battery accounts for $1.8 billion in worldwide battery
sales in 2013 [1, 2]. The chemistry and form factor have been popular for over 50 years because of the low cost of
both the source materials (Zn and MnO2) and the bobbin cell design. [3] Electrical testing is the accepted method of
determining a battery’s health, but mechanical testing of batteries has surfaced as a viable method for determining the
material properties of a battery. Methods have probed the mechanical behavior of the separator [4, 5], the electrodes
[6–10], and the entire cell [11]. The destructive nature of some of these methods makes them unfeasible for applications
in which the cell must remain intact. Methods such as X-ray diffraction (XRD) [12], X-ray microtomography [13–15],
and acoustic emission sensing [16–19] allow for non-destructive in situ characterization of the microstructure, but
both methods require specialized equipment and, with few exceptions, cannot be applied in operando.
Recently, there has been popular interest [20] in the tendency of an alkaline AA battery to bounce after being

dropped on its end when discharged to full capacity, compared to a flat landing with minimal bounce when the battery
is “as-received”. In this paper the coefficient of restitution (COR) of an alkaline AA battery is measured at various
depths of discharge by dropping the battery in a controlled fashion and observing the subsequent bouncing. Our
measurements show that this simple bounce test can provide a considerable amount of information of the structure of
the battery’s Zn anode, rivaling the sensitivity of in situ energy-dispersive x-ray spectroscopy (EDXRD) in detection
of ZnO formation. This discovery shows that non-destructive acoustic testing of batteries can provide valuable
information about a battery’s health and state of charge (SOC).
To measure the COR of each Duracell Coppertop LR6 alkaline AA battery, the batteries were dropped through a

25 cm tall acrylic tube onto an epoxy benchtop, coupled with a computer microphone placed 30 cm away to record
the audio from each bounce, similar to the method of Stensgaard et al [21]. The audio recording was then analyzed
to determine number of bounces, height of bounce, and COR. The height of each bounce was determined by the
relationship
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is the time measured between bounces with the microphone. The batteries were weighed with a lab
balance (Metler-Toledo) prior to each bounce test to determine total weight, which remained constant at 23.05 ± 0.1
g. Batteries were then discharged for one hour at 280 mA, corresponding to a rate of C/10 (1/10 of capacity per
hour) using a battery cycler (Neware BT3000-8) after each bounce test.
Electrochemical impedance spectroscopy (Gamry Reference 3000) was performed on each cell after every 280 mAh

of capacity discharge. Scans were performed under potentiostatic conditions at the open circuit voltage of each cell,
with an AC voltage perturbation of 10 mV, sweeping from 100 mHz to 100 kHz. EIS and bounce test data was
then compared to in situ EDXRD data obtained at Beamline X17B1 of the National Synchrotron Light Source at
Brookhaven National Laboratory. EDXRD is capable of measuring internal structural changes in a discrete volume,
and a method detailed by Gallaway et al[12] was employed.
As an alkaline battery is discharged, the anode undergoes oxidation from Zn to ZnO, as seen in Eq. 2 and 3, while

the cathode is reduced from MnO2 to MnOOH, shown in Eq. 4.

Zn + 4OH−

−−→ Zn(OH)2−4 + 2 e− (2)

Zn(OH)2−4 −−→ ZnO+ H2O+ 2OH− (3)

MnO2 +H2O+ e− −−→ MnOOH+OH− (4)

Equation 2 shows that the battery produces Zn(OH)2–4 ions in solution until the electrolyte becomes supersaturated,
at which point it begins to precipitate as ZnO [22].
Post mortem analysis shows that the Zn gel anode densifies into porous, ZnO solid, as shown in the SEMmicrographs

in Fig. 1. The densification of the anode affects the mechanical properties of the battery. The COR, which measures
the elasticity of a collision between an object and a rigid object, is one such mechanical property that can be determined
as shown in Eq. 5.
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where h1 is the drop height, and h2 is the maximum bounce height determined from Eq. 1. Using the bounce test
described previously, the COR of alkaline batteries was measured through full discharge.
Figure 2 shows the evolution of the COR for three identical AA cells as capacity is passed in increments of 280

milliamp-hours (mAh), corresponding to a rate of C/10. A sharp increase in COR occurs at 80% SOC, when 560
mAh have passed, followed by saturation of the COR at a value of 0.63 ± 0.05 at 50% SOC (1400 mAh passed). The
three cells show excellent agreement in the low and high COR regimes, and the variance in the dynamic regime (80%
to 50% SOC) shows that there is some variance from cell to cell in ZnO growth.
To show the transition between the low COR and high COR regimes more clearly, cells were discharged at 50 mA in

one hour intervals (50 mAh) prior to bounce testing. It was found that COR is constant for low depths of discharge,
rising after 450 mAh have been passed (see the Supplemental Material [23]). The saturation for these cells occured
at 950 mAh passed, which was earlier than in cells discharged at 280 mA. It has been shown previously by Horn et
al [24] that lower discharge rates will result in a more even distribution of ZnO in the anode, compared to that of a
higher discharge rate, thus a more even distribution of ZnO results in earlier saturation of the COR.
Four possible effects associated with discharging an alkaline battery may be correlated with the observed change in

COR: 1) water consumption, 2) mass loss, 3) reduction of the cathode from MnO2 to MnOOH, and 4) oxidation of
the anode from Zn to ZnO. To discount water consumption, which occurs as water is consumed at the cathode and
sequestered in the ZnO that forms, the positive terminal of two AA cells were removed, and the cells were dehydrated
in a vacuum oven at 25C for 72 hours to remove water from the KOH electrolyte. Overall, 2.3 g of water were lost
from each cell. Table I illustrates that water content has no measurable effect on COR before or after discharge. Mass
loss can be discounted as well, as under all operating conditions, no change was observed in the mass of each battery.
Therefore, the structural changes associated with the oxidation of the zinc anode must be the major contribution
to the increased COR of the alkaline cell. The EDXRD spectra for the MnO2 cathode shows peak shifts that begin
immediately upon discharge, at least 400 mAh before the onset of COR increase (see Supplemental Material [23]).
In addition, assuming a full extent of reaction, the reduction of the MnO2 only results in a 23% increase in volume
whereas oxidation of the Zn results in a 60% volume change. Thus, the reduction of the cathode can be discounted
as a mechanism contributing to the increase in the COR [25].

TABLE I. Water content effect on coefficient of restitution

Coefficient of
restitution at 100%

SOC

Coefficient of
restitution at 0%

SOC
As
received

0.1 ± 0.05 0.43 ± 0.02

Dehydrated
0.1 ± 0.05 0.42 ± 0.02

One method for measuring the evolution of interfaces within a battery is electrochemical impedance spectroscopy
(EIS) [26, 27]. EIS was performed after every 10% of capacity discharged (280 mAh) to observe the effects of anode
oxidation on the impedance of the battery. We found a high reactance (Z”) and resistance (Z’) in the as-received
battery, with a two order of magnitude drop in both Z” and Z’ following 10% discharge of the cell (see the Supplemental
Material [23]). This drop was most evident in the low frequency regime of the EIS spectra, often associated with mass
transport limitations. We believe this high initial impedance of the cell is related to a proprietary polymeric coating
on the zinc anode used in this brand of battery to improve the shelf life. It was confirmed that while other brands

FIG. 1. a) SEM image of “as-received” cell, where the coarse zinc/electrolyte gel can be seen surrounding the current collector.
b) SEM image of the same cell after full discharge (2850 mAh passed), the anode now largely converted to ZnO. A density
gradient can be seen, with the region of compact growth closest to the separator. Scale bar = 1 mm
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FIG. 2. (color online). Coefficient of restitution as a function of capacity passed. COR increases at 80% state of charge, and
saturates at 50% state of charge.

FIG. 3. (color online). XRD progression of anode at 100 mA discharge rate at the a) anode/separator interface and b)
anode/current collector interfaces. ZnO peaks are denoted by green dashed lines, and Zn peaks are denoted by red dashed
lines. ZnO forms at the separator before forming at the current collector.

of AA alkaline batteries do not have this high initial electrochemical impedance, they do exhibit the same increase in
COR as a function of depth of discharge.
EIS suggests that some structural evolution occurs within the anode, but a method is required to characterize

discrete volumes within the battery to understand the oxidation process. Recent studies have shown that performing
in situ EDXRD on batteries during discharge can probe the evolution of the internal components [12–14]. Using
similar methods, in situ EDXRD was performed in AA batteries at three discharge rates: 100 mA, 200 mA, and 300
mA. EDXRD allows for collection of spatially resolved data, which allows imaging of the oxidation of Zn to ZnO at
both edges of the anode: the separator and the current collector. Fig. 3a shows that ZnO forms at the separator
interface before forming at the current collector interface, shown in Fig. 3b. This trend holds for all three discharge
rates (see the Supplemental Material [23]). The capacity passed at which ZnO is present at each interface is detailed
in Table II.
These spectra confirm the results of Horn et al [24], who have shown that at higher discharge rates, ZnO will

grow preferentially at the separator interface before growing through the anode towards the current collector. They
have found that ZnO initially grows as a shell around the Zn particles (Type I ZnO) through solution-precipitation
of Zn(OH)2–4 . Once the particle is completely enveloped in Type I ZnO it begins to oxidize and deposit onto the
the inside surface of the Type I ZnO shell via a second solution-precipitation step (Type II ZnO). Based on the
EDXRD spectra in Fig. 3, it can be shwon that the oxidation of the cell ultimately forms a percolation network of
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TABLE II. Formation of ZnO within the anode

Discharge
rate (mA)

Capacity passed
before appearance of
ZnO at separator

(mAh)

Capacity passed
before appearance of

ZnO at current
collector (mAh)

100 200 - 300 300 - 400
200 200 - 400 400 - 600
300 300 - 600 300 - 600

FIG. 4. (color online). The progression of ZnO formation in the anode. a) The initial anode gel comprised of Zn particles
in an electrolyte/cellulose matrix. b) Formation of Type I ZnO shells on Zn particles. Oxidation occurs preferentially at the
separator. c) Formation of a percolation pathway. As all particles become clad in ZnO shells, a contiguous network of ZnO-clad
particles forms from separator to current collector (highlighted in green). d) Densification of the anode. Type I ZnO shells
grow and Zn particles oxidize to Type II ZnO.

ZnO from the separator to the current collector. This agrees well with the results of Arise et al. [28], who have
shown that following initial precipitation of ZnO onto the anode surface, the particles will coarsen and form dense
films. Comparing the bounce test data presented in Fig. 2 with the EDXRD spectra in Fig. 3, it is clear that the
formation of this percolation pathway occurs at the same time that the COR increases. This hypothesis is supported
by the use of ZnO as an industrial additive to increase the COR of materials [29], and previous studies performed on
ceramic/metal composites (cermets) [30], in which increasing the ceramic content of a cermet will result in an increase
in the COR, assuming the ceramic has a higher elastic modulus relative to the metal matrix. Treating the partially
oxidized anode as a cermet, and knowing that ZnO has an elastic modulus of 140 GPa relative to 108 GPa for bulk
Zn, leading to an increase in COR as the Zn particles are oxidized [31]. The saturation of COR is best explained using
the methods of Antonyuk et al. [32], who have found that a material’s COR will saturate at the point at which it no
longer yields plastically. Using Faradaic analysis, 1400 mAh passed (50% SOC), 1.71 g of Zn will be consumed at the
anode, while 2.13 g of ZnO will be produced. At this state of charge half the Zn has been converted to ZnO, assuming
a zinc limited battery, making ZnO the majority phase in the anode, both volumetrically and gravimetrically. As per
Horn et al and Arise et al. [24, 28], the Type I ZnO shells will form together and sequester the liquid electrolyte, while
the bulk of the Zn particle will be oxidized to Type II ZnO. Initially, the anode gel consists of discrete Zn particles
that can move within the gel matrix. Once percolation begins, this motion becomes suppressed. Once the anode
densifies, as shown in Figure 1b, it becomes a stiff ceramic core that arrests all movement of the discrete Zn particles,
and the COR saturates. This process is detailed in Fig. 4, which shows the initial gel, the growth of Type I ZnO, the
percolation of ZnO in the anode, and the final densification of the anode.

In conclusion, it is shown that determination of the COR of an alkaline battery through a simple bounce test
provides an accurate measure of the state of charge of the battery. The bounce test functions as a measure of the bulk
properties of a battery, as it depends on the level of oxidation of the Zn anode. Percolation of ZnO through the anode
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was determined to be the cause of an increase in the COR, while densification of the anode into a ZnO solid resulted
in the saturation of the COR. The sensitivity of the bounce test data relative to the EDXRD data surprising, as the
bounce test is capable of determining the percolation of ZnO in the anode to within 13% of the EDXRD determined
value. This work shows that unconventional means of mechanical battery testing can offer knowledge of the health of
a battery system at a fraction of the cost and the complexity of established methods. The bounce test is a start, as
future methods could incorporate a transducer/detector system in which the acoustic characteristics of a cell could
be measured in situ without interruption of the battery system operation.
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