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ABSTRACT

A short-circuited electrochemical cell made with a saline electrolyte, an
aluminum alloy or magnesium anode, and a manganese dioxide cathode may
be used as a rather efficient short-term portable heater. The use of a mag-
nesium anode provides somewhat higher heat content but results In the pro-
duction of considerable hydrogen gas. Certain aluminum-zinc alloys are
almost as energetic as magnesium and produce little hydrogen.

If an electrochemical cell is short circuited, its by fastening a nickel expanded metal screen (5 Ni 7
chemical energy is almost completely converted into - 2/0 from Exmet Corporation) to the back side of the
heat via the various ohmic and nonohmic polarizations electrode using epoxy cement. The bonding was ac-
occurring in the electrolyte at both electrodes. The complished in a hydraulic press with heated platens
heat from such an "electrochemical heater" may be (200 kg/cm2 pressure at 135"C). A tab of screen was
largely transferred by thermal conduction to any left on the sample and a heavy gauge tinned copper
material with which it is in intimate contact. One wire was soldered to it in such a way that no contact
advantage of such an electrochemical heat source over was possible between the solder connection and the
a purely chemical (e.g., thermite) one is that the re- electrolyte. Samples of flat stock metals used in half-
action tends to proceed in a more gradual and con- cell experiments were prepared by pressure cementing
trolled manner. Compared to the use of an electro- a nickel foil contact to the top of a 0.5 x 22 cm coupon
chemical cell with a remote resistive heater, the direct and then masking off the nickel contact with silicone
electrochemical heater avoids the problem of ineffi- rubber, leaving a 0.5 x 2.0 cm exposed area. Anode
cient transfer of energy from the cell which becomes surfaces were degreased with trichoroethylene prior
particularly critical at high rates of cell discharge. to use.

Electrochemical heaters utilizing aluminum and MnOs cathodes.-Electrodes were made, or obtained.
magnesium anodes and various cathodes have been with various formulations containing MnOs, graphite,
developed for such applications as protective clothing, carbon black, graphite fiber, and current-collecting
diving gear, and the heating of held rations (1-4). screens. Methods of preparation are reported below
Magnesium-manganese dioxide cells with saline elec- for four particular formulations.
trolyte are of particular interest in the last application (i) Electrodes of this formulation were developed
where it is advisable to avoid toxic materials and (4) and supplied by Power Applications, Incorporated,
where the service life of the heater is of the order of Valley Stream, Long Island, New York. They were
15 min (4). One disadvantage of the Mg-MnO2 cell is prepared by binding a mixture of MnO2 (natural ore
that a considerable volume of hydrogen is produced containing 74% MnO2), carbon black (Cabot XR-72),
during discharge, presenting a potential explosion and fullers earth (in the weight ratio of 10:2: 1), with
hazard. Our purpose in this work was to analyze the polytetrafluoroethylene emulsion, to a 20 X 20 mesh
performance of the short-circuited Mg-MnO2 cell and steel grid. The completed cathode was of 0.05 cm
determine if similar but hydrogen-free performance thickness and contained 0.035g of MnOs ore per square
could be obtained by substitution of an aluminum centimeter of electrode area.
alloy for the magnesium. (ii) This formulation was based on formulations re-

Experimental ported by Kordesch (6). A mixture of MnOs ("chemi-
Preparation of electrodes and electrolytes.-Anodes. cal MnO2 ore"), graphite powder, and carbon black

-The aluminum alloys for these studies were pre- (Shawinigan, 50% compressed) in proportions 43:5:1
pared by Reynolds Metals Company using procedures was ball-milled for 2 hr. The mixture was then
and heat-treatments similar to those previously re- blended with fuller's earth and graphite fibers in pro-

ported (5). The alloys were prepared with high purity portions 100: 5:1. The blend was then mixed with a 5%

(99.992%) aluminum as a base; the aluminum was solution of Lucite in trichloroethylene (percentage of

induction-melted, in air, in silicon carbide crucibles. Lucite in final dry mixture was 2.5%), applied to an

All additions of pure metals were made at a tempera- etched 20 x 20 gauge stainless steel screen, and air

ture over 705'C and stirred to ensure homogeneity, dried. The completed electrode contained 0.07g of MnO1
The melts were treated with gaseous chlorine and then ore per square centimeter of electrode area.
semicontinuously cast Into ingots using an aluminum (iii) Electrodes of this formulation were developed
direct chill caster. The ingots were cleansed by (6) and supplied by Kordesch (Union Carbide Cor-
scalping the surfaces. They were then heat-treated for poration). They were of similar formulation to the
homogenization and cold-rolled to a thickness of 0.04 ones described in Ref. (2) above but utilized Tekkosha
cm. Pure aluminum used in half-cell studies was brand MnO2, three times the graphite fiber content,
wire of 0.1 cm diam and 99.99+ purity (Alfa and no fuller's earth. The finishing electrodes were
Inorganics). Pure magnesium for half-cell studies was 0.1 cm thick and contained 0.17g of MAOs per square
0.3 cm diam rod of "sublime" grade (Dow). The mag- centimeter of electrode area.
nesium for whole-cell studies was "primary grade" (iv) This formulation was prepared using the ball-
(Dow) sheet of 0.028 cm thickness. For whole-cell milled mixture of MnOs, graphite, and carbon black
("electrochemical heater") experiments, I X 1 cm mentioned In fomulation (i) above. The mixture was
anodes were prepared from the appropriate sheet stock dry pressed into a porous nickel matrix (45 pore, 0.41

0 iveoemicllS y Acti" Member. cm thick "Foametal" from Hosen Industrim, Will-
Ne werIs: nua. ce" iwagane e oiozase, corodi. oughby, Ohio) in a manner similar to that repoqt
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previously (7). The final structure was 0.1 cm thick
and contained 0.2g of MnOs per square centimeter of THRMOMETER
electrode area.

Electrical contact was made to the cathodes by
welding a lead to a tab of exposed screen and insulat-
ing in such a way that contact between the lead and
the electrolyte was avoided.
Blectrolteas.-For experiments with complete flat cells ARCON 45
("electrochemical heater' experiments), the cell was t _
assembled in the dry state, using 0.165 cm thick t BUmL
"Webril R-2801" (Kendall Mills) impregnated with FLOW NTER
NaCl (0.037 g/cm) to which water was added just
before the experiment. The same electrolyte arrange-
ment was used in the voltage-sweep experiments on
cathodes. Experiments on fully immersed anodes and
cathodes were performed using a solution of NaCi
made by saturating distilled water with reagent grade
salt at room temperature. GAS C L1tNG MTLE

Procedures for making electrochemical and hydro-
gen-release weAmrements.-Electrochemical heater FR
experiments.-Using a I X 1 cm anode and cathode, PLAT:INI[LECRO
the cells were assembled in a gas-tight Lucite fixture of Pt-COUNTER ES T
very small internal volume in which rubber pads ELECTRODE tRO
maintained pressure on the cell components and acted
as a heat sink. The temperature at the anode-rubber
interface was monitored with a Chromel-Alumel ther-
mocouple when desired. All the electrodes used in these Fig. 1. Glass vessel for polarization end H2 release oasuremats
experiments were fabricated with screens to which
heavy current leads were soldered inside the Lucite
fixture, and those leads were also useful in supporting 1 or 10 cm3 volume (depending on the anticipated rate
and positioning the electrodes in the cell. The cells of gas evolution) and the position of the bubble re-
were fabricated using the salt-filled Webril electrolyte corded at 1 min intervals. With the 1 cm3 flowmeter,
pad described above. The pad was left oversize at one flow rates as small as 2.2 x 10- 4 cs 3/sec (equivalent
end, and 0.3 cm wide strips of MnOs cathode (formu- to an electrochemical H2 evolution rate of 2 mA)
latlon (i)] were placed in the same planes as the could be read with 90% accuracy within 3 min after
anode and cathode with a 0.1 cm gap between each initiating the flow, and rates down to 1.1 x 10- 4 cmA/
strip and the adjacent electrode. These served as sec (I mA) could be read accurately after 5 mi. The
"dry" reference electrodes for the adjacent anode or accuracy was tested by generating Hs at a platinum
cathode. The recorded potentials were then converted electrode (with 100% eificiency). The 3 and 5 min delay
to "potentials vs. the saturated calomel electrode," by intervals cited above probably correspond to the very
subtracting 0.41V, which takes into account the typi- slight lowering of the electrode meniscus (the buildup
cal open-circuit voltage of cathode formulation (i). of gas pressure) required to overcome inertia of the
The external connection between the anode and cath- soap film in the bubble flowmeter.
ode was made by means of a calibrated 0.01a shunt
through which the "virtual" short circuit current was Measurement of polarization and hydrogen evolution
monitored continuously by means of a strip chart of fully immersed cathodes i, half-celli.-The pro-
recorder (Hewlett Packard No. 7100B). Simultaneous cedures used for studying MnOs cathodes in an excess
recordings were made of the anode and cathode pO- of saturated NaCI solution were identical to those de-
tentials relative to their respective reference elec- scribed directly above for anodes, except for the type
trades. The volume of hydrogen gas evolved from a of signal impressed on the cathode. In this case, a pre-
cell was determined using a gas buret. The dry cell selected constant potential was applied to the electrode
was activated just before use by flooding with water ("potential-step" method) and the resulting current-
for 15 see and then draining off the excess. time trace was recorded on a strip chart recorder

(Hewlett-Packard No. 7100B). A fresh sample of elee-
Mearsrement of anode polarization and hydrogen gas trode was required for each new potential imposed.
evolufton in halj-cells.-Anode polarization was Hydrogen gas is evolved at a MnOt electrode at suffi-
studied using wire or 0.5 x 2 cm foil samples, prepared ciently negative potentials. The rate of gassing was
as specified above. The experiments were performed measured under "potential-step" conditions for cath-
in a glams-stoppered, thermostated, (2'C) three- ode formulation (1).
compartment cell with a reference saturated calomel
electrode (SCE) and a platinized platinum counter- Measurement of polarization at cathodes using an
electrode (see Fig. 1). The electrolyte was a satu- electrolyte pad.-For purposes of fast "screening" of
rated solution of sodium chloride; 200 cm 3 of the elec- new electrolyte formulations, polarization curves were
trolyte were required for the working electrode com- measured using a cathodic potential sweep. Since many
partment and that volume was renewed after each de- of the electrode formulations were found to give
termination. The polarization (current-potential) better results when mechanically compressed (thus
curves were recorded on an X-Y recorder (Hewlett improving contact between the MnOs and the current
Packard No. 7047A) while applying an anodic poten- collector), such experiments were performed using
tial scen (speed of 0.001 V/sec) using a potentoestat the salt-impregnated Webril pad described above, and
(Tacussel No. PIT20-2A) and signal generator (Tacus- a Mg "counterelectrode" in an arrangement similar to
sel No. GSTP-2). The reve,.e sweeps were triggered that described above for "electrochenical beeters."
menually after reaching a Wo current of N0 mA/cm.

Gas evolution was measured for similar anodes Remit end Ocusem
under comtant-current conditions. The gas evolution
measurements were accomplished by means of the Thermodynamic cemideratio.-Table I prment@
glass mantle and bubble flowmeter arrangement the reaction equations and corresponding thermody-
shown in FIg. 1. The flowmeter was chosen of either namic quantities for the chemica processes mdi-

___________________________________________________________________
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pated in Mg and Al cells utilizing MnO2 cathodes (8,
9). The standard enthalpy, AH°, the standard free en- 20/
ergy, aG °, those latter quantities divided by the num- /
ber of equivalents (&lP/n and aG*/n), and the stan- ~%
dard cell potential E" were calculated using standard /A /
enthalpies and free energies of formation (9). Reac- 15 / °

tion equations for cells I and 3 of Table I correspond to /
coulombically efficient utilization of both plates of , /
each cell The equations for cells 2 and 4 are for the 1 - -
reactions producing hydrogen. The hydrogen may be e
produced at either the anode (corrosion) or the cath- /
ode (cathode gassing). The most relevant quantities All
for heat-production purposes are the enthalpies rather 50
than the free energies. Furthermore, reference to the 3I
values of AH*/n is useful if we wish to compare the
reactions for the same "internal current" of the cell.
Since the values of AG* and AH* are almost identical, -1.7 -1.6 -1.5 -1.1 12 - 1 .0 -0.9 -0.3 -0. -0.6 -0.S -0.4 -0.3

the values of E° are almost as valid for purposes of POTENTIAL SCE, VOLS
comparison as those of IH,/n. From the values of E°

we may, therefore, conclude that, for identical cell Fig. 2. Anodic polarization curves for several pure metals and
"internal current" and with no hydrogen evolution, aluminum alloys in saturated NC1 solution at 25*C. Allay com-
the Al/MnOs cell is 12% less energetic than the Mg/ positions are given in Table Ill.
MnO2 cell. On the other hand, much of the total "in-
ternal current" of the present Mg cell is directed into
the far less efficient hydrogen evolution reaction (re- (in the cathodic direction) were obtained after inter-
action No. 2, Table I) If this reaction were elimi- rupting the anodic sweep manually at the approximate
nated, it could more than compensate for the 12% loss. 200 mA/cm2 level and then sweeping in the cathodic

atedcould moredcthn o entes for the i direction; the resulting traces appear in Fig. 3. A
Thermodynamic reduction potentials for the in- comparison of Fig. 2 and 3 reveals some hysteresis for

dividual electrode reactions under consideration here all of the samples studies. The return sweep for Mg
are reported in Table II and are discussed later. The was very similar to the positive-going sweep and is
standard potentials listed in the table were obtained not shown in Fig. 3. The rather pronounced hysteresis
from Pourbaix's atlas (10). for aluminum and its alloys is not surprising consider-

Polarization and hydrogen gas -release at the anode. ing the fact that aluminum is always covered with
-In order to best reflect "practical" conditions, anode a film of Y-A1203 in near-neutral solutions (5), and
surfaces were merely degreased and dried before use. that its electrochemical properties depend on the con-
Alternative sandpapering of the anode was found to dition of that film, which, in turn, depends on the
shift polarization curves to more cathodic potentials previous history of the electrode. The behavior of any
without changing the relative positions of the various of the samples, as an electrochemical heater anode,
alloys on the potential axis. may be expected to fail somewhere between the

For the purpose of screening of a large number of anodic and cathodic traces, since in such use the cur-
samples, it was convenient to measure anodic polariza- rent densities are initially high and then undergo
tion using a linear anodic potential sweep. The samples gradual decline.
of 2 cm2 area were fully immersed in a large volume For measurements of hydrogen evolved by the anode
of saturated NaCl solution thermostated at 25°C. The samples, it was convenient to impress the various
traces of Fig. 2 were obtained by starting at the re- constant current levels listed in Table IIL Measure-
spective rest potentials and sweeping toward posi- ments were made at min intervals for a total of 8
tive potentials at a speed of 0.001 V/sec. Return sweeps min at each increasing current density. Table III pre-

Table I. Thermodynamic quantities of cell reactions

AM. Al" allo/n AF*/InE

Cell meeetio (kcal) (kcal) (kcal/oq.) (kcal/eq) (volts)

1 M/Mnoo Mg + SMaOs + HaO-. M(OH)s + Mnos -1ss.8 -133.5 -67.0 -86.8 28
.0-form) ( a-form) (orform)

2 Mg/Us Ma + 2HNO - Mg(OH)p + Ho -4.4 -85.0 -42.2 -43.0 LO
3 At/MnOs SAI + SotO, + HS-e Altos - R#0 + SMnO8 -35139 -351.0 -5B.? -S.5 2.54

(4-Morm) (Hydrated (a-form)
i-form)

4 Al/Ho 2Al + 4o.- Al. iRD + 3H@ -17.7 - 2062 -23.0 -34.? 1.50

Table II. Thermodynamic reduction potentiels at 25"C

Reversible potenUal we. am (volts)Standard potes.
Eoeetrode reseus twat (volta) pH 6.14 pH 7.0 pH 10.4"

a =nsOs . 2e- + 1O o MNiOs + 2(OH-) 1.014.05019PH 0.41? 0U64 0.10
(Htorm) (040m)

b 2Saw0 + Se-o + 2(O)- -0.0"i 11 -0.591 -O.9 -0.82
a KgOH,) + W- an M9 + 2(0N-)- 1.. p.om PH -2.813 -L1
4 e. MaO UO - Ne-s SW. + G(0- a-1.30H0+CO)p -LI02 -LI1

t Isa udrd 44eeoMUe referenced to the normal hydrogen electrode.
a a t Mae mated soeuse al )41uminum aide is &l.

IM The uS a a n1910U. 14106M. a IOM) a, 10.46.



VoL 125, No. 12 ELECTROCHEMICAL HEATERS 1027

Table Ill. Hydrogen evolution at magnesium, aluminum, and aluminum alloy anodes (25C)

Anode composition Percentage e evohutlon
Cocp.. (W/O) (1, mA/cm)

No. Mg Al Zn Hg Sn G8 In 6 10 20 so 140 so

1 100 46. 46 U8.7 36S
a 100 184 161 NJ I"
S 0.57 0.25 0.13 0.08 8.6 16.8 16" 61A

4 0.82 99.96 0.15 0.06 17.7 14.1 14.3 1"
5 0.36 944 0.14 0.06 20.4 16.6 13.2 11.4 10.6
6 96 1.47 0.01 12.6 11.3 18.2
7 0.46 96.31 4.19 0.04 0.6 1.4 LS
1 96.45 35 0.01 ) .6 .L
9 95.61 4.19 4.0 167 20.1 16.3

"Percentage 1h evolution = 100 In./(I + I%).

sents the hydrogen evolution rate as a percentage of This is in agreement with observations (5, 11) made
the total current at the anode after converting the during long-term corrosion studies on aluminum alloy/
gassing rate to an equivalent current density, l11, by steel couples. It is believed (11) that Sn fosters the
using the formula high anodic activity by producing cation vacancies

= V F which reduce the ionic resistivity of the y-alumina
S t2 . [I film. This film normally covers the electrode during

At 22.4 use. Additions of Mg and Ga enhance this effect by

Where F is the Faraday constant and IH2 is obtained in stabilizing the solid solubility of the Sn in the alloy
amperes/cm2 if the gas flow, AV/at, is expressed in (12). The H2-evolution characteristics of alloys No.
liters per second per square centimeter of electrode 3-5 tend to be somewhat better than that of pure Al,
area. particularly at the high current densities, and like Al,

For current densities of 20 mA/cm2 or higher, the are a 2-3 fold improvement over Mg in that regard. A
gassing rates were found to stabilize after 2-3 min and second grouping of Al alloy polarization traces fail
the values given are average values for the last 4-8 between the trace for pure Al and pure Zn (Fig. 2).
min of observation. Since direct calibration revealed Alloys 6-9 contain increasing amounts of Zn, and
that a 2-3 min lag is inherent in the flowmeter used their closed circuit voltages, in line with previous ex-
for the measurements, no conclusions may be drawn perience with AI-Zn alloys (11), tend to become in-
about intrinsic transient behavior of the system in creasingly more negative and approach the perform-
that early period. For the alloys possessing low rates ance of a pure Zn anode. There is, however, no simple
of gassing, the method was not sufficiently sensitive correlation between electrode polarization and hydro-
for observations to be made in the allotted time at gen evolution for this series of alloys, if the results of
the lowest current densities. Fig. 2 and Table III are compared. Specifically, alloys

Referring to Fig. 2 as a guide to the relative anodic No. 7 and 9 have the same Zn content and show very
behavior of the various anode materials, we see that similar polarization behavior, but in spite of these
the polarization of the alloys falls into the approxi- facts alloy No. 7 produces the lowest amount of hy-
mate IV span between Mg and pure Al, with the drogen while hydrogen production for alloy No. 9 falls
latter the more inactive material and with both op- in the same range as for pure aluminum. The fact that
erating much below their respective thermodynamic alloy No. 8, like alloy No. 7, is also a low gas pro-
potentials, as listed in Table I1. A trace for a Zn elec- ducer, suggests that indium is more significant than
trode is incuded for comparison, although the energy Mg in imparting the nongassing properties to those
content of Zn if too low for practical consideration. A alloys. Before considering how alloying affects hydro-
general pattern of behavior emerges for the alloys if gen evolution, let us consider the thermodynamics of
the high current performance of alloy No. 5 is ignored. the process. For gassing to occur at all, the electrode
Those alloys (No. 3, 4, and 5) containing Sn produce potential must be more negative than the thermo-
the most negative (active) closed-circuit voltages, dynamic value for a reversible H2 electrode in the

same medium. According to Table I, that potential

0.0
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could be -0.650V in the original neutral solution and | 2O SQD CATI (F KU.TII ,OP
-0.501' at steady state, with the solution completely M 1 :,,usTrI C,47LA CUI DEST A, STE

equilibrated and saturated with hydrated -i-aluminum W • Munse
oxide. Based on those numbers, gassing would not be
expected on pure Al or or alloy No. 6 at the higher i2t' AM . -MIC cURRET DAtTY

current densities. However, localized, very low PH 2  UTION AT :SS AS
values may be expected near the anode surface, par- ------------- A T :N AS ACAT II CuRRENT DENSITY) AT THEticulaly at high current densities, corresponding to &0l.. CA.CTA (W0~1011 ,1)
the production and hydrolysis of AIC13. For example,
based on the reported value of pKh = 4.9, the pH of a
IM solution of AICI8 would be 2.45 and the corre- -"
sponding reversible H2 potential would be -0.38, suffl- "
ciently positive to account for H2 evolution on Al and S
dl of its alloys in a sodium chloride electrolyte solu-
tion. As for Mg, Table III reveals that the percentage --1.8 -1,6 1.6 -. 2 -10 -0.6
of hydrogen evolved does not generally or systemati-

cally drop as the current is raised and the potential POTENTIAL SCE. VOLTS

approaches that of the reversible H2 electrode ("nega- Fig. 5. Polarization behavior of fully immersed Mg anodes and
tive difference effect") (13). As for Mg, therefore, it MnO 2 cathodes [formulation (i] in saturated NaCI solution.
may be hypothesized that H2 release occurs on a very
limited, momentarily film-free fraction of the surface.
In line with that concept, the role of indium in a previous activation-controlled current was not suf-
Zn-A! allo- could be to modify the physical structure ciently high to result in diffusional control after 1
of the film (e.g., adherency, coherency, porosity) so min. At more cathodic potentials than -1.5V, the cur-
as to minimize exposure of bare surface to the elec- rent rise is due to electrolytic evolution of H2.
trolyte. (iii) As the reduction time increases, diffusional

We shall now turn to the problem of choosing the control extends to less cathodic potentials, and the on-
"best" anode material for an electrochemical heater. set of H2 evolution is more easily distinguished (po-
From the point of view of lowest H2 production, Table tentials as positive as -1.3V).
III reveals that alloy No. 7 appears to be the best To confirm that hydrogen is evolved at the more
choice. with No. 8 a close seco)nd choice. Assuming that cathodic potentials, a sample of electrode was first
•he solid product of reaction is -y-alumina fdr both Al prepolarized at - .4V for 10 min. The potential was
and all of the Al-rich alloys, the total heat produced then adjusted to any desired value and gas evolution
per equivalent of Al consumed in short-circuited cells was measured. The gas evolution rates (measured at
utilizing any of those anodes and a MnO2 cathode 100 sec intervals) were found essentially time inde-
snould be greater for the alloys producing the least H2  pendent, as might be expected for an electrocatalytic
(since reaction 3 of Table I is more energetic than process. Average rates, converted to currents by means
reaction 4). So far, the analysis has been based on of Eq. [11, are plotted on ! ig. 5. The results reveal that
thermodynamic and corrosion data only. The role k12 e,,olution is measurable at -1.3V and it accounts
played by anode polarization is discussed later, for virtually all of the cathodic current at more cath-

MnO2 cathode polarization and gas evolution at the odic potentials after a few minutes of polarization.
cathode.-1The polarization of a manganese dioxide The reversible potentials (vs. a saturated calomel
cathode at high rates of discharge is much more time electrode) of the two processes, which may occur at
dependent than that of the Mg and Al anodes with the MnO2 cathode, appear in Table II (i.e., a and b).
which it might be used. Because of the strong time- The expressions for the standard potentials were taken
dependence, measurements of polarization performed from Ref. (10). The pH of the NaCI electrolyte should
at fixed potential provide the most quantitative guide be 7.0 initially, and should eventually reach 10.45 when
to performance of the electrode in an electrochemical thoroughly mixed and saturated with Mg(OH)s (10).
heater. For this purpose, electrodes of formulation In addition, transient high and low values of pH at the
No. (i) measuring I x I cm were individually im- cathode and anode, respectively, are likely daring high
mersed in a saturated solation of NaCI. The area of current surges. Since the reversible potentials from
each sample is taken as 1 cm 2 despite the fact that Table II for reaction a at pH's 7 and 10.45 are quite
both sides are exposed, since the bulk of the porous positive, it is apparent that MnO2 (Fig. 5) is being re-
cathode is utilized rather than its surface (the re- duced irreversibly and that improved reduction ki-
verse is true for anodes). For each sample, a different netics would shift the curve to the right on the poten-
fixed potential was applied and the current-time trace tial axis. For the H2-evolution process (reaction b,
recorded. Points taken from the traces are plotted on Table II), it can be seen that gas evolution could begin
Fig. 5. From the figure it van be seen that, for time at potentials as positive as -0.65V. The observation
durations at constant potential of less than 1 min, the that no appreciable gassing occurs until -1.3V largely
current tends to increase with decreasing potential. re.dects the fact that carbon (which is present for its
For longer time durations, a plateau value occurs in el,-:ctronic conduction properties) is a poor electro-
the lower potential range. A second rise in current catalyst for the hydrogen evolution reaction.
follows the plateau at decreasing potentials. The re- From Table 11 it can be seen that the reversible po-
suits can be interpreted as follows, based on the ob- tential of the Mdn0 2 electrode is +0.364V in the origi-
servation (14) that the cathodic reduction of MnOI2  nally neutral solution used here as the electrolyte.
tends to be diffusion-controlled soon after the begin- Variations in pH during cell discharge can be expected
ning of the process: to affect the reversible potential by only a few tenths

of a volt. in spite of this, "formulation No (i)" begins
(i) At short elapsed time, including up to 12 sec, to deliver appreciable cathodic currents at potentials

the reductior is only partially diffusion limited and over a volt more cathodic than the reversible potential.
hence shows considerable potential dependence over Such irreversible performance is subject to improve-
the whole potential range. ment through structural modifications which decrease

(ii) After sufficient charge has passed, the reduc- internal impedances and improve mass transport in the
tion process becomes solid state diffusion controlled electrode. Toward that end, a number of different elec-
and, therefore, exhibits a current plateau. Referring to trode formulations were made for evaluation. These
the I min points, a plateau is evident from -1.0 to formulations included variation in: (i) the amount of
-I.V. At less cathodic potentials than - .OV, the carbon and graphite added for contact between MnOs
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particles; (ii) nature of the organic binder (e.g., PTFE, water for 15 sec and then draining off the excess water.
Lucite, polysulfone); (iii) addition of agents to in- The volume of hydrogen released was measured period-
crease wetting and porosity (e.g., fuller's earth) na- ically and converted to an equivalent current density,
ture of the current collector (e.g., screens and ex- lH2, using Eq. [1). ZHs includes a contribution from
panded metal made of steel and nickel), and (iv) the both the anode and cathode. The initial large values
addition of graphite fibers to improve current colec- of 111, paralleling the large values of Inc, correspond
tion. mainly to hydrogen release at the anode, whereas the

For evaluation of samples, the potential-step method, longer-term smaller values of lH2 correspond to cath-
as used to obtain the data of Fig. 5, provides the most odic release of hydrogen as is discussed below. For the
in-depth information, but requires multiple samples early large currents, the areas under the two curves
and is tedious. Therefore, for the present purpose of are approximately measures of the number of equiva-
fast screening, the linear potential sweep method re- lents of Mg reacting according to the equations in cells
quiring only one sample for a determination was used 1 and 2, respectively, of Table 1. The initial high surge
instead (sweep speed of 0.001 V/sec). Samples of 1 x of current is useful for providing rapid heat transfer.
1 cm dimensions were discharged against a Mg By minimizing the masses of the ingredients, practical
count trelectrode using a NaCl-impregnated Webril cells (4) transfer most of the available enthalpic heat
separator pad as the electrolyte. Some of the more to the object being heated.
promising results appear in Fig. 4. Formulation No. Although the respective experimental conditions are
() - (iv) all offer the promise of improved perform- somewhat different, the electrode polarization results
ance at more positive potentials as compared with for- of Fig. 5 are useful in qualitative interpretation of the
mulation No. (i). All three improvements utilize results recorded in Fig. 6. For a short-circuited cell
graphite fiber additions. Formulation No. (ii) and (iii) consisting of the anode and cathode of Fig. 5 and with
were made with a steel screen current collector, while negligible electrolyte resistance, the short-circuit cur-
No. (iv) was made with a "foametal" current collec- rent and electrode potential at any instant are deter-
tor. While cathode performance increases on progress- mined by the point of intersection of the Mg anodic
ing from formulation No. (i)-(iv) so does the MnO, polarization curve with the appropriate MnO2 cath-
loading (0.035, 0.07, 0.17, and 0.2 g/cm 2 for electrodes odic polarization curve. The intersections of Fig. 5
1, 2, 3, and 4, respectively). Hence, the improvement predict a drop in current from the 200 mA/cm2 level
represents successful utilization of more MnO2, rather in the first 12 sec, to below the 50 mA/cm2 level in 10
than a fundamental improvement in the kinetics of min, with that sharply declining current attributable
MnO2 reduction. From Fig. 4, formulation No. (iv) entirely to cathode polarization. The long-term cur-
would appear to be the obvious choice for further de- rents (according to Fig. 5) are supported almost en-
velopment. Its vulnerability, however, lies in the fact tirely by hydrogen evolution. Finally, Fig. 5 predicts
that Ni is a rather good catalyst in the H2 evolution a moderate shift in the electrode potentials to more
reaction. The descending portion of the scan from cathodic potentials, conforming to the shape of the
-- 1.2V to more cathodic potentials corresponds largely anodic polarization curve. This predicted shift occurs
to extensive gas production, which is significant even during the first few minutes for the more complicated
at more positive potentials. An electrochemical heater conditions of Fig. 6. The unanticipated long-term posi-
using that formulation was nevertheless evaluated tive drift of potentials probably corresponds to elec-
and the results are reported in the section below. For- trode polarizations due to the limited volume and
mulation No. (iii) appears clearly superior to formu- shifting pH of the electrolyte in the Webril pad in use
lation No. (i) without an aggravated gas evolution here. The short-circuit current (lc) vs. time trace of
problem, and its further evaluation is also reported in Fig. 6 exhibits approximately the expected type of
the section below. current decay after the current peak is passed. The

initial rise in current probably corresponds mainly toElectrochemical perormance and hydrogen release the "voltage delay" phenomenon normally encounteredat a(15) when a heavy load is first applied to the normally
a "heater" utilizing a Mg anode will serve as an ex- passive Mg anode.
ample of the more general case. The results appear- A very significant conclusion based on Fig. 5 is that
ing in Fig. 6 were obtained for a cell containing a 1 X
1 cm anode and cathode and a salt-impregnated Webril shifting of the anodic curve to the right would tendseaao.The "virtual" short-circuit current (across to eliminate H2 evolution at the cathode, the latter
separator. Th "vita t-ciniiu across being the major source of H2 evolution after the first
a 0.01 a load) density and the individual electrode 10 min of cell operation.
potentials (referred to a saturated calomel electrode) With the help of Fig. 5, we can return to the prob-
were recorded after activating the cell by flooding with lem of choosing the "best" Al alloy to substitute for

Mg. In addition to the preference for the lowest cor-
MTENTIL n SCE. VOLTS rosion rate, the polarization of the anode plays an im-

TEERPAT C portant role in three important ways:
-------- ---- .0 (i) The distribution of heat through the cell de-

=T,0 , 0 pends on the relative extents of anode and cathode,T -,,,,[, ,,,iN polarization and of electrolyte resistance. For reasons

7 of heat conduction it is best to place the work against9 /the metallic anode and it is therefore beneficial to
.0 have the highest polarization (and temperature) at

I . . .that electrode.
(ii) The rate of heat release is proportional to the

go, current density. That rate (or current) depends on
-0, the points of intersection of the anode and cathode

polarization curves, and will be highest for those anode
-- _polarization curves falling closest to that of Mg.

(iii) The anode polarization curve helps establish
l l 20 25 , INUS the working potential of the cathode at short circuit.
tw The more positive the anode potentials (and the cath-

ode working potential), the more likely will be the
Fig. I Opemialg chercteristics of n instrumented MO/Mn02 avoidance of H2 evolution at the cathode. The latter

olectl mbheical hee (cothede formuletion N. ()]. has already been shown to be largely responsible for
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longer-term gas evolution. Considerations (i) and (iWs) _

suggest that the polarization curve of the anode should 1;
be as far as possible to the right of that of Mg (e.g., -
the low-gassing alloy No. 7 of Fig. 2). The problem of
lower current densities than for Mg [consideration No.
(ii) ] can be overcome by improvement of the cathode. 0.4 ISc,'SORT-CIRCUIT' CURRENT
Figure 5 suggests that other cathode formulations
[No. (iii) and (iv)] might provide superior perform-
ance in an electrochemical heater utilizing aluminum
alloys because of the significant shift of the polariza-
tion curve to the right on the potential axis. 0. . POTENTIAL. ANODE vs SCE b

Elect rochemical performance and hydrogen release A -?SEXTIAL, CATHODE vs SCE

at short-circuited aluminum.-Alloy-MnOz Cells.- -1.0
Figures 7-9 present results for short-circuited cells
utilizing an aluminum alloy and three differently 0.z

formulated MnO2 cathodes. The plot of 1,c vs. time for \
the Mg-MnQ2 cell of Fig. 6 is included for comparison. 'SC, STANDARD 'OT-SHEET' ELECRODES

Figure 7 confirms the expectation that relatively poor -0.5
results can be obtained with an aluminum alloy anode
if the cathode will not support high currents at the 0.
more positive potentials. Figure 8 reveals that an im-
provement in current densities over the Mg-MnO2 cell
can be achieved with an aluminum alloy if the MnOs IHH"D'R V -UA---T " -....

cathode has improved performance at low overvolt- *HYDROGEN-EVOLUTION CURREN o --

ages. As anticipated, IH2 is much lower initially than 0 2 4 6 3 10 12 14 16 IINUTES

for the Mg cell, corresponding to low corrosion of the TIME

alloy. Since the cathode now operates at relatively Fig. 9. Operating characteristics of on electrochemical heater
positive potentials, there is no significant evolution of made with on Al alloy No. 7 (4.19% Zn, 0.04% In, 0.46% Mg)

anode and a MoO2 formulation No. (iv) cathode.

POTEATIAL, ODE AND WTHODE vs SCE hydrogen gas there. Hence, production of H2 even-
-'.3 tually drops to very low values parallelling the drop

of cell current and rate of corrosion of the aluminum
- ,'- -. 0.2 at the anode.

S CLFrom Fig. 9, even more impressive short-circuit

/ . °currents are obtainable using cathode formulation No.
-0. 0 \(iv), out iH2 is unexpectedly high. It appears that this

results from the use of nickel in the cathode formula-
tion, resulting in catalysis of the hydrogen evolution

-0.4 \ .. o rato at both anode and cathode.

Conclusions
-" The nontoxicity and high enthalpic content of saline
------------------------ Mg-MnO2 and Ai-MnO2 cells makes them useful as

2 A " 12 14 13 ,LT electrochemical heaters (short-circuited cells). TheMg cell provides high short-circuit currents (and rates
of heat evolution) but produces H2 at the anode (cor-

Fig. 7. Operating characteristics of an electrochemical heater rosion) and at the cathode (due to highly negative
made with an Al alloy No. 7 (4.19% Zn, 0.04% In, 0.46% Mg) operating potential). Cells made with certain Al-Zn
anode and a MnO2 formulation No. (i) cathode, alloys also provide high short-circuit currents while

producing little H2 at the anode and virtually no Hs at
the cathoae (latter due to relatively positive operating
potential).
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