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FOR THE NASA REDOX ENERGY STORAGE SYSTEM 

by Randall F. Gahn, JoAnn Charleston, 
J e r r i  S. L ing  a ~ d  Margaret A. Reid 

National Aeroqautics and Space Administrat i on  
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SUMMARY 

Signi f icant  advancements have been made i n  the  chromium elect rode used i n  
the NASA Redox Storage System. Performance improv n t s  have been achieved i n  F single c e l l  and stack hardware up t o  930 cm2 (1 f t  ) ac t ive  c e l l  area. Speci 
f i c  t es t s  were developed t o  evaluate electrodes f o r  hydrogen evolution, cou- 
lolnbic ef f ic iency,  ca ta lys t  s t a b i l i t y  and electrochemical a c t i v i t y .  Perform- 
ance of an electrode was found t o  be a func t ion  o f  the carbon fr'' l o t ,  the 
cleaning treatment and the cata lyzat ion procedure. Electrodes have been pre- 
pared which have l o  hydrogen evolut ion and revers ib le  e lec t roch~mica l  ac- 
t i v i t y  t o  108 mAlcn? (100 amps/ft2). 

Hydrogen evolut ion charac ter is t i cs  were determined by measurina the  hy- 
drogen l ibera ted  a t  the chromium electrode. The evolved hydrogen was 
discharged i n  a F ~ + ~ / H ; ,  rebalance c e l l ,  and the discharge coulombic capacity 
was measured t o  determine the quant i ty  o f  hydrogen produced. I n  general, hy- 
erogen evolut ion on En improved electrode was less than 1 percent o f  net 
charge when the ~ r + ~ / ~ r + ~  redox couple was charged t o  about 80 percent state- 
of-charpe. Coulombic e f f i c iency  fo r  a chargeldischarge cyc le between 0 and 
10 percent state-of-charoe was measured t o  be about 98 percent f o r  a s ing le  
c e l l  with 2s improved electrode. 

Cackiyst  s t a b i l i t y  was determined through rap id  cyc l i ng  and c e l l  reversal  
tests. These t c s t s  e>erc ise the ca ta lys t  under severe electrochemical condi- 
t ~ o n s .  The rap id  cyc l i na  technique charges and discharges only  the reactant 
f l u i o  retained k i t h i p  the porous carbon f e l t  electrode under nc-flow condi- 
t ions.  About 1GO cycles czn be accomplished per day. Ce l l  reversal  tes ts  
place the chromium electrode under severe e lect rooxidat ive cvndi t ions by d r i v -  
iy the c e l l  t o  negative ope,-ating voltages. Detrimental changes i n  the na- 
tu re  of the cat? l y s t  are general l y  evidenced by increased hydrogen evolut ion. 
An improved electrode has shown low hydrogen evolut ion a f t e r  c e l l  reversals t o  
-1.1 vo l t s  and 20.000 rap id  cycles ind ica t ing  excel lent  ca ta lvs t  s t 8 b i l i t y .  

Electrocherrical a c t i v i t y  o f  an electrode f o r  the ox idat ion and reduct ion 
of the chromium zolut ion waa determined from c e l l  po la r i za t i on  tes ts  and con- 
stant current lconstant vol tape cycl ing. Po lar iza t ion  curves a t  various 
states-of-charge indicate revers ib le  electrode behavior. 

Electrodes havina the best performance had receive( a ho t  KOH cleaning 
treatment, and were then impregnated w i th  an aqueous methanol gold s a l t  solu- 
t ion ,  which was then t h e r r y l l y  decomposed. Lead was then electrochemical ly 
deposited on the pcld. However, t h i s  procedure has r o t  been as successful 
w i t h  a l l  l o t s  o f  carbon f e l t .  A "standard" cleaning treatment and cata?yza- 
t ion procedure has pot yet been established which w i  l l produce acceptable 
electrodes from any l o t  of carbon f e l t .  

Impur i t ies i n  the chromium so lu t ion  were found t o  have a detr imental  e f -  
f ect on the electrode performance. Control led amounts of Fe, A 1  , Ca, V and Mg 



appeared t o  make the lead ca ta lys t  i ne f fec t i ve  leading t o  higher hydrogen evo- 
l u t i on .  Use of a technical  grade of chromic ch lo r i de  resu l ted  i n  the d e v e l o p  
merit of k i n e t i c  polar izat ions.  

The NASA-Redox Energy Storage System has become a leading candidate as an 
electrochemical method f o r  bulk  e l e c t r i c a l  energy storage ( re fs .  1 t o  3). 
Under development since 1374, the technology has progressed s tead i l y  and the 
Redox system i s  cu r ren t l y  considered cost  competi t ive w i t h  lead-acid ba t te r i es  
as zn electrochemical bulk  energy storage device. 

NASA-Redox Storage System 

Reactant ro lu t i ons  of a c i d i f i e d  i r o n  ch lo r ide  and chrmium chlor ide, 
which are stored i n  external tanks, are c i r cu la ted  through a stack(s) of 
ce l l s .  The reactants, separated by semi-permeable rnernbranes i n  the ce l l s ,  are 
electrochemical ly reduced o r  ox id ized on i n e r t  electrodes t o  s to re  and produce 
e l e c t r i c i t y .  During charaina, the energy t o  be stored (from photovol ta ic  
ce l l s ,  e.g.) i s  used t o  ox id ize  the i r o n  so lu t i on  t o  f e c r i c  i on  wh i le  the 
chromium so lu t ion  i s  reduced t o  chromous ion. D u r i r , ~  discharge, the  reverse 
spontaneous react ions occur as the f e r r i c  i o n  i s  reduced t o  ferrous and the  
c h r m u s  iov  i s  cx id ized t o  chromic. The e l e c t r i c a l  eneray produced dur ing 
discharge i s  used t c  power an external  load. 

Spec i f i c  technoloay areas under development are electrodes ( refs  . 4 
znd 5 )  membranes (refs.  6 and 7). c e l l  designs ( re f .  8) and m u l t i  e l l  systems 5 ( re f .  9). Sinale c e l l  and m u l t i c e l l  u n i t s  o f  up t o  930 cn? (1 ft ) per c e l l  
have been constructed and tested. System performance meets the storage per- 
form?nce requirements fo r  photovoltaic and wind tu rb ine  appl icat ions based on 
power d e n 5 ~ t i e s  and so lu t ion  crossover rates. However, f u r t h e r  improvements 
are necesrary t o  meet the system requirements f o r  e l e c t r i c  u t i l i t y  load leve l -  
i nq appl icat ions. The content o f  t h i s  paper focuses on chromium elect rode 
development . 

C r  Electrode Requirements 

The clect rcde f o r  the Redox system must be an i n e r t  mater ia l  k i t h  s u f f i -  
c ient  surface arca and good electrochemical a c t i v i t y  f o r  the ox ida t ion  an 
r e d ~ c t i o n  o f  the chromium and i r o n  solutions. Since the reduct ion o f  C r + $  t o  
C r * >  i n  the presence o f  H' i s  not  favored thermodynamically, a ca ta l ys t  must 
be ppl iec! t o  the electrode substrate t o  provide se lec t ive  reduct ion of the 
Cr'g. The add i t ion  o f  a AulPb ca ta lys t  t o  a carbon f e l t  mater ia l  has been 
sh~wn t o  give good electrochemical a c t i v i t y  f o r  chromium reduct ion and oxida- 
t iov whi le minimizinq H+ reduct ion dur ing charge ( re f .  4). 

Various mzter ia ls  have been evaluated as electrodes and electrode sub- 
s t rates.  The most favorable charac ter is t i cs  have been obtainel w i t h  carbon 
and praphi t e  f e l t s .  Carbon f e l t  has been preferable becauqe o f  i t s  greater 
physical s t renpth and surface area, thickness, avai l a b i  1 it) and cost. The 
development of the C r  e lectrode has been plagued by the v a r i a b i l i t y  o f  proper- 
t i e s  of  arbo on f e l t  l o t s  del ivered by the  manufacturer. Each l o t  has exhibi-  
ted d i f f e r e n t  charac ter is t i cs  toward the AuIPb cata lyzat ion process ( ref .  4). 
Differences i n  physical properties; e.p., density, surface area, w e t t a b i l i t y  
and ox idat ion resistance have been observed. Apparently, surf ace proper t ies 



of the carbon f ibers vary great ly  depending on temperature and atmospheric 
condit ions dur ing f e l t  processing. 

Cr Electrode Catalyzat ion 

Gold ca ta lyza t ion  of the carbon f e l ;  substrate mater ia l  has been done by 
thermal o r  electrochemical reduct ion o f  gold i on  onto the carbon f ibers .  A l -  
though both methods have produced sa t i s fac to ry  electrodes, thermalp lat ing has 
general ly been used. Very small amounts o f  gold and lead are adequate t o  pro- 
v ide  electrochemical a c t i v i t y  f o r  t he  chromium oxidat ion/reduct ion react ions. 
The quant i ty  of lead requirea t o  catalyze the electrode i s  added t o  the chrom- 
i um reactant so lu t i on  and e lec t roc~emica l  l y  reduced onto the  gold catalyzed 
carbon f e l t .  

Typical ly,  chromium electrodes must have good a c t i v i t y  f o r  chromium oxi-  
dat ion and reduct ion but  not f o r  hydrogen evolution. These ca ta l ys t s  must 
a lso remain s tab le  a f t e r  extended periods o f  cyc l i ng  over wide ranges of 
depth-of-discharge. Another condi t ion under which an electrode must be unaf- 
fected i s  fra~ring periods o f  c e l l  reversal  (i-e., a negat ive voltage impressed 

? - on the c e l i ) .  Negative c e l l  voltages can occur i n  m u l t i c e l l  stacks during 
i periods of no reactant f l ow  (e.g., overnight shutdown, maintenance, etc.): 

The center c e l l s  o f  a stack can be dr iven t o  negative voltages because of in -  . . te rna l  shunt currents through the  so lu t i on  manifolds. Since shbnt current  
e f fec ts  are greatest i n  the center o f  8 stack, these chromium electrodes un- 
derao e lect rooxidat ion cendit iqns which could change the  nature o f  the  cata- 
1 ~ 2 ~ '  surface. 

C r  Electrode Evaluations 

Specif ic tes ts  were developed t o  character ize carbon f e l t s ,  cleanincj 
treatments and gold ca ta lyza t ion  procedures. In -ce l l  e lect rode evaluat ion 
measurements include p o l a r i  t a t  ion  tests,  hydrogen evo lu t ion  r a t e  and coulombi c 
eff  i c i e ~ c y  dur ing c e l l  reversal, r a p i d  cyc l i ng  and f u l l  cyc l i ng  tests.  Cycl ic  
vcltamnetry was used i n  an out-of-cel l  evaluat ion method and i s  described i n  
reference 4. 

Hydrogen evo lu t ion  i s  a main c r i t e r o n  i n  determining an acceptable elec- 
tro0e. The goal f o r  acceptable electrode performance i s  t h a t  the hydrogen 
evolut ion be equivalent t o  less than 1 percent o f  the  t o t a l  coulombic capacity 
from O t o  80 percent s ta te  o f  charge. Hydrogen evo lu t ion  charac ter is t i cs  are 
determined by quan t i t a t i ve l y  measuring the hydrogen evolved dur ing a cycle, 
t h r  ugh the use+ef a rebalance c e l l  ( re f .  1). The discharge current  from the 

+ 9 Fe  IF^'^/ / H ~ / H  reac t ion  i s  measured w i t h  an amp-hr in tegra tor  t o  measure 
hydrogen generated as a funct ion o f  state-of-charge. 

Cycle coulombic e f f i c iency ,  as used i n  t h i s  report ,  i s  the measured r a t i o  
o f  amp-hrs generated during the discharge po r t i on  o f  the  cyc le  d iv ided by the  
amp-hrs required f o r  charge. This e f f i c i ency  i s  general ly a i r e c t l y  re la ted  t o  
the hydrogen evolut ion, bu t  could a lso ind ica te  s ide react ions invo lv ing  cata- 
l y s t s  and/or reactants. 

C e l l  reversal  and rap id  cyc l i ng  tes ts  are used t o  determine the  s t a b i l i t y  
o f  the catalyzed electrode. Ce l l  reversal causes the electrode t o  undergo 
severe e lect rooxidat ion condit ions. For reversal  test ing,  the  c e l l  i s  "over- 
discharged", using a power supply t o  d r i ve  the c e l l  vol tage and open-circui t  
vol tage negative i n  an attempt t o  s t r i p  t he  ca ta l ys t  from the porous carbon 
substrate. This p o l a r i t y  reversal f o r  pen-c i rcu i t  vol tage i s  possible be- 
cause forced discharge oxidizes any Fe*? present i n  the chromium so lu t ion  t o  
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I - P ' ~  arlcl reducer ztly ~ r * 3  precent in the iron solution to ~r'~. Removal of 
the catalyst or change in catalyst structure could cause performance 
chano~s. Rapid cycling is an accelerated cycling technique in which the pumps 
3re stopped and only the nonflowing reactant solutions within the cell cavity 
3 r ~  charged and discharged. About 100 cycles per day are possible between 10 
3nd 90 percent depth-cf-di scharge. To ascertain what performance change, if 
iny, took place durinp cell reversals ana rapid cycle testing, full cycling 
tests (pumps running) are performed periodically to re-evaluate the hydrogen 
evolution and voltage/current polarization characteristics. 

Small electrode samples are tested by cyclic voltamnetry (ref. 4). The 
electrochemicsl activity of an electrode is determined by applying a variable 
voltage and measuring the current response as a function of time. Electrode 
performance as a function of solution concentration and catalyst loading can 
be determined. Correlation with full-scale single cel l tests is also made. 

The purpose of this work is to develop a catalyzed carbon felt electrode 
which is stahle to anodic voltages, has good chromic ion reduction character- 
istics and low hydrogen evolution rate5. Procedures are describe6 for treat- 
i ng and catalyzing carbon felt to produce chromium electrodes. Test proce- 
dures tcr determining hydrogen evolution, catalyst stability and oxidation1 
-eduction activity are also described along with results from several of the 
improved electrodes. The effects of chromium solution impurities on electrode 
performance are a 1 so determined. 

PREPARATION OF ADVANCED ELECTRODES 

Substrate Raterial Requirements 

An inert, electric81 ly conductive material of sufficient surf ace area 
i s  required as a substrate for the Redox reactions. Porosity must be high 
to minimize pressure drcp across the electrcae, but the material must possess 
cuitable c~mpressibility characteristics to make proper electrical contact 
with the Ll~polar conductive plcte behind it. Numerous materials of carbon1 
graphite composition have been tested. These include felts of vari \us thick- 
ness, cloths, papers, chemiczl ly vapcr deposited felt, foams, vitrc2us carbon 
~ n d  rigidized f iberhoard type materials. Felt has primarily been used since 
i ;  mwtc the abcve requirements and is readily adaptable to ,nulticell stack 
.:ppl ications because of its compressibility. For most single cell applica- 
- i ~ r ~ s  fin(! all multicell stacks, 3.2 mn (118") carbon felt has been used ano 
~ ( ~ e e t s  the above criteria. 

Other substrates such as refractory metal screens have been used but' have 
1 1 ~ t  I!ertn wccescf u l  . 

Cleaning treatment. - Due to apparent variations in surface activity of 
c?rbcn felt lots, vumerous surface wetting and cleaning treatments have been 
I I S W .  Soaking in methyl alcohol, ethyl alcohol, isopropyl alcohol or acetone 
w r r  11ced to provic:e for fiber wettability prior to additicjnal cleaning treat- 
!lent avd catalyzation. Following wetting with a nonaqueous solvent, the felt 
i% water rinsed and partially dried on absorbent toweling. The felt is then 
soaked in hot (90* C) solutions of potassium hydroxide, hydrochloric acid, 
sulfuric acid, nitric acid or chromic acid. This treztment remcves metallic 
impurit.ies, crganic hydrocarbon residues and in some cases modifies the sur- 
face activitj of the fibers. The prinary purpose of the clezning treatment is 
:e make the felt as uniform as possible so that catalyst application is con- 
trollec and electrodes with reproducible characteristics can be prepared. 



A treattrwrit which would normalizct the f e l t  from d i f f e r e n t  l o t s  i s  desireable 
but has not been $uccessful l y  accomplished as yet.  

Cats lys is  procedcre. - Gold and lead ca ta lys ts  have been appl ied t o  the 
carbon f e l t  substrate by several techniques. Gold can be appl ied alone as a 
ch lo r ide  s a l t  so lu t ion  and then reduced t o  m e t a l l i c  gold by electrochemical 
reduct ion o r  by reducing the gold oxide a t  an elevated temperature. Gold and 
1 ead have a1 so been appl ied  together by e lec t roche~ l ica l  coreduct ion. Impreg- 
n i l t ion o f  the f e l t  w i th  gold has been most successful ly accomplished by soak- 
i n g  the f e l t  i n  an aqueous methanol gold ch lo r ide  solut ion.  The f e l t  i s  then 
dr ied  a t  100. C, fo l lowed by heat ing i n  a i r  a t  260. - 270' C f o r  2 hr. A f t e r  
the  c e l l  i s  assembled, t race  amounts o f  lead are added t o  the  chromium reac- 
tan t  so lu t ion  and electrochemical ly reduced on the electrode a t  a low cu r tw  ' 

density. Although both e lect roplated gold electrodes and thermal ly  reduced 
gold p la ted  electrodes have given good electrochemical performance, the ther- 
mal treatment has been preferred due t o  more spec i f i c  d i s t r i b u t i o n  of the  qold. 

Typical electrode preparat ion procedure. 1 A de ta i led  descr ip t ion  o f  the 
procedure used t o  process the as-receiveti carbon f e l t  t o  produce a catalyzed 
chromium electrode i s  given i n  the Appendix. 

ELECTRODE TESTS 

Ejectrod s are tested i n  14.5 cm7 (0.0156 f t 2 ) .  310 cm2 (0.33 f t 2 )  and 5 930 cnf (1 f t - )  hardware. A 310 c d  h a l f  c e l l  i s  shown i n  f i g u r e  1. A c e l l  
consists of two such ident ica l  c e l l  halves separated by a h igh l y  se lec t ive  i o n  
exchange membrane. The electrode i s  placed i n  the f l ow  i i e ld lgaske t  c a v i t y  
and compressed between the membrane on one side and the graphite p l a t e  current  
c c l l e c t o r  on the other. One inch ::ick polyv iny lchor ide i nsu la to r  p la tes  are 
used t o  carry solut ions i n t o  the c e l l  cav i t ies .  One-half inch th ick  s tee l  end 
p la tes  are placed on the outside o f  the c e l l  t o  uni formly d i s t r i b u t e  t ie - rod  
forces. 

Automated Testing Equipment 

Automated tes t  stands were constructed t o  automatical ly cyc le a Reaox 
c e l l  between preselected voltage l i m i t s .  E i ther  the c e l l  operat ing voltage or 
the open-circui t  voltage can be used t o  cont ro l  the cycl ing. Schematic dia- 
grams of the e l e c t r i c a l  and hydraul ic  systems are shown i n  f i gu res  2 ana 2A, 
respect ively.  I n  order c cont ro l  the system by the open-circui t  voltage, an 
ope c i r c u i t  c e l l  i s  placed i n  ser ies hyd rau l i ca l l y  w i t h  the t e s t  c e l l .  A +S Fe IH? rebalance c e l l  i s  a lso used i n  most t es t s  t o  maintain electrochemical 
halance between the reactant so lut ions and t o  measure the hydrogen l ibera ted  
a t  the chromium electrode. The rebalance c e l l  i s  a valuable ana ly t i ca l  t o o l  

. f o r  determining the hydrogen evolut ion charac ter is t i cs  o f  the electrodes as a 
funct ion o f  the state-of-charae. Amp-hr in tegrators monitor both the t e s t  
c e l l  and the rebalance c e l l .  A constant current lconstant  vol tage power supply 

. I  
-. ; 

i s  used t o  both charge and discharge the t e s t  c e l l .  Discharging can also be 
: done through a r e s i s t i v e  load. 
t 

? Several types o f  pumps are used t o  c i r c u l a t e  the reactant so lut ions ae- 
pendinq on the p a r t i c u l a r  tes t .  Bellows pumps are sa t is fac tory  f o r  c i rcu-  

! 1 a t i ng  solut ions f o r  t es t s  insens i t i ve  t o  i n te rm i t t en t  f low. Magnetically- 
coupled cent r i fuga l  pump, are used f o r  continuous f low requirements. Variable 
f l ow  metering pumps are used f o r  f low study appl icat ions. Components o f  the 
pump i n  contact w i th  the reactant f l u i d s  are fabr icated from polypropylene, 
Tef lon o r  ceramic. Solut ion reservoi rs  are made o f  glass, polyethylene or  



polyprcrpylcne. Connecting tubing is a polyethylene lined type which provides 
corrosion resistance and good flexibility. 

Hydrogen Evolution Evaluation 

The electrochemical reduction of hydrogen ion to hydrogen gas at the 
chromium electrode during charging represents a loss in cycle coulombic eff i- 
c iency. Thus, it is desireable to have electrodes which have low hydrogen 
evolut,on characteristics, but still retain good chromic ion reduction activ- 
i tgg The amount of hydrogen evolved during a cycle ;s measured witl, a 
Fe 1% rebalance cell. The rebalance cell and its relationship to the test 
sjsten is shown in figure 2A. Hydrogen evolved at the chromium electrode is 
trapped ir the chromium solution reservoir. Here the gas diffuses into the 
attached rebalance cell and is oxidized on a platinized carbon electrode. 
Ferric ion is reduced on a carbon felt electrode in the other half of the 
cell. The cell is short-circuited through an amp-hr integrator wt'ch quanti- 
tatively measures the 2volved hydrogen. This permits the measurem nt of the 
amount of hydrogen evolved as a function of the state-of-charge, i ~d during a 
complete cycle. 

Coulombic Efficiency Determination 

An amp-hr integrator connected in series with the test cell s used to 
measure the charae and discharge capacity of the system. Co~~sar ;ons are made 
o+ the measured capacity with the theoretical coulombic capacity of the reac- 
tant solutior5. The ratio of discharge capacity to charge capacity gives the 
efficiency for a particular cycle. Factors possibly affecting the coulombic 
efficiency include electrochemical hydrogen evolution, chemical hydrogen evo- 
ltrtion drre to hydrogen ion reduction by chromous ion in the bulk solution, 
oxygen leakage into the system, ionic short circuit due to membrane cross- 
leakage, electrical short i tlg between the anode tiid cathode current col lector s 
and irreversible electrochemical reactions. 

Rapid Cycling Tests 

? h i %  technique was developed to accelerate the electrode changcs which 
occur clur~nq char~inq and dischdrging. The performance of the chromium elec- 
trode is dependent on the stability of the ?old and lead catalyst deposited on 
the carbon felt. The cells are cycled at an accelerated rate by turning off 
the solution circulating pumps and cycling only the reactant fluid trapped in 
the cell cavity between 10 and 90 percent DOD. Periodically the solutions are 
briefly circulated through the cell to correct for chemical imbalance due to 
hvdrogen rvolution and for iroy-chromium c ossmixing. About 00 C J C ~ ~ S  per 5 1 &iy can h~ done on the 14.5 cm (0.0156 ft ) nd the 0.310 cm (0.33 ftZ) 
c~lls. Discharge current densi y is 22 mA/c# (20 amps/ft2). Charging cur- 

the 1.25 volt limit. 
1 rent density begins at 22 ndlcm (20 ampslft ) but tapers as the cell reachcr 

Cell Reversals Test 

These tests were also used to determine catalyst stability. The test 
cell is driven to negative voltages in order to subject the chromium electrode 
catalysts to strong electrooxidation conditions. Followino a complete dis- 
charge (100 percent 000) using a power supply, the cell voltage and t$e open- 



c i r c u i t  voltage are taken stepwise t o  a -1.1 vo l ts .  This p o l a r i t y  reversal  
f o r  open-circuit voltage i s  possible becaus forced discharge o x i  izes any +?I ~ e + 2  prezent i n  the chromium soiut  ion  t o  Fe'3 and reduces any C r  present in 
the  i r o n  so lu t ion  t o  ~ r ' ~ .  There i s  no evidence t h a t  ch lo r ine  i s  generated 
during the reversal.  The system i s  then charged back t o  zero open-circui t 
voltage and normal cyc l i ng  resumed between 10 and 90 percent DOD. Hydrogen 
evc lu t ion  i s  aoairl measllred w i t h  the rebalance c e l l  as a f t ~ n c t i o n  of state- 
ot-charge. 

Po la r i za t i on  Tests 

The electrochemical a c t i v i t y  o t  a p a r t i c u l a r  electrode i s  determined by 
meastlrirg i t s  \ *s l  taue-current re la t i onsh ip  up t o  108 mAlcm2 (100 amps/f t 2 )  . 
These tes ts  are performed, us ing the  automated t e s t  st.and by applying the  re- 
quired current i n  the charge o r  discharge mode f o r  about twer;ty seconds. The 
degree of l i n e a r i t y  o f  the  curves o f  vol tage as a func t ion  o f  current  densi ty  
indicates whet.her the electrode has k i n e t i c  o r  concentration p o l a r i ~ a t i ~ n s .  
k i n e t i c  e f fec ts  and poor mass t ransport  proper t ies o f  an electrode are evi-  
denced by non l inear i ty  a t  low c u r r  n t  densi t ies (1 t o  20 mAlcm2) and h igh 
current  densi t ies (70 t o  100 m4/c 3 ), respect ively.  The slope of the dis- 
charge performance i s  a measure o f  the c e l l s  i n te rna l  resistance. Ce l l  res is -  
tance i s  also measured experimental ly w i t h  an impedance br idge a t  1000 Hertz. 
This w8surement aeneral ly i s  i n  good agreement w i th  the resistance calculated 
from the slope o f  the voltage-current re lat ionship.  

Reactant Impur i ty  Tests 

Three experiments were performed on chromium solut ions w i t h  d i f f e r e n t  
leve ls  o f  i n ~ p u r i t y  t o  dt5termine possible electrode poisoning andlor membrane 
fou l ing  effects. Hydrogen evo lu t ion  and po la r i za t i on  performance t e s t s  were 
used t o  evaluate the magnitude 3f such ef fects.  

The e f f e c t  of impur i t ies  i n  reagent grade chromic ch lo r iae  was studied by 
usinp z system havina a large volume o f  reactant so lu t ion  i n  comparison t o  the 
electrode and membt ?ne area. One l i t e r  of reactant so lu t ion  way tested w i th  
i! 14 5 c d  s ing le  c e l l .  (Reactant volumelmembrane o r  electrode area of 
70cJ1cm2. This volume t o  area r a t i o  i s  consistent w i t h  a solar  energylledox 
storzge appl i c z t  ion.) Although present only  i n  t race  amounts, impur i t ies  from 
the so lu t ion  could be concentrated on the electrode o r  membrane causing 
cha~aes i n  c e l l  performance. 

Next the e f fec ts  of spec i f i c  ' qpu r i t i es  on electrode performance was de- 
termined by  prepzring a chromium sc lu t i on  "doped" w i th  known amounts of impur- 
i t i e s  expected t o  be present i n  a chromium so lu t ion  prepared d i r e c t l y  from 
chromite ore. ( I t  i s  an t ic ipz ted  tha t  chromium reactants produced d i r e c t l y  
from chromite ore would be of an acceptable low cost.) The composition o f  
t h i s  so lu t ion  was: 1 M CrC13, 2 NHC1, 0.05 M FeC12, 0.05 M AlCl3, 0.1 M CaC12, 
0.05 M Mac12 end 0.01 V205. Thz so lu t ion  was cycled i n  a 14.5 cm2 s ing le  
c e l l  using a AuIPb catxlyzed chromium electrode and a so lu t ion  t o  area r a t i o  o f  
2.8 cm31cm2. 

A t h i r d  t e s t  t o  measure the e f f e c t  o f  impur i t ies  i n  the chromium so lu t i on  
wzs  contucted w i th  a commcrical l y  avai lable, technical grade, 62 percent 1 iq- 
 id chromic chlor ide. (Technical grade chromic ch lo r ide  a lso represent a re- 
duced cost compared t o  reagent grade.) The chromium concentration was adjus- 
ted  t o  one molar and the hydrochlor ic acid concentratiot; t o  two molar. Cy- 



c l i n g  was done i n  a 14 5 d s ing le  c e l l  using 40 cm3 o f  chromium solut ion.  
(Voltmmelarea = 2.8 cm3;ca) 

RESULTS AND DISCUSSION 

Hydrogen Evolut ion Rate 

Figure 3 i l l u s t r a t e s  the  di f ferences i n  hydrogen evolut ion dur ing the 
f i r s t  cycle, f o r  electrodes prepared from two f e l t  l o t s  using d i f f e r e n t  clean- 
i ng treatments and gold ca ta l ys t  app l ica t ion  processes. Hydrogen evo lu t ion  
charac ter is t i cs  are found t o  be sensi t ive t o  the carbon f e l t  l o t ,  the cleaning 
treatment, and the  method o f  applying the gold onto the carbon f e l t  f i be rs .  
A hydrogen amphr value o f  0.1 represents about 10 percent o f  the reactant  
so lu t ion  capacity. Electrode no, 1, which was "as-receivedN f e l t ,  began pro- 
ducing hydrogen below an open-circui t voltage (OCV ) o f  1.14 v o l t s  and produced 
0.3 amphr o f  hydrogen when catalyzed by the  standard gola ca ta l y ta t i on  proce- 
dure. When t h i s  same f e l t  was t reated i n  hot n i t r i c  acid (electrode no. 2)  
p r i o r  t o  catalyzat ion, hydrogen evolut ion d i d  no t  begin u n t i l  the OCV reached 
1.16 vol ts .  Tota l  hydrogen l ibera ted  by t h i s  electrode was about 0.08 amp-hr 
when charged t o  93 percent state-of-charge. Electrode no. 3 a lso waz from the 
same f e l t  l o t  and t reated i n  hot n i t r i c  acid, but  catalyzed w i t h  an alcohol'c 
gold solut ion. The threshold f o r  hydrogen evo lu t ion  was increased t o  1.18 
vo l t s  OCV. Total  hydrogen generated was 0.15 amp-hr (14 percent) when the 
c e l l  was charged t o  96 percent. Electrode no. 4 was prepared from a new l o t  
of f e l t  using a hot KOH cleaning treatment fol lowed by cata lyzat ions w i th  a l -  
cohol ic gold solut ions. This electrode d i d  not begin gassing u n t i l  1.20 v o l t s  
OCV and produced 0.04 amp-hr (3.7 pc. cent) when charged t o  97 percent state- 
of-charge. It should be noted that,  i n  normal operation, Redox c e l l s  would 
not be charged t o  such high levels.  90 percent state-of-charge would probably 
be the maximum. 

Catalyst S t a b i l i t y  

1 he :!ra gf rap id  cyc l ing  provides a convenient method f o r  accelerated 
' es: i , ~ g  of  the various electrodes. With t h i s  technique, the so lu t ion  pumps 
are shut down ana the c e l l  i s  automatical ly cycled t o  ox id ize and reduce as 
rap id l y  as possible the reactant so lut ions retaivtod w i th in  t h ~  c e l l .  A gra- 
phical  representat ion of rap id  cyc l ing  i s  i l l u s t r a t e d  i n  f i g u r e  4. Cycling i s  
t.egu1ated between upper and lower voltage 1 i m i  t s  equivalent t o  10 and 90 per- 
cent depth-of-dis harge. Rapid cyc l ing  i s  usual ly  done a t  current  densi t ies 
01 11 t o  22 d l c a  (10 t o  20 amps/ft2) t o  simulate operat ing condit ions o f  
proposed larger  systems. A1 1 cycles are ur,iform unless the electrode i s  prone 
t o  hydrogen evolut ion. This causes s ~ l u t i o n  imbalance t o  develop at. ' the cy- 
cles progressively become shorter. When t h i s  occurs, occasional so lu r iov  c i r -  
c ~ ~ l a t i o n  i s  required. Pe r iod i ca l l y  (every 500, 1000 o r  2000 r a p i d  cycles),  
po la r iza t ion  tes ts  are done on the c e l l  t o  determine the r e p r o d u c i b i l i t y  of 
e l s  ctrode performance, which i s  a measure o f  the  ca ta l ys t  s t a b i l i t y .  

Ce l l  reversal t es t s  provide a second method f o r  determining ca ta l ys t  sta- 
b i l i t y .  The c e l l  i s  taken stepwise t o  increasingly  more negative voltages, 
each t i m e  fol lowed by a normal cycle t o  ind ica te  any change i n  hydrogen evolu- 
t ion charac ter is t ' cs  o r  po l  r i t a t i o n  performance. Results of po la r i za t i on  3 4 tes ts  f o r  a 310 c (0.33 f t  ) c e l l  fo l low ing 12 reversals  and 20,000 rap id  
cycles at 50 percent depth-of-discharge are shown i n  f i g u r e  5. This electrode 
was cleaned i n  hot  KOH and catalyzed w i th  an a lcohol ic  gold so lu t ion  t o  13 pg 



~ u l c d .  Reversal t es t s  were begun a t  -0.1 v o l t  and continued t o  -1.1 v o l t s  i n  
0.1 v o l t  increments. Amp-hr e f f i c i ency  f o r  the normal cyc le fo l low ing each 
reversal  cyc le was always greater than 95 percent, w i t h  no change i n  hydrogen 
evolution. Fol lowing reversal test ing, t h i s  improved e l e c t r  de was rap id  Z cled. Po lar iza t ion  tes ts  were run pe r iod i ca l l y  t c  108 mAlcm (100 ampslft 
and showed no change from the  i n i t i a l  performance (except f o r  I R )  through 

5s- 
16,000 cycles. A t  t h i s  point,  discharge curves remained unchanged, however, 
the  char e curve show d voltage deviat ions a t  current  dens i t ies  greater tha- 3 9 65 mA/c (60 ampslft ) when compared t o  the new electrode. The nature of : ? 
catalyzed electrode sur f  ace apparently changed s l  i g h t  l y  a1 though cont inuec 
cyc l i ng  through f u l l  cycles gave no greater hydrogen evolution. The 20,009 
rap id  cycles represents more than 50 years o f  operation fo r  a storage system 
on a d a i l y  cyc le  basis. 

An electrode prepared from another l o t  o f  carbon f e l t  us ing an aqueous 
gold cata lyzat ion process had hydrogen evolut ion less than 1 percent before 
undergoing a c e l l  reversal.  Fol lowin? one reversal cyc le t o  -0.7 vo l t ,  hydro- 
gen evolut ion began a t  only 1.0 vo l t s  OCV oti a normal cycle. Tota l  hydrogen 
evolved was 4 percent when taken t o  80 percent state-of-charge. Attempts t o  
restore the o r i g i n a l  electrode performance by adding more lead t o  the chromium 
so lu t ion  were unsuccessful. 

Performance a t  Various States-of-Charge 

Performance of an improved -1ectrode during f u l l  cyc l  i ng  was determined 
from po la r i za t i on  t e s t s  a t  varigbs DOO's. Po lar iza t ion  tes tc  made on a 
310 cni) (0.33 f t 2 )  e lect rode a t  25, 50 and 75 percent DOD are shown i n  f i g -  
ure 6. Charge and discharge performance a t  25, 50 and 75 percent WD showed 
no evidence o f  k i n e t i c  polar izat ion.  However, charaing a t  25 percent DOD d i d  
lead to  non-1 inear performance, probably due t o  mass t ransport  a t  the higher 
current densit ies. A1 so, general ly above 1.5 vol ts ,  hydrogen evolut ion be- 
comes s ign i f i can t  and considerable voltage f l uc tua t i on  i s  observed. Once pro- 
f use gassing begins, the c e l l  voltage s tab i l i zes .  

Open-Circuit Voltage Hysteresis 

During f u l l  cycle tes t i ng  of chromium electrodes, i t  war observed tha t  a t  
above 50 percent SOC, d i f f e r e n t  OCV's were obtained depending on whether the 
5ystem was being charged o r  discharged. F'gure 7 g i  es an i l l u ~ t r a t i o n  o f  

3 h 
! t h i s  hys eresis e f fec  . This was a 310 cm (0.33 f t  ) electrode cycled a t  

2 2  m4lc (20 am s l f t  ) .  The system had a reactant-volume-to-membrane-area 
r a t i o  o f  0.65 c$/c,r?. A second observation, made during f u l l  cycl ing, was 
the co lo r  change o f  the chromium solut ion. During charging b: chromium solu- 
t ions prepared w i th  2 N HC1, t + e  co lo r  changes from a dark bluegreen i n  the 
completely discharged s ta te  t o  blue-green a t  about 25 percent SOC, followed by  
a dark b lue co lo r  a t  about 50 percent SOC, Above 50 percent SOC, t he  so lb t i on  : .  

t 
gradual ly becomes a l i p h t e r  blue color.  Generally, above about 60 percent 
SOC, the OCV i s  not stable, tending t o  gradual ly d r i f t  downward. As the c e l l  
i s  discharged, the chromium so lu t ion  co lo r  changes from l i g h t  blue t o  l i g h t  
green blue w i i n i t l  the f i r s t  10 t o  20 percent of the discharge (independent of 
the f i n a l  charged SOCj instpad o f  re tu rn ing  t o  the darker blue color.  The 
1 ight  g r e e r ~ b l u e  co lo r  gradual l y  darkens as the chromium so lu t i on  i s  f u r the r  
oxidized. When the system i s  complet@ly discharged, the chromium so lu t ion  has 
returned t o  i t s  o r i g i n a l  dark blue-green color. The degree of hysteres is  was 
found t o  depend on the r a t i o  o f  reactant volume t o  membrane area. This e f fec t  



has been observed w i th  a1 1 electrodes i n  varying degrees, but t he  effect ap- 
pears less i n  systems having high reactant-volume-to-electrode - membrane-area 
r a t i o .  

Electrode Preparation E f fec ts  

F u l l  cyc le t e s t i n g  also was used t o  eva1uat.e performance differences of 
various electrode preparat ion methods. Figure 8 shows a comparison of elec- 
trode no. 1 prepared using a KOH cleaning treatment and aqueous methyl alcohol 
oold catalyzation, and electrode no. 2, prepared using an HC1 cleaning t rea t -  
ment fol lowed by aqueous e thy l  alcohol gold cata yza ion. Both electrodes had 
a reactant volume/mem rane area r a t i o  of 1.63 c / c  and were charged a t  P 3 3 22 r n ~ / c m ~  (20 ampslft ) constant current. The c e l l  vol tage was allowed t o  
increase u n t i  1 s ign i f i can t  hydrogen evolut ion occurred. Charging was termina- 
ted  a t  t h i s  po in t  since no increase i n  s ta te  o f  charge was obtained. I n te rna l  
resistance fo r  both c e l l s  was ident ica l .  The d i f ference i n  effectiveness f o r  
charging the chro~nium so lu t ion  can be seen by  the voltage separation between 
the voltage curves. These r e s u l t s  ind ica te  e ectrode no. 1 i s  more e f f e c t i v e  
than electrode no. 2 f o r  the reduct ion o f  C r * i  t o  ~ r * 2 .  The higher the  
SOC t ha t  can be obtained before the rap id  r i s e  i n  vol tage and hydrogen evolu- 
t i o n  occurs, the he t te r  the electrode, 

Charge Acceptance 

Figure 9 shows the r e s u l t s  o f  charge acceptance t e s t s  f o r  an improved 
electrode. Constant voltage was appl ied t o  the c e l l  and the c e l l  cu r r  n t  mea- 5 sured as a funct ion o f  SOC. Reactant volume/membrane area wzs 1.63 cm /cm2. 
Good charge acceptance was obtained t o  about 60 percent state-of-charge w i t h  
law hydrogen evolut ion. However, a t  t h i s  po in t  the charging current decreases 
rap id l y  and, f o r  voltages greater than 1.4 vo l ts ,  there i s  considerable H2 
evolution. This rap id  loss i n  charging current i s  a t t r i bu ted  t o  the hystere- 
s i s  e f fec t  and i s  thus more pronounced i n  systems having low volumelarea ra- 
t i o s .  A comparison of t h i s  system (volume-to-area r a t i o  o f  1.6) i s  maae i n  
f i g u r e  10 w i th  a system having a r a t i o  o f  70. A large improvement i n  charge 
acceptance i s  observed above 60 percent SOC f o r  the l a t t e r  system. 

The proposed explanation f o r  these phenomena takes i n t o  considerat ion the 
ion ic  species present i n  the chromium solut ion. I t  i s  we l l  known t h a t  aqueous 
chromium ch lor ide  solut ions contain numerous complex i on  species depending on 
the a c i a i t y  and s a l t  concentrations. I n  the presence o f  hydrochlor ic acid, 
the predomincnt species are the hexaquachromium 111 ion, cr(HZ0)g3, and 
the pentaquachlorochromiurn I I I ion, C ~ ( H ~ O ) ~ C ~ + ~ .  The predominating 
equ i l ib r iuw established i s :  

(Blue) (Green) 

K ine t ic  studies have shown that the Cr(H 0 $1'2 ion i s  more read i l y  reduced 
t o  the chromous state than i s  the Cr(H 0ft4 ion  ( ref .  10). Therefore, the  t f o l  lowing explanat ion i s  proposed f o r  he observed hysteresis. S tar t ing  w i t h  
a f r esh l y  prepared 1 M C r C l  o l u t i o n  i n  2 NHC1, the co lo r  i s  green and t h  
major species i s  Cr(H20)5Cf+I. As t h r  system i s  charged, the Cr(H20)5C~+f i s  
reduced t o  the cr f2 state. The so lu t ion  thus gradual ly  loses i t s  green co lo r  
and changes t o  deep blue, which i s  the co lo r  of the cr(H20)63 species. (crt2 



so lu t i ons  are l i g h t  blue.) Since t he  t r ( ~ ~ 0 ) 6 3  i s  a more s tab le  ion, t h e  c e l l  
open-c i rcu i t  ~ l t a g e  r i s e s  as t h i s  i on  becomes predominant. To ma in ta in  a  
constant charge cu r ren t  t he re fo re  r equ i r es  an increas i n  app l ied  c e l l  v o l t -  

+! age, As the system i s  discharged the  l i g h t  b lue  C r  i s  ox id ized  t o  t h e  
lower vo l tage specie, C r ( H 2 0 ) ~  ~ 1 ' ~  which i s  green and which has associated 
w i t h  it, a t  a  g iven SOC, a  lower OCV than f o r  t h e  charg ing s i t u a t i o n .  How- 
ever, w i t h  t ime the  two ox id ized  species tend toward equ i l i b r ium.  These con- 
s i de ra t i ons  account f o r  t h e  h igher  open-c i rcu i t  vo l tage  dur ing  charge ( f i g .  7 )  
and the  accompanying sudden decrease i n  charging cur ren t  observed ( f i g .  9 )  a t  
about 60 percent SOC under constant vo l tage condi t ions.  Also, f rom the  re- 
s u l t s  shown i n  f i g u r e  8, i t  i s  apparent t h a t  e lec t rode  no. 1 provided a b e t t e r  
c a t a l y t i c  sur face f o r  t he  chemical e q u i l i b r i u m  t o  f avo r  format ion o f  t h e  
Cr(H20)5 CI'? species. 

Reactant 1mpur:ty E f f ec t s  

E lect rode po ison ing and membrane f o u l  i n g  could occur when impur i t i es ,  
a1 though i n  low concent ra t ion i n  t h e  so lu t ions,  are electrochemical  l y  deposi- 
t ed  on the  e lec t rcde  o r  absorbed on the  membrane. When t h i s  occurs, the  e l e c -  
t rode may become i r r e v e r s i b l e  o r  t he  membrane res is tance  may increase. Po 1 ar- 
i z a t i o n  r e s u l t s  f o r  a  system w i t h  a  la rge  reactant-volume-to-membrane o r  
e lec t rode  area r a t i o  of 70 cm3/cm2 a re  shown i n  f i g u r e  11. These r e s u l t s  in -  
d i c a t e  no apparent e lec t rode  po ison ing e f f e c t s  between 10 and 50 percent 
state-of-charge. D i f fe rences  i n  slopes can be a t t r i b u t e d  t o  res is tance  
chanoes over the  extended c y c l i n g  per iod,  but no s i g n i f i c a n t  membrane f o u l i n g  
was observed. "Analyzed Reagent" grade chemicals were used f o r  t h i s  study, so 
even w i t h  the r e l a t i v e l y  l a r se  volume o f  reactant ,  the t o t a l  impur i t y  contct14 
was low. 

The r e s u l t s  of p o l a r i z a t i o n  t e s t s  a t  50 percent DO0 f o r  a purposely con- 
taminated chromium s o l u t i o n  are shown i n  f i g u r e  12 and i nd i ca te  r e v e r s i b l e  
e lec t rode  performance. However, an unacceptable amount o f  hydrogen was pro- 
duced a t  the chromium e lect rode.  Apparently, some o f  these p a r t i c u l a r  impur i -  
t i e s  i n  the  chromium s o l u t i o n  a re  e lect rodepos i ted over t he  lead c a t a l y s t  pro- 
ducing an e lect rode surface w :  t h  a  low hydrogen overvol  tage. Nc s i g n i f  s :ant 
c e l l  r e s i  stal l re increase was observed, i n d i c a t i n g  minimal membrane f o u l  i n g  
e f f e c t s  by the impur i t i es . ,  

The t h i r d  t e s t  t o  meosure t he  e f f e c t  o f  impu r i t i e s  i n  the  chromium solu- 
t i o n  was conducted w i t h  a  techn ica l  grade, 62 percent l i q u i d  chromic chlo- 
r i d e .  7 ? s u l t s  o f  p o l a r i z a t i o n  t e s t s  are shown i n  f i g u r e  13 and compared w i t h  
r e s u l t s  , o r  reagent grade chromic ch lor i t le .  Large k i n e t i c  p o l a r i z a t i o n  ef- 
f e c t s  were observed which are probably caused by d isso lved impu r i t i e s  poison- 
i n q  the  catz lyzed surface. (Spectroscopic analys is  o f  the s o l u t i o n  ind ica ted  
a h i qh  s i l i c o n  content,)  

From the  above r e s u l t s  i t  i s  apparent t h a t  some impu r i t i e s  can adversely 
a f f e c t  the performance o f  t k e  chromium electrode. 

1 .  

1 - .  CONCLUSIONS 

Gold-lead catalyzed carbon f e l t  was den~onstrated t c  be a s a t i s f a c t o r y  
chromium e lec t rode  f o r  t he  NASA-Redox Storage System. Electrodes k i t h  ve ry  
low hydrogen evo lu t ion,  excel  l e n t  c a t a l y s t  s t ab i  1  i t y ,  and r e v e r s i b l e  e l ec t r o -  

,c t  i v i t y  were prepared. Gold and lead loddings o f  13 ~ ~ l c s 2  and %?~~;1~4, respec t i ve ly ,  were adequate t o  meet the  perforaance requirements. 
Spec i f i c  i n - c e l l  t e s t s  were developed t o  evaluate the  cata lyzed elec- 



trodes. The F ~ + ~ / H ~  electrochemical rebalance cell proved to be a valuable 
tool for measurement of the hydrogen evolved from the electrode during cycling. 

Charging cells at a specific constant current differentiatgd electrodes 
in term of chromic ion reduction activity. 

Cell reversal and accelerated cycling tests were used successfully to 
determine catalyst stability. 

An open-circuit voltage hysteresis phenomenon was observed and ;s attri- 
bcted to several different ionic species in the chromium solutio . Major spe- 
cies present are the pentaquachlorochromium I I I ion, Cr(W20)5Cl+y, and the 
hexaquachromium I11 ion, tr(@0)i3. Above about percent state-of-charge, 
during the charge portion of a cycle, the Cr(H20) ion is the major specie 
present. However, during the discharge port'on o the cycle, down to about 

I 50 percent OOD, formation of the Cr(H$) C1+$ swcies is predominant. The 
difference in open-circuit voltage as a unction of 000 it attributed to the 
different half cell potentials of the two species. The perfcrmance differen- 
ces observed between electrodes during constant currec t cycles were attributed 
to catalyst activity differences for the particular electrodes affecting the 
equilibrium hetween the two ionic species. Reasons for the differences in 
catalytic activity have not been determined. 

Certain impurities possible in the chromium solutions were shown to have 
a detrimental effect on electrode performance. Increased hydrogen evolution 
and reaction kinetic effects resulted. 

In general, electrode performance was dependent on the particular carbon 
felt lot, the cleaning treatment and the catalyzation procedure. A common 
procedure has not yet been established for treating all carbon felt lots to 
produce acceptable electrodes. Nonetheless, electrodes were prepared uhich 
maintained their initial performance after strong electrooxidation cycles, 
thousands of rapid cycles and hundreds of full cycles. 



St~nnlat-y of  typical procedure for chromium electrode preparation. - 1 he ---- - 
f 01 lowino is a ~rocedurc! which has oroduced chromi3m electrodes with excel lent 
electrochemical' performance from se'veral ~ lots of carbon felt . A1 though this 
is not a "universal" procedure for any cormercially available carbon or gra- 
phite felt, several hundred electrodes with re~roducible characteristics have 
been fabricated from ane felt lot. 

Soak in methyl alcohol to wet the felt. 
Rinse we1 1 with deionized water and damp dry on absorbent towel for 
five minutes. 
Place in 45 percent potassium hydroxide solution at 90. C for two 
hours. 
Rinse thoroughly in tap water, then deionized water. Soak overnight 
in deionized water. 
Prepare catalyst solution as follows for each 100 cm2 of 118" 
carbon felt: 
(a) 5 cm3 of 1.27 N aqueous gold chloride 
(b )  15 cm3 of methyl alcohol 
(c) Mix the two solutions just prior to use 
Damp dry felt for two minutes on absorbent toweling. 
P ~ u r  one-half of catalyzing solution into a glass or plastic tray 
with same approximate dimensions as the felt. 
Cay damp felt in tray and physically manipulate solution into 
the felt. 
Lift electrode out of tray, pour excess solution into a beaker and 
pour second half of catalyzing solution into tray. 
Turv electrode over and repeat step 8. 
Place electrode in a plastic bag, seal, and bll$w to stznd overnight. 
Remove fron ba2 and dry on a glass plate at 100 C. 
Place in a 260 C furnace for ? hours. 

The electrode is now ready to be placed in a cell. Just prior to use, the 
electrode is dampened with water and placed in the Redox cell. Chromium solu- 
t i a n  containing a trace ~i lead chlorid sclution is circulated through the 1 cell. 1he cell i s  charged at 0.3 mA/cm to reduce lead onto the surface of 
the gcle catalyzed carbon felt. 
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Figure 5. - Performance of 310 cm2 stnqle cell 
with m elcdrodr before and after cell 
r w e r a l  sludles and rwld cycling. 
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Figure 7. - en-circuit vdtqc hysteresis d imnlchromium ndax cdl. 
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Fqure 8. - Charging petformance d ndox cell as a fund~on 
of chromium electrode preparat~on variations. 
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Figure 9. - Chaqe acceptance as a function of sbte-d-charge for 
various charge voltages. 
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Flqure 10. - Charge acceptance as a function of state-of-charge. 
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Fqure 12 - Effect d chronium sdutim impurities on cell 
performance. 
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Fqun 13. - Perfonano comparison d mqent grade and technical 
grade chromlum chior&. 
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