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Experimental studies of transltlon metal chlonde electrodes 
II-I undivided cells usmg molten NaAlCl, electrolyte 
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Abstract 

An un&vlded cell, usmg NaCLsaturated AK&,-NaCI molten electrolyte, was used to study 
the behavlour of MC&/M electrodes made by co-smtenng metal powders M urlth NaCl 
(M = NI, Fe, Mn, V) The ah.mu~ um electrode etibns reversible redox behavlour m thrs 
melt, and thus serves as a useful counter electrode The cell avolds the use of either 
Na metal or p”-alununa, and provides a sunple and convement way of testmg the chwng 
and tichargmg of these electrodes The charge/&charge behavlour of electrodes where 
M=Mn or V was much mfenor to the NI and Fe systems Extended cycbng of all MC&J 
M electrodes was accompamed by steady loss of electrode capacity Dlssolutlon and 
transport of sohd electrode reagents (e g , NICI,) to the bulk electrolyte may be a 
contnbutmg factor, but 1s not the only cause of dmumshed capacity 

Introduction 

Hugh energy density cells which utrllze a hqlud sodnun anode and a 
transltlon metal chlonde as the cathode reagent have received considerable 
attention m recent years [l-l 11 The overall reactlon m these cells IS 

2Na(l) + MCI,(s) 1 BNaCl(s) + M(s) (1) 

where M IS commonly Fe or Nl The cells mcorporate a solid electrolyte, 
/I”-alumma, to separate the sodium from the other reagents The cathode IS 
a porous matnx of the three solid reagents II-I (l), the relative amounts 
dependmg on the state of charge An excess of metal over the stolcluometnc 
quantity of M IS needed to ensure adequate electromc conductlvlty m the 
cathode even when it 1s fully charged In the case of nickel, for example, 
utlllzatlon of the metal 1s usually kept below about 40% [ 41 A hqud electrolyte, 
NaCl-saturated NaAlC14, floods the pores of the cathode 

Cells of 011s type have been successfully tested over many deep discharge 
cycles [ 4, 51, and have also been demonstrated m battenes for vehicle 
propulsion [5]. However, m the research laboratory, construction and testmg 
of such complete cells can be both tune-consunung and costly. Thus paper 
proposes a cell design m wluch tram&on metal chlonde electrodes can be 
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tested without the burden of  the Na electrode and the /3"-alumina separa tor  
In such cells the focus would be on the charge /d ischarge  beha~qour of  
mdwldual  e lec t rodes  accord ing  to the reaction 

M(s) +2NaCl ( s )  , ' MCie(s) + 2 N a  + + 2 e -  (2) 

Given a suItable cell design, the evaluation of different metals  M and different 
compos i t ions  of  both e lec t rodes  and melt could be rapidly and convement ly  
achmved We report  here on some early results from such a cell, containing 
neither Na nol fl"-ahuruna 

Experimental 

Alummmm chloride and s o d m m  chloride were purffied and mixed to 
gwe NaCI-sa tu ra ted  NaAICl4 as descr ibed prevmusly [12] 

Elec t rochemica l  measu remen t s  were carried out  using about  50 g of  
NaCl -sa tu ra ted  molten NaAICl4 together  with a small excess  of  sohd  NaCl, 
m a Pyrex cell sealed wath three 'Ace-Thred '  adapters  and Teflon bushings 
and ferrules These bushings  held Pyrex tubes  m which were sealed tungs ten  
wires which connec ted  to the current  col lectors  on the e lec t rodes  The cell 
design ~s shown m l~g 1. The lower part  of  the cell fitted into the well of  
a furnace,  so that the Teflon c o m p o n e n t s  were above the heated zone All 
tim e lec t rochenucal  s tudms were canaed out at 250 0 4-0 3 °C 

To cons t ruc t  the MCle/M electrodes,  a weighed amoun t  of  a mtxture of  
the metal powder  M and NaCl was placed m a mould m contac t  with a 

~Wire leading to 
potenbostat 

~ Teflon buehmg 

I ~ 'Ace-Thred"  adapter 

I - -  Tungeten wire 

~G loee  holder for 
[Tungsten wire 

--Wire connect ion jo int  

- -  Therrnocouple well 
--AI counter electrode 
-- NoCl-eaturoted NoAICI 4 

AI reference electrode 

1Po rous  M/MCI 2 

=entered cathode 
- -Slntered glass d~ak 

Fig 1 Undivided cell design used m studies  of  var ious ca thodes  
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current Collector 
(Fe or NI) & Metal,‘NaCl 

Smter 
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Fig 2 Cross sectlons of the type (a) and (b) designs of MCIJM electrodes 

current collector, and smtered under hydrogen at between 750 and 800 “C 
Two electrode desrgns were used (see Rg Z), III both cases the electrodes 
were cylmdncal m shape In type (a) electrodes the entve surface of the 
cylmder was exposed to the melt, whrle m type (b) only the lower end face 
contacted the melt These electrodes were fabncated wth capacltles typically 
m the region of 50 to 100 mA h, b‘ased on the mass of the lututmg reagent, 
normally NaCl The smtered electrodes, after unpregnatlon of the pores \nth 
molten NaAlCI,, were then cycled agamst each other or agamst Al \vlre 
counter electrodes 

Electrochenustry was cart-led out m either a purge-type glove box, under 
purified rutrogen, or a high mtegnty glove box (Farcrest) under reclrculatmg 
argon An IBM PC XT-compatible computer, lmked to a home btult potentlostat- 
galvanostat via an IBM Data Acqulsltion and Control Adapter card (12 bit 
A to D and D to A), controlled and momtored the chargmg and dlschargmg 
of the electrochenucal cell All chargmg and dlschargmg was camed out In 
galvanostatlc mode 

Sowee and puraty of chemzcals 
Alummmm chlonde (F’luka, punss., anhydrous, Iron-free), alumm~um 

wu-e (Johnson Matthey, 1 mm dram , 99 999%), non powder (GAF, type C, 
carbonyl Iron, 99 596, pticle size 6-8 pm); iron wu-e (Johnson Matthey, 
0.5 mm dmm., 15 ppm total metal nnpuntles); manganese powder (Aldrich, 
99 9%, particle size - 149 km), ruckel powder (IWO, type 287, 99 696, 
partlcle size 2 6-3 3 pm); mckel wire (Johnson Matthey, 0 5 mm dram , 
99 8%), sodnun chloride (Merck, Guaranteed Reagent, > 99.5%), sulfur powder 
(Merck, subhmed, 99.596, particle size < 44 pm); tungsten wu-e (Alfa 0 5 
mm dmm , 99 98%), vanadnun powder (F’luka, punss > 99 5%) 

Results and discussion 

The electrode reaction at an ahmunm.m electrode III equunolar AlC& NaCl 
(I e NaAlC&) melts may be wntten 113, 141 

AU,- +3e- - Al+4c1- (3) 



Smce the present melt IS saturated with respect to NaCl, much of the Cl - 
product m (3) IS hkely to precipitate on the a.lunuruum surface as NaCl 
Thus, 1f an a.lumm1um electrode IS cycled anolcally and cathodlcally accordmg 
to reaction (3), the only species which wdl be mtroduced mto the melt are 
AU, - and Cl -, which are III fact the donunant aruons present m the melt 
[ 141 Thus the bulk composition of the melt wdl remam unchanged, smce 
It IS also m contact mth excess solid NaCl 

When an alumuuum wue electrode of about 7 cm2 m area was anod1cally 
ox1bed at 20 mA, usmg Al counter and reference electrodes havmg smular 
areas to the worlcmg electrode, the overpotent1a.l remamed m the range 
20 f 10 mV for over 4 h With a 20 mA cathodic current, the overpotentlal 
was even smaller and steadier, at - 10 f 2 mV The small and relatively 
constant polanzat1on at an alumuuum electrode mdcates that it can serve 
as a practical counter electrode for the study of MC12/M electrodes m either 
two- or three-electrode cells In the studies described below, extensive use 
was made of alumuuum we counter electrodes of thus type 

FQure 3 shows the performance of a type (a) N1C12/N1 electrode charged 
and &charged agamst an alumuuum counter electrode The excellent char- 
actenstlcs of the ruckel electrode are clearly demonstrated - polanzatlon 
losses are small and the charge/discharge plateaus are long and flat. The 
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Rg 3 Charge (upper) and dmcharge (lower) curves obtamed dunng contmuous cychng of a 

type (a) NICI,/NI electrode agamst an ahmuuum counter electrode at C/5 (20 6 mA) Electrode 

contamed 0 281 g NI, 0 224 g NaCI, 0 013 g S, gnmg a nommal capacity for NICI~/NI of 103 

mAh 
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Figure shows a 60% untlal utlhzatlon of NaCl A utlhzatlon of > 80% was 

achieved when the mltlal charge was performed at a slower rate (FeCl,/Fe 

electrodes tested III this cell also exhlblted excellent dynamrc beha\?our. 

havmg sm,lll polanzatlon losses and flat charge/discharge curves) Upon 
continuous cychng of the cell at the same constant current, a steady decline 

m capacity, correspondmg to about 3% per cycle, was noted This suggests 

that this configuration would be unsuitable for extended testmg, but can be 
used to evaluate electrode performance over a hmlted number of cycles 

The mckel electrode used above contamed an amount of sulfur corre- 

sponding to about 2 5% of the electrode weight Sulfur was added m an 
attempt to prevent mckel gram growth dunng cyclmg which leads to a 

decrease In capacity [7] There IS no ebldence of any redox actlvlty of the 

sulfur m the charge/discharge curves of Fig 3 However, when a larger 
quantity of sulfur was added to the electrolyte (1% of electrolyte we&t), 

addltlonal plateaus developed on both charge (z 1 20 V) and discharge (a 
short plateau at 1 09 V and a longer one at 0 74 V) This IS shown m ng 

4 Sulfur clearly contnbutes slgmficantly to the electrochemistry under these 
condltlons. a fact which chd not emerge from earlier studies of sulfur-doped 

Na-NICI, cells [ 7 J Much further work will be needed to establish the detalled 

role of S m these cells 
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Fg 4 Charge (upper) and discharge (lower) curves obtamed dunng contmuous cycbng of 

the same electrode as m Fig 3 agamst an alunun~um counter electrode at C/5 The electrolyte 

contamed 1 wt% sulfur m thus case The curves shown here are 7 cycles on from those III 

Rg 3 and show a loss of electrode capacity 
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We have also studled the charge/discharge behavlour of type (b) planar 
electrodes mcorporatmg either Fe or NI as the transltlon metal In these 
electrodes the current flow hnes are parallel to each other and perpendicular 
to the electrode-electrolyte mterface, as U-I the flat-plate cell design which 
has been proposed recently to achieve Improved performance II-I sodmm-metal 
chlonde cells [ 151 Thus the study of our type (b) electrodes IS du-ectly 
relevant to expected developments m the design of full-sized operational 
cells and battenes The performance of a type (b) NICI,/NI electrode IS 
shown m ng 5 Agam, polaruatlon losses are small and the charge/d&charge 
curves are flat over most of the charge and discharge The electrode was 
cycled at C/9, a slowe! rate than previously, which allowed for a more efficient 
mltlal utthzatlon of NaCl (> 90% for the mltlal charge m this case) 

As wth the type (a) electrodes, the type QJ) electrode of F‘lg 5 showed 
a slow dechne m capacity over about 20 cycles It IS clearly unportant to 
determme the cause of the capacity losses III order to devise a strategy to 
counter the problem The most obvious possible cause IS the dlssolutlon of 
either sohd NICI, or NaCl from the electrode mto the melt, and its transport 
mto the bulk electrolyte TransitIon metal dchlondes (e g , NICI,, FeCI? and 
CoCI,) are known to have very low solublllty m neutral or shghtly basic 
chloroalummate melts [ 16-l 8 1, however, over many charge/discharge cycles 

12 
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I3g 5 Charge (upper) and &charge (lower) curves for the first two cycles of a type (b) 

NICI,/NI electrode agamst an ahmumum counter electrode at C/9 (2 2 mA) Nonunal 

capacQ= 19 5 mA h, electrode Uuckness 5 mm (sohd hnes, first cycle, dashed hnes, second 

cycle) 
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the cumulative effect of dlssolutlon of NI& could be appreciable While 
some of the capacky loss noted m our expenments may be due to such 
solubtity effects, there 1s evidence that other causes are also unportant For 
example, the electrode of F’lg 5 showed a discharge capacity of 47% at the 
nonunal 5-h rate, after a penod of contmuous cyclmg When the rate was 
reduced to a 9-h rate, a capacity of 79% was observed This large discrepancy 
between the capacities IS suggestive of a kmetlc hnutatlon on the electrode 
performance Further studies are presently m progress, ~th a view to 
ident@ng more closely the causes of capacity losses m these electrodes, 
and possibly remedymg the problem. 

Another example of the utity of the present type of cell is tiustrated 
by the open clrcult voltages plotted m Fig 6 In tlus case two MCI* electrodes 
were used, where M = Fe and NI. After fabncatlon of these type (a) electrodes 
m the usual way, the NI electrode was anod~ally converted to NIClz, usmg 
an Al counter electrode, before the Fe electrode was mtroduced to the cell 
The cell was then &charged m stages, vvlth the voltage berg measured 
after 30 mm at open cvcult followmg each dlschargmg stage The overall 
discharge reaction III this cell 1s 

NICI, + Fe - NI + FeClz (4) 

The measured open crrcult voltage shows two clear &charge plateaus, 
separated by about 13 mV A sutular 12 mV step has been reported u-~ the 
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Rg 6 Open cucult voltages for an Iron-mckel cell conslstmg of type (a) electrodes, d&charged 

stepwe at 10 mA Voltages were measured after 30 mm at open cwcwt 
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Charge (upper) and discharge (loHer) curves for a type (a) \‘CI?AI electrode ag‘amst 

an alumuuum counter electrode at C/5 7 (20 mA) Electrode contamed 0 108 g I’ 0 373 g 

NaCl and 0 187 g NI, glrmg a nominal capacity of 114 nti h 

oxldlzes unreacted V to VCI-, The direct anodlc conversion of V to VCt2 IS 
clearly very mefficlent, though whether the problem IS one of electrode design 
or IS due to inherent klnetlc tmutatlons of this couple, IS not. clear from the 
present expenments The dficutty of the direct anodlc oxldatron of V to 
VCI, obvlousty has unfavourabte lmphcatlons for the operation of a cell such 
as that represented by reactlon (8) ReactIons (7) and (8) also suffer from 
tow cell e m t values and retatlvety expensive reagents, and are unhkety to 
be of ,any practical value 

Conclusions 

The undlvlded cell described above can be of value for short term 
etectrochem~cat studies of MCt?/M electrodes Before It can be used for 
extended cyctmg tests, the problem of progressive capacity tosses tit have 
to be overcome Tests are currently underway usmg a cell design where the 
cathode IS separated from the bulk melt by either a porous glass diaphragm 
or by p”-alumma The results of these studies should be useful m estabhshlng 
whether or not sotubrllty of cathode reagents IS a m,qor cause of capacity 
toss Post mortem studies on cycled cathodes should also be of value m 
this respect 
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Of the MCIJM electrodes we have studled, NI and Fe demonstrate 
supenor reverslblhty to Mn and V 
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