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1. Introduction

Although cost-effective examples of commercially successful
primary (single-time use) and secondary (rechargeable) batteries
exist, research and development efforts in electrochemical power
sources are still intense [1–6]. A major thrust is the development
of power sources for portable and easily deployable instrumen-
tation [4–10]. Galvanic cells of the reserve type (i.e. activated
“on demand”) offer several advantages for field use that include
minimization of self-discharge and potential elimination of heavy
pressure housings when used as water-activated batteries in under-
water systems [7–9].

Metals with high energy content such as lithium, magnesium,
and aluminum, are considered cutting-edge anode materials in
the battery industry. Even though lithium has, theoretically, the
highest energy density (energy per unit weight), it is not straight-
forwardly suited for use with aqueous electrolytes. Magnesium
is the electron-donor material most traditionally used for water-
activated batteries [7–9]. Aluminum, the metal with the highest

∗ Corresponding author. Tel.: +1 727 553 1198; fax: +1 727 553 3529.
E-mail address: andres.cardenas@sri.com (A.M. Cardenas-Valencia).

0378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2008.06.026
nstrates a novel method to improve the overall performance of thin-form-
via micro-electromechanical systems (MEMS) processes. Use of solid, low
ic catholyte materials permits water activation of cells consisting of metal
sitive electrodes. Similar cells, employing aluminum and zinc anodes, have
pochlorite (NaClO) solutions, i.e. bleach, in the past. The oxidizers chosen
and iodo-succinimides, and sodium dichloroisocyanuric acid) supply the
when in contact with water. Zinc, magnesium and aluminum anodes are

lls. A comparison between these anodes, coupled with various oxidizers,
g aluminum anode cells show that, even though the utilization efficiency

(faradic efficiencies between 16 and 19%), the performance of the new
cm × 0.25 cm) is superior when compared to those activated with bleach.
of 6 h (activation with 10% NaClO solution) increase to more than 30 h
100-ohm-load. It is also shown that specific energies of 90–110 Wh kg−1

ent and packaging mass) could be obtained using the described approach
and 20 mA. The specific energies obtained suggest that novel MEMS-type

application than low-current, bleach-activated cells.
© 2008 Elsevier B.V. All rights reserved.

specific energy (energy per unit volume), continues to be inves-
tigated as a battery anode, including reserve-type applications

[10,12–21]. Zinc, a cost-effective anode material widely used in the
fabrication of commercial batteries, is typically paired with cath-
odes such as ammonium chloride, manganese dioxide in alkaline
media and, more recently, silver oxide [2,22–24]. Zinc has also been
used to fabricate reserve cells with some of the cathodes examined
in this study [25–27].

Many oxidants have been coupled with the metal anodes men-
tioned above; however, the issue of optimizing control of secondary
reactions that compete with energy production remains challeng-
ing. Various approaches have been devised to address inefficiency
issues that prove detrimental to the overall cells’ energy content.
One approach entails controlled dosage of electrolyte [11,23,24].
Oxidizers such as oxygen, chlorine, and alkaline hydrogen perox-
ide solutions, in combination with aluminum anodes, continue
to appear in fuel-cell-like (or forced-flow type) galvanic systems
[11,25,28,29]. In 1994, hypochlorite solution was postulated as a
cathode material in magnesium and aluminum cells [30]. In subse-
quent work, Medeiros et al. sought to develop an underwater pow-
ering system using cells that utilized continuously pumped liquid
hypochlorite electrolyte [31]. The results indicated that impressive
current loads were possible for hypochlorite cell systems.

http://www.sciencedirect.com/science/journal/03787753
mailto:andres.cardenas@sri.com
dx.doi.org/10.1016/j.jpowsour.2008.06.026
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Aluminum anode cells, with electrode interspacing on the
order of microns, have been recently fabricated and studied
[19–21,32–34]. Bleach solutions coupled with Al and Zn in thin-
form-factor, MEMS-fabricated cells provided sufficient specific
energy and energy densities to power MEMS and/or other low-
power-requirement devices [35]. Faradic efficiencies were between
40 and 60% and the energy content attendant to the active cell
materials was found to be of the same order of magnitude as
those of commercially available batteries (40–120 Wh kg−1) at low
current densities (1.4 × 10−2 to 4.9 × 10−2 mA cm−2). However, at
larger current densities, the cells’ Faradic efficiency and specific
energy dropped to 9.5% and 20 Wh kg−1, respectively, for cells with
inter-electrode separation in the sub-millimeter range [35]. This
manuscript describes (1) the performance of cells containing alu-
minum and a series of halogenated organic oxidizers, and (2) the
performance of cells that contained the best organic oxidizer from
the aluminum experiment and a series of metal anodes in thin-
form-factor cells [36,37]. The results are compared with those from
recently presented hypochlorite-activated cells. It should be noted
that in the past, magnesium has been tested with mixtures of car-
bon powder and several of the solid organic oxidizers [38,39]. This
work differs from others in that only relatively pure forms of the
oxidizing compounds were used between the electrodes, since it
was expected that the sub-millimeter separation of the MEMS-
fabricated current collector and the metal anode would provide
adequate power outputs without compromising the amount of
available oxidizer.

2. Chemistry considerations

The overall chemical reaction between metal anode, M, and
hypochlorite-ions is reported to be

M(s) + NaClO(l) + H2O(l) → NaCl(aq) + M(OH)m(s) (1)

where m represents the oxidation-state change that the metal
undergoes [27,30,34]. The reaction implies decomposition of
hypochlorite into chloride and hydroxide ions during the cathode
half-reaction

ClO−
(aq) + H2O(l) + 2e− → Cl−(aq) + 2OH−

(aq) (2)

and oxidation of M, releasing m electron-moles per mole of M, in
the anode half-reaction [22–37]

M → Mm+ + m e− (3)
(s) (aq)

Solid chlorinated oxidizers have been utilized for organic syn-
thesis and disinfection purposes for almost 40 years [40–42]. One
of the most widely accepted mechanisms of disinfection is the
formation of oxidizing hypohalogenous acids upon water contact.
Studies on the equilibrium constants of both chlorosuccinimide
and dichloroisocyanurates have appeared in literature [41,42]. The
weak acid dissociation of both the organic oxidizer and the hypo-
halogeneous acid depends on the pH of the solution as well as
temperature, and the combination of these processes results in
a chemically complex mixture. Quantification of species in these
mixtures may be possible, but certainly not in an expeditious man-
ner, given the dynamic conditions expected within the galvanic
cells. Rather than attempting studies to formulate/corroborate the
mechanistic steps or kinetics of the cells’ chemical reactions, a set
of experiments was conducted using the materials in the fabri-
cated cells. A summary of cathode half-reactions for all the organic
compounds tested, similar to Eq. (2), can be written as follows.

NaC3N3Cl2O3(s) + 3H2O + 4e−

→ C3N3(OH)3(s) + NaCl(aq) + Cl−(aq) + 3OH−
(aq) (4) Ta
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C4H2NClO2(s) + H2O(l) + 2e−

→ C4H2NO(OH)(s) + Cl−(aq) + OH−
(aq) (5)

C4H2NBrO2(s) + H2O(l) + 2e−

→ C4H2NO(OH)(s) + Br−
(aq) + OH−

(aq) (6)

C4H2NIO2(s) + H2O(l) + 2e− → C4H2NO(OH)(s) + I−(aq) + OH−
(aq)

(7)

The chemical Eqs. (4)–(7) indicate that cells can be activated
simply by water addition, turning the cell design into a reserve
water-activated battery, WAB. Theoretical energetic and current
contents of the cells tested are shown in Table 1. It is assumed

that chemical reactions of the materials proceed stoichiometri-
cally according to Eqs. (4)–(7) and Eq. (1). However, the presence
of a solid metal hydroxide in Eq. (1) depends on the pH of
the solution. In the cases of aluminum and zinc, desirable sol-
uble products can be formed within certain ranges of high and
low pHs, while magnesium may require an acidic environment
[27].

3. Experimental

3.1. Materials, cell fabrication, and protocol

Fig. 1A shows an isometric view (not to scale) of cell compo-
nents. For the sake of completeness, Fig. 1B shows a process-flow
for the fabrication of these cells. Details concerning the micro-
fabrication process can be found elsewhere [33,34]. The resulting
thickness of the cells was 0.25 cm and a footprint of 6 cm × 6 cm. The
active electrode area was 30 cm2. A total of four oxidizer-releasers
(heterogeneous halogenated cyclic compounds) were tested with
three different metals: magnesium, zinc, and aluminum. The
oxidizer-releasers utilized, bromo-, chloro- and iodosuccinimide

Fig. 1. Assembly of thin-form-factor cells. (A) Isometric view of the cells’ structure. (B) S
cell assembly. (C) Insert that shows a picture of one of the fabricated cells with 5.5 cm × 5
Power Sources 184 (2008) 318–324

(as examples of mono-halogenated compounds), were acquired
from Alfa Aesar. Commercially available sodium dichloroisocya-
nuric acid (also known as sodium dichloro-s-triazinetrione or
NadiCl-s-triazinetrione), a common disinfectant in pools [41], was
also used as a hypochlorite ion-releaser. The main advantage in the
use of these compounds is the extremely low cost when compared
to other oxidizers. Relatively inexpensive metal anodes (99.98%
purity) were purchased from Alfa Aesar. Rather than fabricating
a series of twelve cell-types, coupling each of the four oxidant
releasers with each of the three anodes, we followed the ensu-
ing logic to perform a smaller set of experiments. Aluminum was
used as the baseline anode to be paired with the three differ-
ent halogenated compounds. Using the compound that provided
the longest operational time with aluminum, other cells were
then fabricated with zinc and magnesium anodes. Besides their
low cost, these solid oxidizer-releaser materials provide a rela-

tively large amount of oxidizing material (Table 1). The calculated
price per available charge ranges from 4 to 40 Ah U.S.$−1 and
the specific capacity varies between 0.40 and 0.49 Ah g−1 for the
chlorinated compounds. As a comparison, silver chloride, a well
established oxidizer used for WABS, contains 0.19 Ah g−1 with a
price of 0.17 Ah U.S.$−1 at the time this manuscript was prepared.
A Fluke 189 Multimeter was used to record electric potential as a
function of time immediately after the cells were filled with either
the 10% NaClO solution or tap water.

4. Results and discussion

Figs. 2 and 3 show results obtained with an aluminum anode and
three different halogenated oxidizers. Fig. 2 shows polarographic-
type curves for each of these cases. It is clear that the cells
able to provide the largest potential, current, and power capac-
ity were those fabricated with compounds containing halogens
of lighter atomic masses (bromine and chlorine). The brominated
compound was able to provide higher electric potentials than those
obtained with the chlorinated succinimide for small current draws

chematic showing the fabrication of the platinum-sputtered current-collector and
.5 cm of active electrode areas.
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Fig. 2. Performance of aluminum anode cells and halogenated solid oxidizer com-
pounds. Cell potential (filled markers) and power (open markers) delivered vs.
current.

(0 < current capacity < 60 mA). However, at currents higher than
60 mA, the chlorosuccinimide compound provided higher poten-
tials and power capacities than the brominated version. The iodated
compound clearly exhibited the poorest performance with respect
to sustained voltage when compared to the other two halogenated
compounds.

Another important dimension is the “operational time” of the
cells, that is, the interval during which the cells were able to
sustain a constant potential while providing current. The results
shown in Fig. 3, obtained with a constant load of 27 ohms, pro-

vide insight into this parameter. Even though bromosuccinimide
provided large current capacities, its duration was limited to a rel-
atively short time when compared to either one of the two other
halogenated compounds. In contrast, while the potential sustained
by the chlorosuccinimide was lower than that of bromo-, the overall
charge and energy delivered by cells fabricated with the chlorinated
oxidizer was considerably higher. A summary of the cell charac-
teristics obtained with tap water activation is shown in Table 2.
Interestingly, because of the longer cell-life observed from the
cell fabricated with the iodated compound relative to the bromi-
nated version, the charge released at the tested resistive load was
also slightly higher. The comparison of delivered work, however,
revealed that the brominated version provided a larger energetic
content. The reason for the superior performance of cells with the
chlorinated oxidizer (Table 2) is hypothesized to be due to the sol-
ubility of the compound such that it permits rapid establishment
of equilibrium between the organic weak acid and the water, as
described in Section 2 of this manuscript. The time that is required
for establishment of the aforementioned equilibrium, together with
diffusion-transfer limitations, common in battery where a moist
solid oxidizer is present, provide a possible explanation for the

Fig. 3. Performance of aluminum anode cells and halogenated solid oxidizer co
ower Sources 184 (2008) 318–324 321

Fig. 4. Cell potential (filled markers) and power (open markers) delivered vs. cur-
rent drawn for aluminum anode cells. The cells were activated with a 10% stabilized
sodium hypochlorite solution, or tap water for cells containing two of the solid
chlorinated compounds.

decrease and subsequent recovery of the potential as a function
of time in the early stages of discharge.

A comparison between a monosubstituted oxy-halogenated
compound (chlorosuccinimide) and that of a di-halogenated
organic acid is presented in Fig. 4. Of the three different oxidants
employed, the behaviors of the 10% sodium hypochlorite solution
and sodium dichloroisocyanurate were found to be very similar
throughout the range of resistors tested. This suggests that the
hypochlorous acid (pKa = 7.46) formed by dissociation of sodium

dichloroisocyanurate displays similar oxidizing capacity to that
of dissolved hypochlorite ions present in the NaClO-solution. For
the case of cells prepared using chlorosuccinimide as the oxidizer,
it was found that the maximum power delivered was consider-
ably higher than that obtained with the other two oxidizers. It
is important to note, however, that such electrical power was
obtained while drawing relatively large current. In fact, power out-
puts greater than 40 milliwatts were obtained only while the cell
was able to sustain voltages lower than 0.8. The fact that chlorosuc-
cinimide provides considerably greater current and power outputs
than sodium dichloroisocyanurate throughout the studied range
of currents is probably due to the documented capacity of chloro-
succinimide to very quickly transfer chloride ions directly into the
oxygen–nitrogen bond of succinimide [41]. In fact, it has been cor-
roborated that the dynamic equilibrium between the succinimide
molecules and the chlorinated compound is established faster than
that thought to be formed between the chlorosuccinimide and
water [42].

Figs. 5 and 6 show typical cell potential outputs as a function
of time for tap water (1 mL) activated cells containing 4 g of chlo-
rinated oxidizer-releasers at various resistive loads. As discussed

mpounds. Cell potential vs. time for cells under a 27 ohm-resistive load.
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Table 2
Performance of aluminum anode and halogenated succinimide cells activated with water

Halogen Open voltage (V) Average potential (V) Operational time (h) Total output delivered from cells with an active electrode area of 5.5 cm × 5.5 cm
and containing 4 g of organic oxidizer

Charge (Ah) Energy (W h)

Cl 1.60 0.89 12 0.39 0.35
Br 1.49 1.14 2.8 0.12 0.14
I 1.20 0.69 5.0 0.13 0.09

A 27 ohm-load closed the circuit, the cut-off voltage (end of the run) occurs when potential is lower than 0.6 V.

Fig. 5. Comparison of cell potential vs. time at various resistive loads for cells fabricated with an aluminum anode and chlorosuccinimide as the solid organic oxidizer.

Fig. 6. Comparison of cell potential vs. time at various resistive loads for cells fabricated with an aluminum anode and solid oxidizers. Results from cells where sodium
dichloroisocyanuric acid oxidant is used.

Fig. 7. Cell potential as a function of time for cells assembled with sodium dichloroisocyanuric acid and that use magnesium anodes.
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Fig. 8. Cell potential as a function of time for cells assembled wi

above, the figure reveals that at a small load (5 ohms), the potential
sustained with the monochlorinated compound is higher than that
obtained with the sodium-dichloro compound.

When the cells are subjected to other resistors

(10 ohms ≤ resistive loads ≤ 500 ohms), the potentials deliv-
ered are very similar. Regardless of the measured cell potential, the
operational time during which the potential is sustained differs
substantially depending on the utilized oxidizer.

In general, it appears that the chlorine content of the oxidizer
(oxidizing specie) has an impact on the overall charge transfer and
operational time of the cell.

The last set of experiments performed used cells constructed
with metal anodes other than aluminum. Figs. 7 and 8 present
cell potential curves, as a function of time and with variable loads,
obtained from magnesium- and zinc-anode cells, respectively. As
expected, given the oxidation potential of magnesium, cells with
this anode metal provided higher voltages than those constructed
with zinc. It is important to note that, in general, the sustained oper-
ational times of cells assembled with zinc anodes are slightly longer
than those that used magnesium. If Figs. 6–8 are compared, it is
evident that the operational times using aluminum anodes are con-
siderably greater than those obtained with the other two metals.
Table 3 shows a comparison between calculated performance-
estimators (charge and work delivered, average potential, etc.) from
experimental runs similar to the ones presented in Figs.6–8Figs.

Table 3
Summary of cells’ performance at selected loads

Cells–galvanic pair
(observed open
voltage (V))

Average potential
(volts (load ohms)−1)

Operational
time (h)

Actual electrochemical equi
content with respect to the
only (gravimetric efficiency

Charge (Ah kg−1) E

Al–NaOCla
0.97/100 5.8 43.8 (62) 4
1.42/5k 155 19.2 (48.5) 4

Al–C4H4ClNO2

0.74/10 3.8 65 (19.0) 4
0.88/27 12 91.2 (26.1) 8
1.23/100 48 136.0 (38.9) 1

Al–C4H4BrNO2 1.14/27 2.8 27.6 (9.9) 3

Al–C4H4INO2 0.69/27 5 29.7(13.5) 2

Al–NaC3N3 Cl2O3

0.75/10 12.4 216 (51) 17
1.06/27 19.5 177 (42) 2
1.23/50 25.9 148 (35) 18

Mg–NaC3N3 Cl2O3
1.03/27 0.85 7.45 (7.45) 8
1.61/100 14 51.0 (12.7) 9

Zn–NaC3N3 Cl2O3
0.75/27 3.06 19.7 (6.33) 1
1.15/100 18.1 100.2 (32.3) 8

Four grams of solid organic oxidizer was encased within the cells, cell’s active electrode a
a 10% stabilized solution. The values from these rows were taken from Ref. [35].
ower Sources 184 (2008) 318–324 323

ium dichloroisocyanuric acid. Zinc metal is utilized as an anode.

6 through 8. The table shows that aluminum reacts with the
chlorinated oxidizer for a longer period of time than does either
magnesium or zinc. One likely reason, besides intrinsic differences
in diffusion rates of reaction products for the three metals, is that

aluminum chloride (one of the reactants that can be formed accord-
ing to the availability of chlorine ions, as indicated by Eqs. (4)
and (5)) is known to hydrolyze, forming hydroxy-aluminated com-
plexes. These chemical complexes are soluble when the pH of the
solution is slightly acidic. The presence of hypochlorous acid likely
maintains a reduced pH, at least during the first stages of the reac-
tions. When zinc and magnesium anodes are utilized, however, a
precipitate forms on the surface of the anode. The scales are thought
to be magnesium and zinc hydroxides. When the metal anodes are
dipped into acidic solutions, the scales dissolve and the metal is
then available for use in assembly of other cells.

Table 3 also shows that the lifespan of sustained power outputs
at usable sustained voltages is greatly enhanced when using the
solid oxidizers as compared to the hypochlorite solutions. In addi-
tion, even though the columbic (about 50% for the oxidizers) and
the overall Faradic efficiencies (16% with the sodium dichloroiso-
cyanurate and 20% with the chlorosuccinimide) of the galvanic
cells are relatively low, the overall specific energy is very attractive
(90–110 Wh kg−1), since it is of similar magnitude to commer-
cial systems currently used to power deployable instrumentation,
including marine and oceanographic equipment [43,44]. In the

valents & energetic
active materials
(%))

Actual electrochemical equivalents & energetic
content estimated including the actual cells’ body,
packaging and dimensions

nergy (Wh kg−1) Charge (Ah kg−1) Energy (Wh kg−1) Energy (Wh L−1)

2.5 (23.1) 11.7 11.4 15.2
8.7 (26.5) 9.2 13.0 18.4

8.6 (5.2) 35.9 26.8 59.8
1.4 (8.8) 50.3 44.9 100
69.1 (18.4) 75.0 93.2 208

2.2 (5.6) 15.2 17.7 39.5

0.6 (3.1) 16.4 11.4 25.3

4 (16.0) 119.2 95.9 214
03 (18.6) 97.6 111.5 249
4 (16.8) 81.3 101.2 225

.3 (0.65) 6.6 4.6 10.2
7.33 (7.6) 28.1 53.7 119.6

4.9 (2.9) 10.8 8.3 18.4
6.9 (16.7) 55.2 47.9 106.8

rea is 30 cm2.
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past, specific energies between 40 and 120 Wh kg−1 were found
for cells activated with hypochlorite ions [34]. In the present work,
if only the materials involved in the reactions are considered, val-
ues between 170–200 Wh kg−1 are obtained. If one uses carbon foil
rather than silicon wafer, the approximate weight of cell packaging
is 3.5 g, for a total weight cell of about 8–9 g. This value was used
when calculating the specific energies that included cell packaging
shown in Table 3. In order to compare with small commercial water-
activated batteries, the reader is reminded that batteries comprised
of two or more (11–16) cells are the most common commercially
available designs. If one considers individual magnesium–silver
chloride cells on a commercial battery, the estimated weight per
cell is 22 g, and its dimensions are 7.5 cm × 5.5 cm × 0.39 cm. The
specific energy and energy density of these magnesium–silver chlo-
ride, water-activated cells are reported to be 130 Wh kg−1 and
204 Wh L−1, respectively [2].

The values of both specific energy and energy density of the
aluminum anode reported cells is two orders of magnitude higher
when the cells are compared to those activated with sodium
hypochlorite solutions, if the calculation is confined to the con-
stitutive basic materials. These results are of the same order of
magnitude as those of commercial cells that are currently used in
deployments of scientific instrumentation in marine sciences.

5. Conclusions and final considerations

A new approach for enhancing power output and energy content
of thin-form-factor, MEMS fabricated reserve batteries is described
herein. The advantages of utilizing a solid catholyte releaser are
manifold. Firstly, the specific energy was increased substantially
when compared to cells activated with bleach solution. Also, when
comparing the operational lives of the cells subjected to similar
loads, the performance of the described novel approach is largely
superior to that of cells activated with 10% sodium hypochlorite
solutions. Additionally, the solid material should be easier to pack-
age than a gaseous cathode releaser [28,29]. This, together with
the fact that they are water-activated, makes the cells attractive for
marine applications. The results show that by using different oxi-
dizers, a relatively wide range of potential and current draws are
possible, making the cells versatile for a variety of powering appli-
cations and a wider set of applications (those that do not necessarily
require relatively small current draws) than the MEMS aluminum

cells reported so far [34].

Current and future work includes evaluation of additional inex-
pensive, water-activated cathode materials as well as probing
alternative means for increasing their efficiency. Also, mechani-
cal micro valves and vents are currently being developed for the
development of automated batteries [45,46].
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