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ASSttiCY

Goapouad© rep resen ta tiv e  o f  each o f  th #  valence state© of molybdenum 

wor# in v estig a ted  w ith regard to  th e i r  s u i ta b i l i ty  fo r  us® i s  th e  ©lee* 

t r o ly t i c  preparation  o f molybdenum from fused s a lts *  S a tis fac to ry  

r e s a l t s  wsro obtained w ith so lu tion#  o f potassium fcexaehlorositoly M a te  (IXX) 

i s  s u i te s  m ixtures o f  a lk a l i  h a lides • Th# e le c tro ly s is  o f  a so lu tio n  o f 

E l̂IoCXg i s  a  I s l  f ix tu re  (by weight) o f  &CX and M l  a t  current d e n s itie s  

o f  3 to  100 ©asp/du^ and a  tem perature o f  900®€ re su lted  i s  th e  deposition  

o f  course powder# o f pur© molybdenum a t  th e  cathode, th e  optimum concert* 

tan g s s f  tb s  molybdenum s a l t  was 3 to  5 «©1©

th #  ©lestrolysi©  o f  a  so lu tio n  o f “F * 01* in  th e  ‘m t" r t ic  “ i r t u r * 

o f  KOI and L1C1 a t  cu rren t d en s itie s  o f  3 to  100 ©mp/dn^ and t  separatores 

between 600° and fOO^G re su lted  la  th e  deposition  o f purs molybdenum l a  

various for&a a t  th e  cathode. i t  3 amp/dm2 and &OĜ C coherent th ick  

e lec trod  ©posits wor© produced. At higher cu rren t density  and tem perature 

fin© powder© o f molybdenum were produood. The optimum concentration o f 

th e  molybdenum ©alt was about 4 nolo Jt.

The deposit© from both so lu tions wor© found to  be molybdenum

«sd th e  ©xygen content was as low as 0*020$. Th® density  o f th e  coherent 

deposits  was 9 .6 , o r f4$ of th e  th e o re tic a l density  of molybdenum. The 

deposit© adhered well to  th e  cathode and wor® easily  separated from th e  

adhering e le c tro ly te  by leaching with d i lu te  hydro ch lo ric  a c id . The cu rren t



effic iency  fo r metal deposition  wad ’@2,9 8# to  XOOfL i s  both so lu tions*

A ll e lec tro ly se#  war# performed Xu an argon atmeepher©9 and a l l  

m a te ria ls  wor© ca re fu lly  dehydrated* because i t  was found th a t con

tam ination by oxy-ceigpQunds resu lted  in  low ©arrant effic iency  and 

Impure deposits*

The p o la riz a tio n  and equilibrium  p o ten tia l#  were del ©rained in  

th e  follow ing so lu tions*  1) pur© so lu tions of X^MeOl  ̂ in  th e  KC1-&1G1 

mixture* 2) a  sample o f  th e  ana# so lu tio n  a f te r  exposure to  a ir*

3) a  so lu tio n  o f in  th e  sane a lk a l i  h a lid e  mixture* I t  was

found th a t  th e  p o te n tia l of a  molybdenum electrode in  th e  l a s t  tew 

so lu tions was 0*3 to  0*4 r o l l s  wor© noble than in  th e  f i r s t  so lu tio n .

I t  was a lso  shown th a t  th e  ©1 ©strode p resses which i s  associa ted  with 

th e  nor# noble p o te n tia l i s  th e  deposition  o f molybdenum oxides. I t  

warn concluded* th e re fo re 9 th a t  pure molybdenum eould not be deposited 

from so lu tions esn tain ing  oxy-compound# 9 s in ce  th e  deposition  of 

oxides would occur p re fe ren tia lly *  This was confirmed by X*H*y d if 

f ra c tio n  and chemical analyses*

The deposition  o f molybdenum from th e  pure so lu tio n s o f K^MoCl  ̂ in  

th e  a lk a l i  h a lid e  m ixture occurs with very low p o la risa tio n  in  the  

tem perature range o f 7®0° to  900&C but w ith somewhat high ear p o la r is a tio n  

a t  6O0®8# Ther© i s  some ©widen©# th a t  th e  reac tion  mechanism a t 600°C 

d if fe r s  from th a t  a t  higher temperatures*

Equilibrium p o ten tia l#  o f *im©# iron* copperf and s i lv e r  in  so lu

tio n s  o f th e i r  s a lt#  in  th e  same a lk a l i  h a lid e  m ixture were measured*

The p o sitio n  o f thee© elements in  th e  E*lt*F* s e r ie s  in  th e  molten 

a lk a l i  h a lid e  so lvent i s  in  th e  order l is te d *  The p o sitio n  o f molybdenum



i s  t i l ls  s s r i s s  i s  1lotvoos copper sad s i lv e r « Hi# p o te n tia l measurements 

providsd evidence f©r t&o e x is t sues o f coesplex halo-m etal sa lsa*  i s  

th e  a lk a l i  h a lid e  so lo ea t e t  6 0 0 °C * 1  its tr  reference e lee irode  fo r  th e  

aesumreaeRt o f  p o te n tia ls  i s  a o lte a  sa lts*  !*••*  th e  %  /  AgOi ( l )  

electrode* oss used fo r  tiies#  asassre&eists*

A soo method o f p reparation  o f  MoClg **& sjb Isipror'sd jssklted o f 

p repara tion  o f X̂ MsCX̂  ore described*
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& coating  mi molyfedomim map %m appIioO 4® on afejftfff* %hma mmwifimg 

o f  thin  eritio&X ao to l and fo rth  or enabling os# to  iak#  adraatag# mt th#  

a trtio tu ro l proportioo o f th#  moial oooprloi&g th#  fcolfc o f  th© piooo# X® 

addition* ©3, ©otr© forming o f pari#  w ith Molyfcdomtut #©ul<£ ro o u lt mat ®*Oy in  

tin® ©Ximijsaiion o f powder mol&llurgy operation# but «&## o f  away d i f f i c u l t  

fab ric a tio n  #t#p«*

fh# prio©# {la I f  51) of rarioo# fora# mt molybdenum ®«4aX m i mi mmm 

mmlpMmmm oeopeu&d# arm l i s te d  im Tabl# X*

TASLK !» Prioo# of Molybdenum Metal ant $©»• M©XyM#*»*® Oompoand#

f r io o
(par pa wad o f »o Xy M mmm containod)

I  1 * 0 0  

1*14 

3.25 

f * 0 0

I3 .f§  ♦ asw »

Oa m aaim iag t h #  oooto o f  molybdenum la  i t s  pr#$r®*« fro ®  o r #  to  

fab rica ted  m etal, w# fin d  th a t  i t #  p r ic e  alssoat trip l© # daring  th#  port*  

f lo a t io a  and rodootlo* o f  th e  mxMm to  mat# metal pood « rt tr ip !# #  again 

1© going from pooder to  wtr#* and m u ltip lie s  by from fe a r  to  tom tin*#  la  

being preen©4 and r o l l e d  i o t a  shoot# The advantage# o f  on o l t o r a a t l e #  

mmma o f  prodmoistg th e  powder# or# or 14ac t m i  t h e  d e s ira b il i ty  # f # ro *  

dueing oleotrofbraiotf. shop on fro® molybdouta® s a l t s  ###4 mat to  fa r th e r  

bdMtoiroA*

M a te r ia l

Molybdenite or#  eoneeiitrai* 

Molybdio e&tde {Tooholoal) 

Kolybdsnu® aei&X powder

MmtfMmmm w ire 

Molybdenum ©hoot (roiled)
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m eta l, petaseiiim , tr&m a  fused e le c tro ly te , found i t  necessary te  p re te s t  

i t  Ireft th e  atmosphere* ©ther work in  th is  f ie ld  ha# been published by 

Bavy, Faraday, end ether#* A thorough and system atic examination i f  th e  

e l ee troehcm ieal and chemical p ro p e rtie s  o f  fused e lec tro ly te*  m s  ca rrie d  

cu t by Lerea* t  and h is  students over a period o f  many y ea rs , the  r e s u lts  

o f which were co llec ted  -and published in. XfOA* th i s  work contains p ra e ti*  

ta l ly  a l l  th a t  m o known wheat faced e le c tro ly te s  up to  th a t  time* A 

sy&pestuift cm th e  e le c tro ly s is  o f  molten e a l ie  m e published bf tho  H e s tfe *  

elicmieal Society ® in  I f 25 and a  symposium o m w r ii ia g  th e  considerable 

m im e  o f recen t work %  Russian workers was published $ In I f 35* Reeeat 

te tiir id iia l worker# in  th e  f ie ld  a re  t r a i l  Broashack and Briggs

end L illicm dahl

Ih# second f ie ld  A adisated, th a t  o f  e le c tro ly s is  o f eo la tio n s o f

molybdenum eempeaad*, i s  erne which contains a  la rg e  am en t o f  c o n flic tin g

inform atics sad as esaeuaXly la rg e  quota o f  u n re lia b le  reports*  A fter

a  thorough an a ly sis  o f the  l i t e r a tu r e  and m ay attem pt* to  dup licate

published e la te s ,  cue sea s ta te  w ith c e rta in ty  th a t  m  e le e trsd e p e s lt who##

major co n s titu en t i s  molybdenum metal has hem  obtained by th e  e le c tro ly s is

o f aqueous or organic e le c tro ly te s , with th e  po ssib le  exeepties o f dep o sits

which grow to  only a few sAsreste ia  th ickness and then s e t t s  forming* I t

i s  extremely d i f f i c u l t  to  determ ine th e  p ro p ertie s  o r composition of

deposit#  as th in  as these* th i s  ep ia ts*  i s  ia  eeaearrsitee with th a t o f

Childs *  e t « 1 »  and Lander and ©emer^* B h i le s e t t i ^  attempted to  deposit

molybdenum from a  nuober o f aqueous so lu tio n s hut obtained negative re su lts*  
14A p a ten t on th e  e lec trodeposition  e f molybdenum froast a  sa tu ra ted  so lu tio n

15o f aolyhdle acid  was issued in  1?2?« In  a  cem m ica tio n  in  I f 32 ,  th e

e l cot rod #po s i t  ion of asolybdeaum from aqueous c i t r a t e  so lu tio n s m s  eaasemeed 

and fu rth e r  data  premised but se f a r  acme has been fortheomlag* A p a t eat



5.
16urn th e  e lee lrodeposiiie it of molybdenum fro*  a lk a lin e  molybdate so lu tion*  *

ail a r t i c l e  on th e  use of molyb&ie acid  i s  su lfu r ic  a e id ^  fo r  th is  purpose*

too Ju ss is*  patents*^ on th e  deposition  o f molybdenum* one fro*  as a lk a lin e

and tb s  o th er fro*  m  so ld  solution* aad as a r t i c l e  on deposits  fro* a
19numbsr o f d if fe re n t baths '  a re  fu r th e r  examples o f claim s which b ars  so t 

bass corroborated . There a re  e th e rs  t e  be found in  th e  feibl to  graph i  ea of 

some of the papers c ited*
io

Sines th e  work of Ksyekt and I n t e r n a '  i s  th e  most recen t paper ea 

e lec tro d ep esitio n  o f molybdenum fro*  aqueous so lu tio n s * i t  was decided 

to  perform as exhaustive eh eel o f  th e i r  work i s  th i s  laboratory* The 

d e ta i l s  a re  given in  th e  appendix. I t  was concluded th a t  whan one eon* 

e id e rs  a l l  th e  evidence, th e  process described in  th e i r  paper produces* 

a t  best* a  m ixture o f Me©** sad molybdenum s e ta !  o f such low th ickness 

th a t  th e  d isa s tro u s  e f fe c t  m  th e  physical p ro p e rtie s  of molybdenum o f 

eves tra c e s  o f  oxides a re  completely sacked by th e  p ro p ertie s  o f th e  base 

m etal. is& Ind ica tio n  o f th e  na tu re  o f th e  deposit as I t  might appear 

I*  bulk i s  given by th e  f a c t  th a t  attem pts to  p la te  s ig n if ic a n t th ick*  

a ssess  o f  th e  m ateria l g ive only smut and loose powders beyond th e  i n i t i a l  

th in  layer*

I t  should he noted th a t  a l le y s  containing as much as *>G$ id  w ith

iron* nickel* or cobalt as th e  second element may be obtained by e l s e t r e ly s is

o f  a c id ic  or s l ig h tly  a lk a lin e  c i t r a t e  so lu tio n s20,  dep o sits  o f somewhat

lower m  content alloyed with iro n  o r cobalt can be obtained fro*  cone an*
21

tr& ted a lk a l i  so lu tio n s • Ixauination  o f th e  p ro p e rtie s  o f th ese  a llo y  

d eposits  whs* b u i l t  up to  a  th ickness o f 0*001** to  0,002* shows th a t  when 

th e  molybdenum content exceeds about 25 to  30£ th e  deposits  have a  high 

oxide con ten tf a re  very weak and usually  crumble on s tr ip p in g  o f the  base
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T*

described by f i m * Another process reeo?ia$e»d» a m ixture e f  calcium
11melyhdate and molybdenum carbide dissolved in  bauxite ,  while t t i l l  another 

recommends tb s  e lo e iro ly a is  o f molten calcium ii©lybd«t*3$* Ira ik y  and 

B ruckner^ e lec tro ly se  a  m elt o f barium or calcium ch lo rid e  and a f te r  

th e  e lec t ro ly  eio has begun, a  e a te r - f re e  molybdenum s a l t  i» added*

The calcium or barium metal already p resen t in  the bath  fmm  th e  i n i t i a l  

e le c tro ly s is  i s  sa id  to  redits* th e  molybdenum s a l t  te  molybdenum metal* 

Forlaad3* reseis&etide a  mixture of eqwimsstar proportion* o f molybdenum 

pvnt aaialo r id e , sodium ch lo rid e , and aluminum ch lo ride  which m elts below 

20Q®0* I t  i s  claimed th a t  th e  lew m elting po in t o f th e  m ixture perm its 

e le c tro ly s is  a t  200® C without appreciable v o la t i l i s a t io n  o f th e  molyb

denum pm ttaehleride* th e  procedar®, as described by For land , was r e 

peated* th e  e le c tro ly s is  was performed i s  a  fl-tube and i t  was observed 

th a t  copious evolution e f  fbmes both o f th e  molybdenum pemt&ehlerlde 

and th e  aluminum sh le rid e  occurred* The cathode deposit mis a  very f in e  

spongy black powder which reacted  with water w ith th e  evolution e f  gas* 

Andricux rep o rts  th e  eathed ls deposition  e f  molybdenum from a  molten 

bath  co n sis tin g  e f  ber&x, sodium f lu o rid e , sine  oxide, and molybdl* acid
e 35a t  about 1000 C. I t  should be noted th a t  i s  another p a r t o f  th is  a r t i c l e  

Aadrieux s ta te s  th a t  s im ila r so lu tio n s and conditions w ith o ther m etals 

produce borides ra th e r  than th e  f re e  metal*

is  a r e s u l t  o f  work which w ill  appear l a t e r  in  th is  study, i t  seems 

highly improbable th a t  pure molybdenum metal can be deposited from an 

oxygen-containing melt and th a t  rep o rts  in d ica tin g  th a t  th i s  has been 

accomplished should be ca re fu lly  cheeked*
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11*

was d Inches high* 2 Inches &*I># and 1 /4  inch mil thickness* 1 th i s  

ahoot e f  mica m e  placed between th e  pyre* envelope and th e  fttv sti#  

c e l l  s in e s  I t  ta a  found th a t th e  mica reduced th e  tendency te  are  

through th e  g lass  and creek i t*  4 rubber bung ( l )  mu m$41 te  ©lose 

th e  tep  e f  th e  pyrex cylinder* te e  c en tra l and f iv e  periphera l ho le e  

were d r i l le d  through th e  hung* f iv e -in ch  lengths e f  t ig h t ly  f i t t i n g  

g la ss  tubing were in se rted  in  four of these  holes and short lengths e f  

rubber tubing were f i t t e d  to  th e  tops of th e  glees tubes* A 1/4 inch 

diam eter red m s  in se rted  through th e  cen ter hole* This rod (f  ) f serv

ing  as a  cathode, was shout two fe e t long and was Joined a t  th e  top to  

a  v a ria b le  speed s t i r r in g  motor {§)* The Jo in t was made by holding a 

Short leng th  o f 1 /4  inch rod In a chuck on th e  ro to r  of th e  s t i r r e r  and 

jo in in g  th e  two rods by a  t ig h t ly  f i t t i n g  rubber coupling which had been 

coated m th e  in s id e  with an alundnm abrasive powder* Through th e  holes 

around th e  periphery o f th e  bung were in se rted  a  MeSaaiell re frac to ry  

thermocouple p ro tec tio n  tu b e , (glased) (ft), long enough to  reach th e  

bottom o f th e  c ru c ib le  and a  1 /4  inch d is a s te r  tungsten  rod which served 

as th e  anode holder ( ! ) •  A molybdenum connector (J) was placed m  th e  

sad o f th e  anode holder which was in s id e  th e  vessel* The connector was 

fastened  t e  th e  anode holder by a  molybdenum s e t screw* Sheet o r  red  

anodes ware in so rted  in to  th e  lower m i  o f  th e  connector and held by a  

molybdenum s e t  screw* A th ird  periphera l o u tle t  was used as an escape 

chimney {&) and mm f i t t e d  w ith a  screw clasp* The fo u rth  o u tle t (which 

had me g lass  tube) contained a  s ta in le s s  s te e l  tube which extended down 

t e  w ithin  2 e r  1 inches e f  th e  top e f  th e  crucible* th i s  was need as 

a  gas in le t  o r evacuation p e r t {&)* The f i f t h  hole wee closed with a



12.

rubber stepper and need only in  tfe® |ii« K ll« 4  ant polarisation  studies

discussed la te r*  The f u m e t  co il was water-sealed. I t  obtained pewer 

from as Ajax-Hertferup 3&?£ mercury spark-gap converter* I  Brown con

t r o l l in g  pyrometer was placed in  th e  Input c i r c u i t  o f th e  converter*

A chreftSl-alumsl thermocouple ran fro© th e  thermocouple wall (H) to  th e  

pyrometer, and temperature eontrol wan tltua obtained fey closing ar opening 

th e  input c i r c u i t  o f  th e  converter an repaired  fey th e  tem perature 

w ariationa of th e  system#

Some d if f ic u l ty  w ith tem perature contro l wa© encountered because 

frequently  th e  thermocouple wire# ware iad®pomd©ntly heated fey induction 

f mm th e  furnace c e l l  and s® the true  tem perature o f  th e  e le c tro ly te  

was met obtained* However, th i s  wee net too serious, because th e  tru e  

tem perature was recorded on th e  pyrometer when the furnace went o f f .

Sins© th e  pyrometer feed a  15 second respemee tim e, th e  melt wee event

u a lly  brought te  tem perature and held  th e re . The heating  r a te  wee 

ra p id , th e  m elt reaching a  tem perature o f fOO^C in  about ten  m inutes.

In  a c tu a l opera tion , i t  wee usually  d e s ira b le  to  tu rn  o f f  th e  c o n tro llin g  

c i r c u i t  u n t i l  th e  melt was near th e  required  tem perature, a t  which tim e 

th e  co n tro llin g  c i r c u i t  wee turned on and the tem perature s ta b il is e d  

a t  th e  desired  va lu e . Am a ir-co o lin g  c o il was placed around th e  top e f  

th e  pyrex cy linder near th e  rubber feting* The therm al in su la tio n  pro

vided fey th e  ceramic c ru c ib le , and the  ex ternal cooling supplied fey 

th e  mater stream In th e  furnace c o i l ,  perm itted long periods e f  oper

a tio n  with th e  charge a t  9OG°0 without any soften ing  o f th e  glass* The 

a ir-c o o lin g  a t th e  top was s u f f ic ie n tly  e ffe c tiv e  te  prevent any v is ib le  

d e te r io ra tio n  of th e  rubber bung.
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2*4#
was

a n ^  adm itted to  th e  ay e lm * When ataoepheri© p ressure  m e  reeehed, 

tli#  o u tle t  in  tit#  bung m s  ad justed  ## th a t  & preeeer# o f  f«9 e» %  

ell### etaogfA erie preeewre ( m i  on aanoae ter, f ) m e  h ia ta l# # #  in  

tli#  ajreioM* th e  h a lid e  solvent m e  ihu® allowed t#  free*# in  th e  

aba ©ace o f  moiatur© and a ir#

Ik# anode, eathod®, them e####!#, ete* were #«b in to  th e  bung 

(1) o u ts id e  o f th e  ayeten* fb# pyre* vesse l mm then  opened ##4 th e  

prewiouely d ried  mlgto&mmm ####etaaA m e gwiekljr «dded on top  o f th e  

s o lid  h a lid e  ee l vent* (Ik# method o f drying th e  molybdenum m a fim d  

me# dot or mined by th e  propertio® o f tk #  eesgpenitd i ts e lf* }  th e  bung 

a n t a ttaehed  equipment were then ee l in  #1### w ith tk #  emote and 

©athod© above th e  erueib le*  Ik e  eye te n  m # eva©anted* f i l l e t  with argon, 

end th e  ergon f lo e  een tim ed  #e before w ith th e  p ressu re  in#id© th e  

veeeal above atm oefheri# jr#ee«r#« l i t e r  th e  flunking o f th e  system 

wm mm$l e t s ,  th e  hea ting  m e  s ta r te d , end e s  aeon ## th e  ed it#  ©©lied, 

th e  therw evell m e  in se rted  in to  th e  Beli* i t  th e  desired  operating  

tem perature, th e  need# end oat ho do were in se rte d  in to  th e  m olt, th e  

method# ##n*e#t#d to  th e  s t i r r in g  motor, th e  © leo triea l lend# planed, 

end th e  e lo o iro iy e is  begun* The flow r e t#  o f th e  argon during th e  

f t#  m e net e l  any m in e  between 200 end 1000 ©©/minute* Hie o u tle t  

ehimney we# always adjusted  to  maintain e p ressu re  above atjoespherie 

p ressu re  InsM # th e  »?®tm throughout th e  run* I t  th e  end o f  a  m ,  

th e  ea ih o ie , m ode, and ik^naooouple wore withdrawn fr&m th e  m elt 

and allowed to  seal in  th e  in e r t  atmoeph^r* w hile th e  ©loot ro ly  t© 

i t s e l f  m e sealed  and fro  ten* th e  eyetem wee n e t opened u n t i l  th e  

tm p era tw re  in s id e  m e  below 1@0#C* 4 f to r  removing th e  bung with
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1?*

ceased and a brown residue remained# Concentrated su lfu r ic  acid  m s  

added cud th e  m ixture m e heated slowly a t  f i r s t  to  d isso lv e  th e  brown 

resid u e  and t hm  strongly  u n t i l  su lfu r  tr io x id e  fnttee appeared# I f  

th e  n i t r i c  acid  so lu tion  m s  heated w hile th e  metal m e  dissolving* 

severe humping occurred when th e  brown residue m  tre a te d  w ith s u lfu r ic  

acid*

th e  so lu tio n  wee c o d e d 9 jnore concentrated su lfu r ic  ac id  was 

added* and th e  so lu tio n  erne evaporated to  fuses again* The complete 

e lim ination  o f th e  n i t r a t e  wee made c e rta in  by th e  add ition  o f a few 

ml e f  euliuroue aeid  before th e  second heating* The so lu tion  was 

ceded*  d ilu ted  to  known volm e and p re fe r  a liq u o t po rtions were analysed 

ae ind ica ted  in  the  re fe r  eases given#

then  i t  wee desired  to  determine both i r iv s lo n t  and to ta l  wolyb* 

daman in  so lid  samples* th e  samples were dissolved in  10 jC hydrochloric 

ac id  so lu tio n  which had hem  prepared with boiled  water sa tu ra ted  w ith 

n itro g en . The m ixture was placed in  a stoppered volum etric f la sh  u n t i l  

so lu tio n  was complete# in  a liq u o t sample m s  added to  f e r r ic  amentum 

s u lf a te  so lu tio n  and t i t r a t e d  d ire c tly  w ith 0*051  potassium permeagMat# 

fo r  t r iv a l e s t  moXyodenum* w hile another sample m s  rim through th e  Jones 

redac to r and t i t r a t e d  fo r  th e  dc&srttiamtion of to t a l  molybdenum. The 

permanganate so lu tio n  wee standardised  ag a in st known sample* o f eo«ue» 

e rc ia ily  pure Facet eel molybdenum sheet prepared in  th e  same m y ae 

th e  unknown samples. Agreement between th e  usual oxala te  standard* 

Isaliem  end th e  molybdenum motel sten d erd lca tio n  m s  usually  b e t te r  

then  f i r e  p a rte  per themand# Agreement between volum etric and 

gravim«fcrio methods m s  o f about the  same o rd sr .
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o f  th© therm al decomposition which had occurred . Th© m ixture ( I I )  did 

not beeom© f lu id .  I t  m o mostly b la s t  bu t soma area© war© yellow and 

o th e rs  bad a  d a r t  p la t  eoler* This ind ica ted  th a t  ©cm© ©©lability 

©mist© but the  ©stout o f  so lu tio n  was low and © e tu i  ©f deoomposiiioa 

high*

A ©ample o f th© dee©®f>o©*d product o f th e  pare  ©ample ( I )  wag 

subjected  to  X~r«y d if f r a c tio n  a n a ly s is . Th© p a tte rn  obtained is  

© m earised la  F igure 4# Approximately equal part© o f  ^  -Mo^H atid 

KBU ar© ©r«©©ab astd rep resen t ©boat 25 t© o f th e  t o t a l  ©ample*

A tree© of K680 ©r &gH©$4 may bo p resen t aad ib© r e s t  o f th© ©ample 

may be amorpheu* carbon ©ad th©r©for© not id e n tif ia b le  by l^ rsy  analysis*  

3© ^lia, t  Handfeueh*^ ©tat©a th a t  ^  -UogM 1© s ta b le  la  th e  lower p a r t  

o f  th© tem perature range between 400°C b# *J0O®C and th© f% phase 

©tabl© somewhat below 4O0°G* The p ressu re  ob«erred la  th© tub© a f t e r  

I t  ©a© ©©©led wae probably da© t© lib e ra te d  ©F«s8$«e o r nitrogen* In 

©lev o f  th© therm al in s ta b i l i ty  o f thi© © alt a t  temperature© r©paired 

fo r  us© la  molten s a l t s t end because ©f it© demonstrated lew s o lu b i l i ty  

i a  th© most l ik e ly  so lven t fo r  1 1* i t  was ©©©eluded th a t  i t  would b© 

p o in tle ss  to  rua any el© eiroly s i s  t e s te  w ith th i s  m aterial*  Th© tendency 

to  form ©Mil© n i t r id e s  might be one o f  th© major oause© fo r  f a i lu r e  

o f  previous attempt© to  plat©  molybdenum from a  amltam cyanide system*

b#iybd©«i*« diehlorld©  i#  th© moot © table 

©f th e  h a lid es  o f molybdenum. I t  i« th e  only one which i s  in e r t  ia  

m oist a i r  a t  room temperature* I t  may be heated to  4 o # g  i»  $$ in e r t  

atmeephor© w ithout decomposition* ©ad i t  i© th© only ©a© ©hi oh i s  

slowly a ttacked  by a itr l©  ©old o r  aqua regia* It© g rea t s ta b i l i ty  i s  

a t tr ib u te d  to  it© ©sciotoae© a© th e  polymer* l © j ^ t  o r



Urn

P rep ara tio n * The b es t method e f  p reparation  $a tb s  X ite ra to rs  

appeared i© be th a t  ©f I* L indner, et* a l . 4* , afc» eh larln a tad  ae ljrM iM i 

powder by allow ing i t  to  re&st with phosgene a t  €X0*0# This ro ast ion 

was attem pted both as d irec ted  and w ith  a  number o f  m o d ifles tio n s, but 

i t  was found th a t  i t  i s  s o t  s a tis fa c to ry  fo r  tb s  p repara tion  o f apprec iab le  

amounts o f  purs m aterial*  A fter conau ltiag  tb s  therisodyaamies d a ta  

s s  tb s  molybdenum h a lid es  co llec ted  by Quill*** a  method was dewtsed 

wMeb proTQd $w lte swseessfiil* According to  Quill* tb s  reaction*

Cl) Io d |C » )  ------ * K*0 1 4 (s)  -h MfiCtgfa) +  Ms01a {s)

roaches equilibrium  w ith M0CI4  a t  a  p a r t ia l  p ressu re  o f  0,*f atm# and KoCl^ 

a t  a  p a r t ia l  p ressu re  o f 0*3 ate*  a t  340*0* Further* a t  330*0 tb s  

reaction*

Cf) m *(*) -H IttsSIjCg)  JQ M t}(s)

goes p ra c t ic a lly  to  c o l l e t  ion (a t  a t  sao spheric  prsssar e)* L as tly , tb s  

reaction*

Cl) n©eig{ * }  ^  boOisCg) 4 - iis (s)

is o s  no t begin u n t i l  a  tem perature o f  530*0  i s  reaehed and a t  600*0  

tb s  equilibrium  pr«»sure o f U0CI4  i s  only one atmosphere#

Sy heating  molybdenum powder w ith an excess o f  molybdenum pamta*

0MI0  r id s  in  a  sealed  tubs a t  350*0» r e s e t  ion (£) may be accomplished 

w hile reac tio n  (1) would be suppressed by tb s  excess M0CI5  gee which 

i s  present*  When tb s  molybdenum powder i s  a l l  used up, th e  excess 

molybdenum psn taeh lo ride  say be rsaewed and tb s  molybdenum tr ic h lo r id e  

heated a t  su m  tem perature below 6O0®O to  form HsOlg w ithout re a c t ion  

C3 ) occurring  to  a la rg e  extent*



25.
A® attem pt to  reduse nelyhdenuitt p estaeh lo ride  to  e&eXjMeeen di<* 

ch lo ride  %  reduction  w ith ml&k&mm  a t  high tem perature i s  ©»# step  

did  not g iro  a pure product* The tw em tep proeodur®, hewewer* m s  

ip lt©  #ueeessfMl» eltfaratfi i t  was necessary t e  perform th e  f in a l  s tep  

a t  $50^0 r e s u lt in g  i s  s l ig h t  ©ost«Msdaatiss e f  th e  HoOXg %  saolybdeitua 

powder* ie lew  th i s  tem perature th #  di#prep®riio*iaii©» e f  th#  i r i~  

s h ie r  I t#  proceeded somewhat slow ly*

Th®. follow ing prosodur# was us#d« ?*6 g he powder mm mixed w ith 

3&*4 § J§s€li£ (4*6 g MoGXĵ  ss##ss)« fb# m ixture was placed i s  a  ih io k -  

m i l  s i  pyrm  tub® 1*5 @» diam eter and 30 cm long* The tubs was. tm $ *  

u a ted , se a l s i  and placed i s  a  s te e l  pip© closed a t  both m is*  Th# 

s a t i r e  assembly mm allowed te  stand i s  a  furnace a t  3 f # f  f a r  48 hours* 

Th# tub® was t l i t  s i  daring th#  h as t lag  ss th a t  a s s t  e f  th# product 

would h# a t  es# end# A fter ©o©li**g9 th e  e th e r  ©si m s  spaaed suid a 

*condensing angle* m s  sea l s i  e a ts  th #  open end* This 

aagXe* mm a  12 inoh len g th  e f  pyrex tubing* hm t  is. th#  middle to  an 

angle e f  about 120®*' The lube was again evmeu&ted s a t  sealed  and s e t  

i s  th e  ftaraae* w ith th e  6 la  eh leng th  beyond th e  bend pro trud ing  s e t  

e f  th e  faraaee* The t e ^ e r t t e r *  was slowly ra ise d  and th e  excess 

molybdenum pen tach lo ride  e e l le e te i  in  the  so ld  mA% When west e f  

th e  pan taslilerid#  had d i s t i l l e d  ©war {at about 300®C) th e  tem perature 

was ra ise d  t e  650*C sad held th e re  fo r  24 hours to  e f fe c t  th #  d isp re -  

fertieB atlom  and fu r th e r  p u rif ica tio n *  The e le a r  yellow  dichXoride* 

(Io0l2)a» remained in  th e  hot p a r t  e f  th e  tube* 14 g o f pur© m a teria l 

m e  obtained* gliriiig a  y ie ld  o f $ 0  based m  th e  molybdenum powder used* 

A nalysis showed th a t  i t  eeatained $%*%$ Me* The th e o re tic a l  walue



26.

fo r  th#  Ho in  MoClg i s  *4J(* Th# s l ig h t  ####•# o f ISB§*lylWi#iniii Id tit# 

product m i  undoubtedly due to  f re e  molybdenum metal formed by decom

p o s itio n  # f  ill# MoOXg* '^ i #  excess taay fc#v# been avoided by heating  

fo r  a  much longer t in #  a t  about &0O°C instead  o f  650°0 # but sine#  # 

sm all amount o f  f re e  n iy M im ii  metal would s o t  b# harmful In an 

e le c tro ly s is  to o t ,  i t  was mot considered necessary to  do tha t*

Froaer&ie#*, th e  m a teria l must b# used in  th #  condition  in  which 

i t  la  produced* Attempts to  leach  ou t th e  fre#  metal w ith d ilu t#  

n i t r i c  ac id  re su lte d  in  th#  forsm iien o f a  hydrate , MoClgtXMgO, f*#» 

which th#  water could not be removed w ithout decomposing th#  sa lt#

Th# MoCX̂  was s l ig h t ly  so lub le  in  a lco h o l, bu t m  aX eobelaie,

S § # e t g wm formed* Attempts t#  d riv e  o f f  th#  alcohol r w d t # d  

in  ieeempe # i t  ion*

A sample o f  th#  M0CI2 was mixed w ith a  p o rtio n  o f  a  e u tec tic  

m ixture o f lith iu m  ch lo rid e  and potassium ch lo rid e  (41 m%Q % KOI, 

m olting p o in t m 352° 0 ) which had boo# previously  fused a a i  ground#

Th# m ixture had th #  composition give® in  Table Til#

TASKM 111* Composition o f Media * h i^ l  -  KOI M ixture

f t  £  Mole €
^oCl2 l f * |  4.4

U€1 4©*1 51 #8

m  4f *4 18*4

This m ixture was h ea t#4 in  an evacuated sealed  tub# to  &§#€! a t

which tem perature th e  charge m s  f lu id *  t e  fro stin g *  th#  charge wm 
red

b r ig h t / in  color* Th# change in  co lo r and th #  uniform co lo r o f th#
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t r iv a l  «at bath  only a t  I tv  eonoeatra tio ii. What apparently  happened

wm» th a t  th e  d iv a len t molybdenum m s  oxidised t#  tit#  iriv § tX « i at&t# 

a t  th #  anode and tr iv a lo u t  molybdenum entered th #  so lu tio n  by di#~ 

©elution o f th#  maod# (th#  l a t t e r  i#  prorod feolow) and th #  p la tin g  

###nrr#& from th#  i r i  va len t s ta te *  fin##  th#  i n i t i a l  oonoontratlom 

o f  t r i  v a len t m lfh& m m  im th#  hath  mae# hav# boon low, a  deposit 

eh arae tw rist ie  o f  low ##n#«atm tl#n wein ti###  appeared a t  th #  oath###* 

0m# sassy eemelude th a t  th #  divalem t molybdenum 1# e i th e r  in e r t  a t  th#  

cathode unlaw# i t  1# f i r s t  oxidised to  th#  t  r iv a l  ea t s t a te ,  or th a t  

molybdenum deposit#  loos read ily  from th#  d iv a len t tham from th#  

tr iv a le m t s ta te*

Potassium Hsxaehlor® Holy M at#  ( I I I )

Thi# ewmpsuitd proved t#  h# highly e f fe c t iv e  aw ar* e&#wbr#3yt# 

fo r  producing, pmr# molybdenum powders and coherent molybdenum electro** 

deposit#*

P rep ara tio n * The compound was o r ig in a lly  prepared according to  

th #  d iree tie ti#  o f  Buo&mall i t  a l ^ *  fh o lr  prewwdvr# m s  based on atm 

e ls e i r e ly t ie  reduction  o f  a  so lu tio n  o f melyfedie mold 4m s trong  hydros 

ch lo ric  so ld i followed by th#  ad d itio n  o f  petaeeium chloride* t h i m 

pre##dwr# e&# f i r s t  described by € h i l# s e t t i^ *  k  pur# anhydrous produet 

wm# ob tained , but sine#  th #  method involved evaporation# under reduced 

p ressu re  and also  th #  us® o f  very d i lu te  so lu tio n s , i t  was found to  b« 

fo r  th #  p repara tion  o f la rg e  amount# o f th#  wait* Modi* 

f lo a t  Ion# war# introduced wtileh mot only elJBpllfied th #  p reparation  

bu t gave worn# very In te re s tin g  in s ig h t in to  th #  chem istry o f  th#  

f o r a t i o n  o f th i s  compound* th e  follow ing procedure la  reeemme**ded
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30.
l e s t  b#iJt by S lee t re  ly s ie  and a# spray# The temperraiur# e f  th e  e&the- 

ly te  ro se  t#  fe°0 during th#  # le s tro ly s i#  aM  th e  e a tk s lp te  beeam* 

dark red . Th® ea th e ly te  m s  removed, heated te  f3#0f and sa tu ra ted  

w ith  hydrogen ch lo rid e  pm* As th e  ao l e t  ion cooled* ms re  hydrogen 

eliXsride pi# m i  added end e ry e ia l#  #f IŜ MeCX̂  separated  o u t. flies* 

were f i l t e r e d ,  melted w ith X600 ml e f  X2H hydreshXorl© a t  id ,  liOO m3, 

ef i l l  HOI * methanol mistier# end XdOO ml ef nethenel# Xh# red 

e ry s te le  were d ried  %  heating  under reduced p ressu re  end analysed*

The an a ly s is  i s  given In  Table I ? .

tm m  i t*  Anaxyeis e f  £3*3*014

Fataid T heo re tica l

Mo 2 2 .e  22.5^

ex 5® .#  49,91:

A y ie ld  o f 390 g o f 6fjf wm ob te iaod ,

g r e s s r t le s .  While working #wi ik e  preeednre deeerlbed above, a  

s e r ie s  e f  reac tio n s were observed which denenetm t#  th a t  ik e  

te n  approaches m e t  B lit*  s e l l s  a  p en e tra tio n  tempi ex ra th e r  then  a  

normal ee ttp lex^#  I f  th e  ea th sljrt*  i s  r i n s e d  and sa tu ra ted  w ith 

hydrogen ch lo rid e  gas w ithout perm itting  i t s  tem perature to  r i s e ,  and 

than  seeled  to  near 0% , peineslum eh le rid *  p re c ip ita te s*  I f ,  in s tead  

s f  ©soling a t  t h i s  p o in t, one heats th e  s o la t is a  to  above $0% , 

l | i i s i i £  p re c ip ita te s#  i«#«,
v* £01  ( m i te  ppt*)

Hedneed e a ih e lf i*  4- BOX 
red  so lu tio n

20°C nea.t -^>K3MoCl6 (rod p p . .)



This conclusively demonstrate® th a t  th e  reduced eatholyte* before 

heating* contains potassium Iona) t r iv a le n t  molybdenum lens* and ch lo rid e  

ieas* and l i t t l e  I f  any sample* ions# On cooling* th e  potassium ch lo rid e  

c r y s ta l l i s e s  nut because o f i t s  in s o lu b il i ty  In eonsoatrated  hydro

ch lo ric  sold* On heating* th e  reac tio n  -f 6GX~— ^  ^SoClgJ7

occurs and IC-jMoCl̂  p re c ip ita te s*  On cooling tlio isothsr liq u o r  from 

thi® p re c ip ita t io n  mere K^MoClg separate® bm% SOX doe® not because 

meet o f  th e  £ +  ha® been removed in  th e  p re c ip ita t io n  o f th e  eemple* 

salt®  I f  ^poCX^J? ^  were in  equilibrium  w ith Mô "*" sad 0X~ th e  above 

•© rise e f  reae tie n e  could not possib ly  occur* Freb&bly th e  major 

function  o f th e  evcperutieac need hy previous investigator®  'to prepare 

th i s  c a l t  was th e  form ation e f  th e  eeaple* ion  by heating* ra th e r  than 

merely concentration  o f th e  s a lts *

S|lSe01g i s  a  ferick«r«d s a lt*  I t  p re c ip ita te #  w ithout any water 

e f  c ry s ta ll is a t io n *  hat i f  in s u f f ic ie n t  hydrogem ch lo rid e  i s  added 

befo re  p rec ip ita tio n *  an aquo eemplen such as Kp^Io€igflgO.._7 s*sy p re

c ip ita te *  th e  w ater e&nnot he removed from th is  compound by heating  

w ithout decomposing th e  compound* K̂ HqG\& can he heated in  a i r  a t  

X X w i t h o u t  ss»y deees^oeltien* In  th e  dry s ta te *  i t  i s  s ta b le  to  l ig h t  

and p ra c t ic a lly  not hygroscopic* f t  can be heated in  vacuo to  a t  le a s t  

600°C w ithout decomposing o r  melting* 'This i s  p a r t ic u la r ly  s lg n if io a n t 

when one r^essb ers  th a t  MeCXj i s  u n stab le  above end th a t  a t

d5O®0 i t  i s  completely decomposed to  MeClg and Mo metal* This fu rth e r  

dem onstrates th a t  th e  ^ ion i s  a  highly s ta b le  on® with l i t t l e

t  mad easy to  d isso c ia te*  When very b e t i t s  co lo r darkens s l ig h tly  but 

i t  l ig h te n s  again on seeling* Xt i s  rap id ly  decomposed a t  &0O#C*
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©athod© ©©aid b© obtained by mating oathcd# ag ita tio n *  I ©attiod© 

ro ta tin g  a t  300 rpm mm uood# I t  mm alo© found nmnmary to  j>r®~ 

#l©etr©lyx© © TrmhXf prepared ©oluilou a t  low cu rren t donsiiy (about 

5  to  4 amp/d®*) fo r  about 3  amper«-*h©uro in  order t© obtain ih© boat 

resu lt# *  ikon th e  b as t condition© fo r  th i s  © elation had boon #®tab» 

liisbod, ©atliod© cu rren t ©ffi«ia*i©io* wm® ttoamrod a t  various cu rren t 

doaaiii©© with th® r©oulto shown 1m fabl©  V#

TA&L8 ?• 0atl*td© €urri* it Fffleionojr o f KjMoHlg » î SX * la£X Solution 

Current gaaaiiar (aaro/da2 ) C a rrm t gm «i«H E r (O ttm te i

3 9S3t
40

100 96%

Th® cu rren t © ffioioasy mm oaXoulatad ©a %h® b&eis o f  th e  r*M tioa»

-f. 3« -------^  m * k ty p ic a l  ©aXoulatioa o f  ourren t «ffioi«m#y

u t i l  bo found la  th® afpoadiE* Th® ©«11 ro ltag o  ©mriod from 45 m i l l i -  

voli® a t  3 to  1*5  v o it#  a t  1 0 0  asp/d©^*

Hat 11 th® optimum condition© wore e s tab lish ed , aom® d i f f i c u l t ie s  

wm® aaoow tarod# For ®&fuspl©f l )  la  *®m® o f th e  ©early run®, a  black 

powder n o  ©b©erred to  deposit i n i t i a l l y  on th© ©athode* On top  of 

t h i s  powder a  la y e r  o f b r ig h t welybdemMi ©ryst&X© format* Yhea. th i s  

o e c a rro t, not only wan th e  atbaraoo# o f th© deposit to  th© ©abbot© 

poor, but th© cu rren t e ffic ien cy  ©a© rodeoed to  a  value ®Jtywb®r© from 

50 to  #9j£* a) Aa in fu s ib le  hlamk m ateria l ©a© a lso  observed to  f lo a t  

on th #  dX eotrelyte and ©lowly d isappear during o p e re tie iu  Th# in -  

fu s ib le  m ateria l ia  th #  e le c tro ly te  and th© black cathode impurity



were ##U#*t#d« washed with dilute hydrochloric aoid and water* and. 

dried* they wore subjected to X-ray diffraction anal/sis with tha 
results i t a  la Figmr© 3* Figure |1  shows that th# im faeibl#  material 
in th# eleetrolyt# «n mainly with ##m# motalli# MlyideiitMi
(shew# f parts of th# oxM# t# •»# of metal)* Figure 36 shi^ that 
th# black powder deposited #a th# cathode {before th# natal plai#d 
eat as well defined pur# crystal#) * wm# m mixture of about equal mm\mi a 
#f ̂ © # 3 and is©Iybd#siw®* weary similar in «sMp##iti#a be th# deposit 
from th# Mlybd&t# solution shown in Figure 11* On# cannot b# certain 
that the very finely divided molybdenum #e*»d«pe#ii#d with the oxide* 
sine# th# separation of th# m ljb& m m m overlayer from, th# underlying 
powder we# a###mpll#li#d entirely by physical means♦ fh# ©worlyiag 
layer wee carefully pished off* th# powder was them scraped off th# 
cathode and washed* 1m assy event it is certain that th# initial layer 
of powder wm #fc«rast#ris«d hy th# presence of oxide* It w» thee# 
observable®# that led to th# dor element o f  th# extreme precautions 
for th# exclusion of air and Mister# from th© salt# ami from th# 
atmosphere show# th# plating hath*

Deposits* The deposit from th# most dilute hath# (1*#*
13*1 & JEjMoClg in 100 g K81«4tft£l) m s a n a ly s t  ami* in sp it#  of i t s  

ao ii-o e ta lll#  appearens# was found to  contain fb̂ C ho* As X-ray d iffrac 

tion  pattern  for a sample of th is  deposit {Figure 31} showed th a t 

i t  contained about Sjff Mo metal* with the  rasaiikder lie^ 3  •**

I t  i s  possible th a t with #rem more rigorous exelmisiea of a i r  md 

moisture* m m  th is  hath might haw# given a deposit of pur# molybdenum# 

Th® molybdenum powder predwo#Af however* i s  so f lo e -g ra in i  «md so
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si*

TABLE ?XX* ep©ctro»eopic A.nalyaX* # f SlaafcroXyti* Poadora

H aasiit 4 i a £

S ilv e r f - <*» m

Â Hawi«nMi T ? w f t

C&lciua * t f f

Cefcalt *» m • f t

Oapfar n r w f f

Iron ** t w f t

Mja^naa $khb f f t f t T

iisng&tiese * f f m

Molybdenum m f t fB m

Load * * T i

S ilico n

#Q*yge»

f t f -ff n r

0 ,

fSt v#ry strong s  groator than 10$

Wt weak s  0*01 * 0 *1$ 

f t*  T«iy waak t  O»O0X * 0*®%%

T, t r a e a  $ 0*0001 <* 0 *001$

#®et spootrosaopio determination

Colnics® X and 2 ar« for from th# intermaillata ooneen-
ir&tion feat!*! «oXbeb» 1 la far a typla&l 4«poalt froa tha higti concon- 
iratton feathf and salaam 4 U  f a r  a iijailt fraa tlio s&m* kaih using 
pariadie r©versa plating* F ifty  faisr 4 « a s l 8  t ot# 4iteki4 and liaas



3f *

fo r  Qnlf those  l i s t# #  *#r# eh##r##0 # fit# rel& tiT# airong th  o f th#  

l l i i i i  1# in d ica te#  in  th e  ta b le .  Taking th e  median value# fo r  th #  

©emcsniamiioii# in d ica ted  h f th #  apahol#* th#  deposit#  a r#  apparently  

9$*9-4-$ molybdenum* th #  #jqrg## content o f  th #  d ep o sit o f  eolioia 4 

**# determined by 3### o f weight In  hydrogen a t  X0d0®0 (d e ta il#  o f  

method a re  deeeribed below)#

Table VZXf 1# a  mmmmr? o f  th#  typos o f  deposit#  obtained 

th e  hath  it#tog th #  edxtur# o f  potassium and sodium chloride*

## th e  h a ll# #  solvent*
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fABLE XX* Ooiafosition o f Kixtmros o f K^BsGlg w ith L#s«&*ltiyig Halid# 

Solvents 0

4 .3  g 4 .0  g

2.7 g 1 .2  g

2 .3  g 0 .8  g

1 . 7  g  1 . 1  C  U {

AXOlj 

K O I  

M SI 

KjlioClg

Each m ixture -mm ##al« t in  #» evacuated pjrr#* tube* heated l a  

at«$3« o f  100^0 and hold a t  th#  tm p sra iu r# #  la £ i* a t# t in  Tabl# X  f a r  

ana hour bo fsr#  h a t i n g  to  th#  *i«*t h igher temporntur#* Th# tubs* 

war# n g ita ta d  in te rm itte n tly  • Thay w«r# r i s m l ly  ©n&ained «ii each 

o f th#  iad ioatod  tem peratures w ith th #  r##u lt#  shown in  ta b le  1*

TABUS X* S o lu b ility  C horneto ris tie#  o f  Mixture* o f XjHoOX  ̂ with l*#w~ 

B olting  Halid# Solirants*

S n lu tla .  gu.ah.r

JL l i . I i L
300°c

gOÔ O

5 0 0 ® C

Solid

Belid

rod liq u id  
aaixsd w ith s n a il  
so lid  phas#

B# s o lu b i l i ty  o f  Ms 
tsnpsimd* C lear a«&t
show# rod s a l t

B o lt absw# so lid  Mo 
compound very s l ig h tly  
eolorod

fts id ish  brown so lu tio n  
w ith son# so lid  pirns#

Son# as IX

Clour molt 
above Bo

Sim ilar to  
II' hut wmrm 
so lid  p resen t

Uniform tarts r o t  inn# as a t  fC #C  with S in i ls r  to
liq u id  only small s o lid  pirns# I I  hut so lid

regain ing  pirns# la rg e r



l&eh tfiixiur® was allowed to  cool to  room tem perature mud removed 

fr o m  i l l #  g l a s s  t u b e s *  M ix t u r e  1 w a s  a  uniform p in k  so lid*  M ix t u r e  IX

we# a uniform brews so lid  w ith a  sm all amount o f red so lid  as a lower

layer*  M ixture XXX eontained a  l ig h t  greet* upper la y e r  and a  dark 

rod lower erne, #a#h forming about oee"*half o f th e  to ta l  m ateriel*

These t e s t s  shew th a t  a  een eea tra tio s  ©£ 4 to  5 mole % ho may be 

obtained isi th e  I*iCl~iC€l e u te c tic  composition a t  about 60£*C, w hile 

at* equivalent esaee tttra tteu  can barely  b# a tta in e d  in  tb s  Altfly»-KCl. 

M ix tu re , sad cannot bs evssi c lo se ly  reached if* th e  Al&3 «»LiCl m ixture 

a t  th® same testperatwre* tin # #  anhydrous AlOlj i s  vary d i f f i c u l t  to  

hand le, sublimes e a s ily , fumes 1a a i r ,  i s  d i f f i c u l t  to  dehydrate 

mad d i f f i c u l t  to  keep f re e  o f oxy-compounds, th e  4401-KOI eu te e tie  

M ixture was ehosea fo r  in v e s tig a tio n  of #1 s e t  rolys## a t  SOQ̂ O# 

M s e ty u lr s ts * IX setro lysee were rex w ith a so lu tio n  of th e  

fo l io  wing eoapesttlo ii a t  6d0®C,

45*5 g hica 
5*»S g JQOJL 
33 ♦© g KjKeClg

Th# baXMe solvent eerrsepoaded clo se ly  to the 41 stole % K0X 

eutectic composition mad th e  molybdenum was p resen t a t  a  concentration  

of 4*1 s o le  j£* S reat d i f f i c u l t i e s  were experienced in th e  early  runs 
with this so lu tio n  due to  o e is tu re  senimmiitatIon* Ives after e le c tro 

ly s in g  th# b ath , dopes i t s  mixed w ith oxide# were produced at low cu rren t 

effieieaeiee (about 50£)« This was undoubtedly due to the high 

hygroscopicity  of the lith iu m  chloride* Brea with the precautions 

used, enough m oisture was absorbed during th# t r a n s f e r  o f  M ateria ls 

and. the ad ju stin g  of elec trodes to seriously affect th e  plating* I t



44*

warn femrils hewewer* th a t  i f  th® so lu tio n  was heated to  fO©00 and 

h©ld th e re  fo r  a  sh o rt ti«e*  a grey swfellttate wft expelled  from th e  

so lu tion*  th i s  |>owd©r developed a hlu© so le?  id e n tic a l  with th#  

f m i l i a r  isolyMessMi hlrne as i t  approached th e  o u t le t  to  th #  atmosphere 

and tam ed  whit# in  th #  open a i r  above th#  g lass  envelope of th#  apparatus* 

I t  msm apparent th a t  th #  oxide# and esy eh le ridee fam ed I f  th# re ac tio n  

w ith  m ix tu re  a t  lower tem peratures* e i th e r  decomposed a t  JKX̂ C or 

reac ted  w ith th #  t r i r a l e a t  nolyhdeaun compound to  produce higher 

valenee m iffed earn ch lo rid es  wtiisii a re  v o la tile *  i m m t  o f  th® above 

d if f ic u l t ie s *  th# follow ing preee&wrs was need before  e le c t ro ly t ic  

ruses th#  hath  m e  heated to  fOO0C a t  th® same ti® # th a t  th#  argon 

flow was increased  to  about 1000 ee p e r miaat#« Heleased m ls tu r s  

and v o la t i le  oxy~ooi8p@«nd® war# thus rap id ly  driven  o f f  and th e i r  

e p p e rtu s lt?  t#  a tta c k  th #  so lu tio n  was redeeed* A fter 15 to  30 mlm** 

a t  a# a t  f0G/*Gt th #  so la tia #  was sealed  to  &§#0 and th #  argon flew  

was reduced to  th e  usual value o f about 300 #e par B lasts*  fhe  so lu tio n  

was e lec tro ly sed  a t  a  low cu rren t density  u n t i l  th #  deposits  showed 

th a t  oxides were n e t present*

With t h i s  coshin a tio n  # f  th e m e ! and e& eetrsly tl*  p u rifica tio n *  

th #  cu rren t e f f ic ie n c ie s  fo r  th e  production o f  molybdenum a t  th e  oat hod# 

shown in  Table XX were measured* th e  s e l l  v o ltag e  v aried  fro® 30© 

m il l iv o l ts  a t  3  aap/da2  to  a v o lte  a t  10©

TABLE XI. Catted* Curr««t Rffiei«n«y o f  KjKoei* -  KM -  LiCl Solution 

Currant D»n»l*r ( W t o 8! g i>rri«t £ f f ia lw > »  COattod*}

*
3 99

30 f t
1 0 0  100
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In th is  case , howiTtrj th e  oxidation  ®f th e  e le c tro ly te  to  a  h igher 

sa len se  s ta te  m% th e  g rap h ite  occurred a t  shout th e  seas  p o te n tia l 

as th e  so lu tio n  o f th e  molybdenum anode, That i s ,  th e  re&stioms

a t  about th e  same p o te n tia l in  th ie  system, js in  reac tio n  (i}  may 

he e i th e r  i  o r 2 , In hath case®, th e  corresponding h a lid e  i s  e i th e r  

v o la t i le  or u n stab le  and would he expelled from th e  system a t  th e  

tcnpcvnture o f o p era tio n , Thie e l  early  accounts f a r  th e  observed 

lo s s  o f  molybdenum and cessa tio n  o f p la tin g  ehserred  1a  solution© 

in  which th e  anode wee in  contact w ith th e  c ru c ib le , As eom firim tion 

o f th is*  133 aapere-heurs were passed through th e  133 g o f  so lu tio n  a t  

a  cu rran t density  o f 100 amp/dm ,  Since th e  p la tin g  cu rren t m e  about 

15  amperes, t h i s  s e r ie s  &f runs represen ted  am ac tu a l p la t  lag  l in e  

o f ale® si mime hours. Bus to  th e  small s iz e  o f th e  apparatus th i s  

had to  he mseeapllsfcad in  se re s  sep a ra te  mmm9 ©hanging: th e  seeds and 

cathode each tie s *  but making me ad d itio n s to  th e  so lu tion#  I t  th e  

end o f th i s  iim et  w ith th e  h a th  s t i l l  p la tin g  s a t i s f a c to r i ly , th e  

s e r ie s  was stepped and th e  e le c tro ly te  was analysed fo r  tr lw u ls s t  

and to t a l  Mo# The re s u lts  were*

These r e s u l t s  in d ic a te  th a t  th e  eo la tio n  1m i t s  steady s ta te  contained 

molybdenum almost e n tire ly  in  th e  t r i r a l e n t  stmt a . This f a c t ,  coupled 

w ith th e  fa c t  th a t  anode and cathode cu rren t e f f ic ie n c ie s  were both 

e s s e n tia lly  10^1  ohm  ealeulateA  on th e  b as is  o f  a  th re e  e lec tron

* / + -j. ge a t  th e  g rap h ite  e lec tro d e , end 

-f- 3 e a t  th e  molybdenum e lec tro d e , occur

T otal I s

Trirmlsmb Ms

2 .a<#

2 *7355



r« M lie n  fo r  *aehf conclusively proved th a t  th e  anode d issolved  in  

th e  eystam to  form & tr iv a le n t  ion* th a t  th e  t r iv a le a t  ion was reduced 

a t  th e  e&thode, and th a t  th e  t r iv a l s n t  bath  was fttndtoenisilly rt&bX* 

w ith resp ec t to  both anode and oat hod e reactions*

I t  was observed th a t  th e  f in a l  molybdenum content o f  th e  bath  

m e  ono-h&Xf th e  i n i t i a l  value o f 5*4$ He* This lo se  a l t a r  1 ampere- 

hour par p m  o f so lu tio n  ha# bom  passed i s  a c tu a lly  q u ite  n eg lig ib le  

and mm be ea s ily  accounted fo r  by very small and as e ld es t* ! dev ia tions 

in  th e  system* Further* s in e s  seven runs were required* m ateria l 

eeald  have bee* lo s t  during th e  therm al p u r if ic a t io n  between sash ran* 

D eposits* The so * t isaportant c h a ra c te r is t ic  o f th e  so lu tio n  in  

which th e  LiCl-KCl ew teetie m ixture i s  used as th e  h a lid e  solvent 

i s  th e  deposition  o f soberest* continuous, and dense e lectrodapoeiie  

a t  low cu rren t density  and low temperature* i t  high eu rren t density  

very fine-g ra ined  powder* a re  produced* i t  about 3 and 400*0

sober eat p la te s  up to  0 *02* In th ickness have been produced in  f iv e  

hours o f p la ting*  F igure 11a shows a  cress**action  of such a  deposit 

on a  tungsten eathode (th e  tungsten  base i s  a t  th e  bottom}* Some 

po ro sity  i s  observed in  the  deposit but i t s  continuous n a tu re  i s  

unquestionable* F igure l ib  shews a po rtion  of th i s  deposit a t  higher 

m agn ification , etehed to  show th e  g ra in  s tru c tu re*  Some po rosity  i s  

again evident* The soundness o f th e  g ra in  s tru c tu re  i s  d e fin ite*

The hardness was found to  be 283 F iokers, about th e  same as th e  value 

obtained fo r  th e  ind iv idual powder p a rtie le s#

Another deposit m e  made under very nearly  th e  same cond itions, 

th e  tem perature beingf00®0 in stead  o f 400®C* The deposit had a  th in
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4f*

1 molybdenum deposit s im ila r  to  th a t  shown in  F igure XI was ©blseled 

fro® th© tungsten  rod# I t  ©sms o f f  as la rg e  ©hips and showed m  

t©ad©nay 4© farm powder* t t  was analysed and found 4© be f f +*$ Is*

The soundness ©f th e  s tru c tu re  of an e lec tro d e p o sit I s  host 

evaluated by removing i t  from th© has# m etal and examining i t s  pro p e r i lee* 

This i s  usually  accomplished by p la tin g  on a  base m etal which sen he 

chem ically d isso lved  hy a  reagent vhich dees no t a tta c k  th e  e le c tro -  

p la ts*  Attempts i s  p la ts  molybdenum on e ith e r  a  s te e l  ©r sapper cathode 

re su lte d  in  th e  ea t hod© d isso lv in g  in  th e  so lu tio n  and an impure sponge 

o f  molybdenum powder was p re c ip ita te d  in  th e  crucib le*  In  ad d itio n , 

th e  so lu tio n  m e  p ra c t ic a l ly  s tr ip p ed  o f d isso lved  molybdenum sa lts*

I t  was eenelnded th a t  both iro n  and ©cpper chemically d isp laced  molyb- 

donum from so lu tion*  This w ill  be diseussed fu r th e r  hdLcw* A s a t is *  

fac to ry  cathode was f in a lly  made by ©losing th e  end o f a  1/4* diam eter 

s to o l tu b s , g iv ing  I t  a  s t r ik e  p la te  i s  a  cyanide copper so lu tio n  and 

p la tin g  I t  w ith about 0*001 inch o f s ilv e r*  This p la te  was buffed 

down to  about G*GO05  inch and then  another 0*0005  Inoh o f  s i lv e r  was 

applied* This s ilv e r -p la te d  s te e l  tube was then  used as th e  cathode 

on which about 0*02  ineh o f molybdenum was deposited  from th e  XiGl-KCl 

bath  a t  600®C and 3 amp/dm2* The welded and wee out o f f  to  to m  a  

tube  open a t  both ends and both th e  tube  and th e  sup (o rig in a lly  th e  

welded end o f th e  tube) were allowed t© stand in  50$ hydrochloric aeid* 

The iro n  was d isso lved  and th e  th in  s i lv e r  tube m s  removed mechanically 

s in e s  I t s  adherence to  th e  molybdenum was peer* The eleotrefarm ed tube 

o f  molybdenum which remained m s  rough on th e  su rfa c e , bu t extremely 

sound in  s tru c tu re*  f t  i s  shown, w ith th e  cup, in  F igu re  13* I t  m s
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T$M*E  XXXI0 Speetroaeopie ia a ly e is  &t BXeeiroXyiie Molybdenum Feeder** 

Coeamereifal Molybdenum, and Specially  P u rif ie d  Molybdenum

pjMessi........

Metal and Compound**

. __ _________ *_ __ JL. ..-  4.. ..... ...S ... 4 ■, I

S ilv e r T «k *»- » m «.
41ttW IffftiBft W f t f t f t f t m t

BurtllMl m «► ♦ * f t m *»
Calcium w *F t T t t m

Cobalt f t m w f t n r m f t
CSbrofiilma f 4* m f t T m -
Copper f t t f f t n r f t t
tmm t f t f t t f t f t t

Magnesium f t f f f t f t f f
HaagaiKNie w • m t f t w f t

Molybdenum f t f t m m f t m f t
KUU1 w m 4* nr f t m f t

Lead f t t f T f m ?
S ilic o n t f t f t t f t t t

TttRgetsn
*0*y||e3i 0*25?$

4. m
Q.02& 0.068:

«•
% 0 .2(8*

«K t •

Got* % -  p a r t  o f  110 g batch from LXC1**JCCX e s lu i ie a

C el. f  » sample ftmm l*iCi~l£OX so lu tio n  produced w ith »p s o l e ly  p u r if ie d
m elt

Col* $ * cample from &aCl<-&Cl solution
Cel* 4 •  Cos&oreial mX&b&mwm pomler Corp.)
C ol. 5 -  Cosseeroial sheet meed «  anode* (faiisieeX Corp.)

Col. 6  * S pecially  p u rif ied  MeÔ  meed a* epeetroftoopie standard 

Col* f  -  Molybdenum pevder (Hardy ) meed a* epeetreeceple standard

¥S, very strong  * g re a te r  than lCgC
t # week * O.m -  0*3$

f t ,  very weak * 0*001 -  0*01£
f*  t r a c e  •  0*0001  * 0 . 001$

#Mei del emimed sp ee trem©epically .
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I t  e ss  be m m  th a t  th© powders pre-desed #1 m%m\$%kmXk$ sampare 

eery faworabiy w ith s is l  m ateria l#  and ®ws with speeiaXXy p re 

pared speetxeseople stiiftdards*

th e  powder fro*  th© 110  g feateh m s  n e t prepared m*id#F id e a l 

eead itisa*  s i  p u r ity • Th# system had th  be spewed f i r #  time# during 

th #  s e l l e s t ion o f th i s  a a is r ia l#  Be e le e t ro ly t le  pwrifiewt&ow sad 

sail* a l i t t l e  bea tin g  efceiro p la tin g  tem perature mm perfeV M i between 

runs# A am p le  o f powder mm prepared a t  100 fOO^O with meet

rigorous p a r l f ie a t le a  o f  th e  eolw tloa before th#  ret*# l a  th i s  ease 

a  nodular deposit « n  produeed, th #  nodules o f  wfeieli were ©all©able, i *#*9 

their ©euld b# f la tte n e d  with a hammer w ithout oracling* F igure X$A shews 

turn la rg e  m&ulm mm d ep o sited , and F igaro  liB  shows th e  same modules 

a f t e r  f la t te n in g  w ith  a hammer* F igaro  l® i shews e th e r  nodal#® o f 

t h i s  deposit etched to  b ring  o a t th e  g ra in  a t  ru s t  are# The oxygen eoa«* 

te n t  o f  t h i s  powder, 0 *025$$* a a i  th e  sp ss trse e sp ie  an a ly s is  (ssltmsi £§ 

Table XXIX) confirm i t s  wary high p u rity  • The hardness o f  th i s  powder 

was £45 F ish e rs , appreciably  s o f te r  thaw th a t  o f previous runs# Table 

XX? g loss a  siswaery o f th e  types o f  d ep o sits  obtained from tb s  1*101-TO! 

so lu tion*
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5 U

In d ot ©mining t h ®  p a r ity  o f deposits* chamie&X analyses fo r 

isoiyb&eau® werosua* fo re ign  metal® were determined epeatressopis& lly* 

and oxygen erne determined by combustion w ith hydrogen* Since th e  

so lu tio n s  in  which ilia  dep o sits  a re  prepared a re  h a lid e  so lu tio n s , 

i t  m e  thought ad v isab le  to  check th e  h a lid e  so a t  e a t o f  a  rep re se n t-  

s t iv e  d ep o s it5 although th© s a l t s  o f th e  e le c tro ly te  a re  very so lu b le  

in  th e  dilut©  ae id  in  which th e  d ep o sits  a re  washed* th is  m e  dene 

by d isso lv in g  1 0  g o f  a  dep o sit produced i s  th e  l*iCl-l£Cl hath  in  40 ee 

©f 111  a i t x i « acid* d i la t in g  to  100 ml* adding 40 ee o f i l l  s u lfu r ic  

acid* and warming ( s e t  b o ilin g ) u n t i l  th e  brown resid u e  m s  converted 

t© molybdie acid* This m e  f i l t e r e d  o f f  and th e  c le a r  f i l t r a t e  d ilu te d  

t e  500 ml* S ilv e r  n i t r a t e  s i s  added and ©sly a  f a in t  opalescence m e  

observed* The h a lid e  content o f th e  d ep o sits  i s  ev idently  neg lig ib le*

P o larisa tion . and P o te n tia l Memuremenbe 

The most im portant physical quan tity  assoei*£te& w ith m  d  ©strode 

reac tio n  i s  the  p o te n tia l  o f  th e  e lec tro d e  a t  which i t  occurs* The 

p o te n tia ls  which core o f  in te r e s t  e re  o f  two types* th e  s t a t i c  o r  equi

lib rium  p o te n tia l  o f m  d es ired ©  a t  equilibrium * i*#»* a t  which no 

met eheuleal change i s  occurring  and it© cu rren t i s  flowing* and th e  

p o te n tia l o f  th e  p o la rised  e lec tro d e  a t  r#hich eoae ©hmioal process i s  

occurring  a t  & d e f in i te  r a te  described by th e  cu rren t density* The 

l a t t e r  i s  u sua lly  expressed as a p o la r is a tio n  curve* a  curve o f e lec tro d e  

p o te n tia l vs cu rren t density* Has equilibrium  p o te n tia l  i s  o f  value 

in  d escrib ing  th e  behavior o f an e lec tro d e  in  th a t  i t  serves as a  

measure o f  th e  tendency of a  given reac tio n  to  occur a t  th a t  electrode* 

Since th e  equilibrium  p o te n tia l i s  a thermodynamic quan tity  d ire c tly
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h sriw te l#  fro® ih© frs® mrnrg  ̂ mi a reaction, I t  te a  llttl® to  4m

with th® ac tu a l $ f  ©ration # f  th#  #1 tetrad* whoa o u rra s t i s  flowing

t h r o u g h  i t*  Th® p o la r is a tio n  la  th® quan tity  moat u s « f h l  in  d a a a r th ing

th® prop a r t  lea  o f  m  op o ra tin g  ®l®frtrte©* .How w a r ,  th® ©quilibriuBi

p o te n tia l  ia  im portant in  so tt in g  mp th® I*M*f» a a r ia s  fo r  a giro®

system a t e  o r  a y  id  o s  inform ation te ic h  i s  v a lid  to  th® © a t ©at th a t  t i t®

© l e e t r o d o s  o p o r& i®  u n d e r  r ® v s r * £ b l *  © o t e l t i o n s *

fUfrwr— ♦ K lxrtrodo. la  ®rd*r to  aeaaur* an a lae tro d a  p o te n tia l

o f  slthsr iyp®, m r*f©r©tt** mlmtmdm  w hite i s  eottstant, rsprodualbl®,
r®v®rslfel#, and no«*polari.sahi® i s  r«qair«d« Th® w iu r a t t e  ©aXaasl

G all s a t  tafia®  thus® r«qutr®a«i*ts admirably in  aqueous mgmtmm* hmt I s ,

o f  g o u t s ® ,  u n s u i t a b l e  fo r  u s®  w i t h  mm'ltm s a l t s #  Is if ie a  a n d  h is

students*^ d ® « ® rlb ©  a  reference  ®l®®tr©&# fo r  us® in  m % tm  s a l t s

hmtmmm 100®C and iO0°C which G o m s i s t s  o f  an aluminum rod in  a  t e r n a r y

mixtur® o f 1101 j~I£a01*«€0X# This would no t b© sm itahl#  in  th® tow*

pGfmtur® rang® o f 4 0 0 * 9 i n w hite w# &r® lnt©r«0t©df isaiaXy hssatis®

o f  th® v o la t i l i t y  o f AICX3 * An id e a l © oltaa ®l®etr®Xyt© fo r  th i s  rang®

o f banpwatur® i s  s i lv e r  teXorid®* I t  m alts a t  4J5^C, b o ils  a t  1550°C

and i® ©asily prepared with high purity*  Thor® ar® m  o th s r  s tte l®

valeno® s ta to s  o f  a i lv o r  to  provide ambiguity o f composition a te  i t

was found th a t  in  th® abaonce mi l ig h t  i t  undergo®® no v is ib le  d®-

Go&positisa te« a  t e a t t e  fo r  long, pari® is o f b ias# 0aid«  contamlnat iony
w hite i s  a  se rio u s problem In most molt an systems,  4mm no t mmmst in

silwtr telorid® hoGaus© silver said® dssoi&pos©® at about 30O°0, and If
f©r»©d during th® f i l l i n g  ©f a  s e l l ,  i t  would b© &«®troy®d t e w  th® s o i l

cell
i s  brought up to  tsaparaitir©* That th® Ag, AgGl ( l ) / i a  rw era ib l®  a te
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o f  base-m stal e le c tro ly te  en terin g  i t  would cause n eg lig ib le  changes 

in  i to  p o te n tia l*  The apparatus fo r  measuring p o te n tia ls  i s  shown 

in  F igure 1?* th® e le c t r ic a l  s i r e  n i t  diagram i s  shown in  F igaro 2B* 

and th e  re fe ren ce  e lec tro d e  a o i l  i s  shewn in  f ig u re  2 0 * th e  reference  

e lec tro d e  s o i l  «%8 made o f quarts and co n s is ts  o f  too tub  so (A» s ) 

o f 9 mu boro connected by & heavy w alled c a p illa ry  (B) o f  1*5  mu bars* 

Another c a p illa ry  tu b s  (C) m o f i t t e d  on one o f th e  la rg e r  tubes* 

th e  end o f  th is  c a p illa ry  m s  bevelled  to  an angle o f about 60® and 

i s  th e  equivalent o f th e  luggist c a p illa ry  m ad as a  probe fo r  measuring 

p o te n tia ls  in  aqueous so lu tions*  At th e  po in t shore c a p illa ry  B 

e a te rs  tu b s  T>, th e re  was a c o n s tr ic tio n  which m s  t ig h t ly  peeked w ith 

asbestos* Molten s i lv e r  ch lo rid e  m s  poured in to  tube A and suc tion  

mm app lied  to  tu b s  & (while stepping  up th e  opening of 0) u n t i l  a  t in y  

bead o f s i lv e r  ©hi©ride m s  drawn through th e  asbestos plug* 4 l / 8  

inch red o f s i lv e r  m s  in se rted  in  th e  molten ch lo rid e  to  w ith in  one 

inch  of th e  bottom o f tube A and held in  th a t  p o s itio n  by a  s i lv e r  d isk  

f i t t i n g  ever th e  top o f th e  tube* A s i lv e r  w ire m e  »11v sr-so ld ered  to  tb s  

top  of th e  s i lv e r  red* th e  e n t ire  s e l l  was r ig id ly  held  a t  th e  top  in  

m  aluminum f ix tu re  by spring-loaded s e t  screws * This f ix tu re  also  

held  th e  cathode in  s sn ia e l w ith th e  end of c a p il la ry , €• k s t r ip  

o f  molybdenum sh e e t, serv ing  as anode wsm bent to  a h a lf-c y lin d e r  and 

placed over th e  o u ts id e  of tube 4* I t  was held  by a  ©lamp, to  which a 

heavy p la s t ic - in s u la te d  Wire m s  attached* This w ire was wound as a 

h e l ix  and served as an anode lead* th e  e n tire  assembly m s  suspended 

by th e  cathode from th e  e lec tro d e  connector 3 (Figure 2A)* The anode 

lend  w ire and th#  w ire from th e  s i lv e r  reform © e e lec tro d e  were drawn
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fbe  rep red ite lb ility  mad r e v e r s ib i l i ty  o f thm r® £w*m m ©1 ac t rod® 

mm eonfirmed Im th #  follow ing saotmer* S ilv e r oiilorid# m s  peered 

in to  both l U i i  o f  fli# quarts ##1 1* emfill&ry 0  m s  seeled* and s i lv e r  

rede in s e r t  ©4 ia  both leg s  o f tb s  ©oil* th® out i r e  u n it m s  iaseereed 

in  m l t m  p0%smm±vm e ia e r id e * l i tm m  efelorld* ©&i#®4i« j&lxitir® wiiieti 

m s  ®&ia4atii#d a t  400%  i s  th e  w m l  naaaer* fh# lim ereed a r m  o f 

th®«l ©strode® m s  0*025 d*2# Wh® i n i t i a l  p o te n tia l d iffe ren e#  o f 3*0  

mv f e l l  in  os# hoar to  0*4 sir a t  ebiob point th#  p o te a t ia l  d i f f e r  moo 

bmm&® eettstaat* fWU p o te n tia l  d i f f e r  me# i*  probably do® to  eeiae 

sm all assjraeetfy i s  th e  two ©Xeetredes* «oataet p o ten tia ls*  ©*©# th e  

t o i l  m i  then p o la rised  by passing curren t through i t  fo r f i r e  minute 

periods* a t  4h« end o f whioh bb# e i re t t i t  « a i op sued an i th© p o te n tia l 

reed*

With 1  m  passing through th® s e l l  th e  0*4 m  p o te n tia l m s  

r©w**tabll«h©d 4a lo ss  than 10  seconds a f te r  th e  eJjreutit*

With 2*5  * *  - i t  to o t  on# miaui# sad w ith 5  m  th e  ©oil m s  per* 

&ms*.«tXjr polarised* I t s  p o te n tia l being 1 s r y BO mMmtm a f t  or th# 

p o la r is in g  e u rre s t m s  stopped* time# I t U m l *  d e f le e t le a  o f  the 

galm aom ster m e t  during th e  sease r m ea ts  eerrespea&ed to  a  ourren t 

o f  0*4ytc a * th e  p o s s ib il i ty  o f p o la ris in g  th#  e e l 1 w hile balaaoiag 

th #  potentiom eter was neg lig ib le*  That th e  ©all i s  rev e rs ib le  i s  

dm oastrst® # by the fe e t th a t  one o f th e  s i lv e r  rode m s  anode* e a t 

th #  e th e r  oatltsd® during p o la risa tio n *  and up to  2*5  *# th e  s e l l  

rep o rted  rap id ly  to  noxm l oa stopping th e  p o la ris in g  ©unrest*

$Sl2MidU!lM£B * • • ld t t* *  ®* fcprfO* i»  L1C1-&SX

•u tn e tie  «l*Sur« o f standard o#mpo»itlon (4*1 ao lo  % K^MsCl^) *M
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45*
varying from 0*f5 to  1 * 2 5  v o lte  w ith no r©preduelfcI I 1% between th e  

sere eurrmt j^ tm tisX #  a t  th e  beginning m4 md o f th e  run* The 

l U w  eilootrodo was s t i l l  th e  p o s it i r e  pole* I s  m y event th i s  *m» 

st&hl# p o im t ia l  showed th e  b e s tro d e  to  b# iunsit le s s  itobl© then i s  

th e  t r lv a le n t  s e ly M a m t ©elution# Th© © oluttm  mm th m  e lec tro ly sed , 

a f t e r  whiolt s ta b le  © fs i i ih r im  p o te n tia ls  were obtained* The values 

were 0*029 v o lts  a t  6 0 0 * 0  and 0 * 0 5 2  v o lts  a t  fO0#C* The tem perature 

so o ff  id le s t  mm + 1  % MT$ y©Xi©/d agree in  th i s  range* These vmXum 

rmmJmmd im th i s  range d esp ite  h ea tin g , s le e t ro ly s is ,  ©r o th e r treat** 

most# The p o la r is a tio n  curves fo r  th i s  so lu tio n  a re  shown in  F igaro 

22B* The p o te n tia l values ©fetalned in  th is  so lu tio n  a re  no t as r©*- 

producib le  mm i s  th e  iinmntamim&tad t rival© nt isoXyMmum solu tion* 

E o a ilib riim  P o te n tia l Measurements* Equilibrium p e ts n tin l  d a ta  

war# obtained fo r  Fo* “K.FsGlg* and Ag+* '*&gCl#

each in  4*1 mmtm f  so lu tio n  in  th e  K£X~LiCX © aieeti# m ixture in  th e  

ahmmmm o f a ir*  This m s  done to  oh te ln  some Inform ation about th e  1HF 

s e r ie s  in  th i s  mediae! a t  4QGl*G sad p a r tic u la r ly  to  f in d  th e  p o s itio n  o f 

molybdenum tm th i s  se rie s*  The so lu tio n s  were prepared m  follow s $

Zist© chloride* m Op ZnOlg (anbyd*) m s  held  a t  400*0 fo r  two 

hours in  m stream  o f dry hydrogen e&Lerld© gas* 10*4 g o f th e  molten 

s a l t  were th m  poured in to  1 Q0  g o f the  molten ou tse t 1© m ixture o f 

L1C1-SCC1 and th e  so lu tio n  quickly tra n s fe r re d  to  th e  in e r t  atmosphere 

apparatus* lino© time i s  m olim  mi 6Q0#€ ,  th e  p o te n tia l m s  measured 

by adding 250  pa o f  pur# sin# s i  l e t s  to  th e  c ru c ib le  eentmiming th e  

e lee tre ly t* *  This formed a pool on th e  bottom o f  th e  ervslfele and 

e le c t r ic  contact m s  m l t  w ith i t  by immersing a  sevem*»imeh length  of



66.

0 *060* d im e te r  tungsten  rod ewer which hod been sealed  a  nenax g lass  

» ! • • ? •  oo th a t  about l / 2  lu sh  of tungsten  woo bar® a t  each end* th o  

bar® sad o f th e  rod and some o f  tho  g la ss  dipped beneath tho  a in c - 

e le c tro ly te  1s t  e r f  ace oo th a t  th o  p o te n tia l  measured woo th a t  o f  th o  

asoltesi *i»© d lse trede*

Ferrous chloride.** Q.F* F o O ^"* ^*  hold o t 40O®0 fo r  two 

hours in  a stream  o f dry hydrogen ch lo rid e  gas* A fter tho  FaClj 1®~ 

p u rity  m o v o la til is e d *  th o  powder remaining m o  ©©©led* 9*02  g o f tho  

anhydrous FoQlg woro then odd©d to  1 0 0  g o f  th o  molten Li01«®X e u te c tic  

mixture* th e  re s u lt in g  m ixture m o  placed in  on in e r t  atmosphere* 

Cuprous ch lo rid e* - 0»F* CupSlg m s  meshed w ith w ater u n t i l  th o  

washings wore no longer b lu e , th e  s t i f f  aqueous p o s ts  m s  heated 

a t  450*0 i»  * stream  of dry hydrogen ch lo rid e  gas* 4 co lo rle ss  molt 

o f  Cu2CX2 m s  obtained* A fter freasing*  f  *66 g o f th e  m elt were 

added to  1 0 0  g o f  th e  molt an o u ts e lls  m ixture and th e  re s u lt in g  m ixture 

was tra n s fe r re d  to  th e  in e r t  atmosphere*

S ilv e r  ch lo rid e* - 13*1 g C*F* AgCl (molten) was added to  125 g 

o f th e  sta ll on e u te c tic  m ixture and th e  r e s u lt in g  m ixture was tra n s fe r re d  

to  th e  in e r t  atmosphere*

All p o te n tia l  d e lenataa tione  were mad# w ith argon flowing through 

th e  system using th e  procedure fo r  determ ining equilibrium  p o te n tia ls  

as described  above. Table XU gives th e  p o te n tia l values fo r  each o f 

th e se  selXs* th e  s i lv e r  re fe ren ce  e lec tro d e  l a  each erne being th e  

p o s it iv e  pole* Hie sign  o f 1  i s  p o s it iv e  i f  a  re p re se n ta tiv e  s e l l  i s  

w ritten, as  fo llow st

M /  MCI* (4*1 mel«^>9 I0X9 1101 //AgCl (Fere l iq u id )  /  %
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m o ly b d e n u m  c o m p o u n d s  to th ®  t r i w a l e n t  oxide evidently proceeds a t a  

much lower po ten tia l than does th® r  induction of t r i v a l e m t  

t o  metal* therefore , a t l e w  current d e n s i t y  e rn e  would « x *

p o r t  wo d e p o s i t  a t a l l *  o s l y  o x i d e s ,  and a t  high current

d e n s i t y *  w h e n  t h e  c a t h o d e  h a s  b e c o m e  s u f f i c i e n t l y  p o l a r i s e d  to  r a e k  

th ®  d e p o s i t i o n  poten tia l for molybdenum metal, #ste weald e x p e c t  b o t h  

processes to  occur# i t  &QQ&C  t h ®  c a t h o d e  i n  a  e e f t t a m lm n t e d  b a t h  d o e « n f 4  

r o a c h  the potential a t  w h i c h  A o ly b d a u u m  c a n  © - © • d e p o s i t  w i t h  t h e  o x i d e  

u n t i l  a current density of 30 t o  4 0  amp/dm  ̂ i s  u s e d *  i t  fOO°C i t  

b a r e l y  r e a c h e s  i t  a t  1 0 0  sw ap/dm ^# I t  a p p e a r s ,  i h e r e f o r e *  t h a t  the  

h i g h e r  p o t e n t i a l  la  c h a r a c t e r i s t i c  o f  the e l e c t r o d e  r e a c t i o n ,

M©*^+ + -1 $ -------->  m d  t h e  l o w e r  p o t e n t i a l  i s  c h a r a c t e r i s t i c  o f  a

re ac tio n  which m y b® w ritten* Me^*" *^1j-xe —2—>  I t  i s

apparent th a t  oxygen mast be absent from th e  system i m o rder to  ob ta in  

pure molybdenum#

In  the p o te n tia l measurements m th e  potassium  meljrMat® so l e t  ion 

i t  w a s  o b s e r v e d  th a t  me e q u i l i b r i u m  p o te n tia l a t  a l l  could b® dot e r ~  

mimed with a  molybdenum e lec tro d e  la  th e  so lu tio n  b efo re  i t  was 

e lec tro ly sed  and th a t  im  any e v e n t  th e  a m b i e n t  p o te n tia l  which was 

observed was mere than  0 « 5  v o lt  h igher ( l o s s  n o b l e )  then  th a t  fo r  

reducing t r i v a l e m t  molybdenum to  metal* A p o ss ib le  explanation i s  

th a t  th e  m o ly b d & t©  solution i s  a c tu a lly  n o t  in  e q u i l i b r i u m  w i t h

9t ®melybdemomf th a t  i s ,  th e  ro a s t ton SbO^ 4-4#  — ^  Me-h 40 e i th e r  does

n o t  o c c u r  o r  i t  n e w e r  r e a c h e s  e q u i l i b r i u m *  I f  i t  d i d *  s o m e  s t a b l e
2

p o te n tia l  f o r  t h e  I M g ,  Mo h a l f  • c e l l  s h o u l d  be o b s e r v e d  w ith in  a  

r r e e n a b le  time* la  any event* th e  observed, h igh p o te n tia l  i s  o f mo
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a t  a l l  times# Tutsan noted th a t  th e re  vm$/ red  condensate on th e  w&lia 

o f  ih® v esse l contain ing  th e  fC-̂ MoCl̂ * th i s  could only have been MoClj* 

by ox idation  of th e  compound by a i r f s in ce  wo have shown 

to  bo s ta b le  sod n ea ^ v o ia lile  in  ik e  absence o f a i r  up to  a t  

l e a s t  600#C * What f a te m  was ©©scaring then* m o an ele©ir®X|r»ed isolyb- 

ta t#  so lu tio n  and on oir*ooxrtoninatod so lu tion*  Wo bar® shorn

thee#  so lu tio n s  to  bo almost id e n tic a l in  th e i r  p o te n tia ls  w ith a  

molybdenum electrode* Since i t  has bom  shorn th a t  in  e i th e r  « t$« , th o  

deposit on the  ©lootrod© i s  no t but a  m ixture o f  molybdenum

and i t#  oxides* i t  i s  d i f f i c u l t  to  a sso c ia te  tho measured p o te n tia l # 

ca lle d  n h o  deposition  p o te n tia l o f aelybdsmss* w ith  m y  e lec trode  

ro a s t ion*

'Bio p o la r is a tio n  curve whisk was found by Tut ossa fo r  both sysbocis

a t  2 0 0 ^ 0  s t a r t e d  a t  a  r e f y  a o b l o showed a largo break
a  oar 1  amp/d®2 fo r  tho  molyhdate so lu tio n  and near 0*2  amp/dm^ fo r  tho

" tr tv n le ttt*  so lu tio n  a t  which tho  p o te n tia l became Ins noble by about 

1*2  vo lts*  1h» breaks shown by th o  p o la r is a tio n  ownrm fo r  tho  m® Xyb- 

d a ta  so lu tio n  a t  600  € and $ 0 0  0  occur a t  a  h igher cu rren t density  

(30 imp/da2} and a ro  net as la rg e  as a t  200^0• However, th e se  differ-* 

ettees can ea s ily  be aoso tinted fo r  by th e  d iffe ren ce  in t&nper&iure and 

so lven t a t  which th e  two determ inations were made*

Bio p o te n tia l#  measured by Tstoma aro  ** deposit ion potentials** 

rather than esu illb rlu s i p o ten tia ls*  Biey wore obtained by ex trap o la tin g  

a  p o la r is a tio n  curve to  soro current*  An examination o f  the curve# fo r 

th o  m lyh& m m  so lu tio n s  in  re feren ce  51  w ill  show th e  d if f ic u l ty  in  

performing such



us«d as though war# equilibrium po ten tials but th is  ©an be ju s ti~

f le d  only a# a ir#i7 broad approxiaaatio  n * the equilibrium p o te n tia l of 

d lee tredes Is. e lectro ly tes may > 0  determined by allowing a purified 

eXeotrelyte to  eosi* to equilibrium with as eXeoirod©, and th o  poten tial 

measured* Wham th# sleet rode reaction whioh 0 sours rw erslb ly  a t tha t 

©lootrede ha# bees e l early established* than th is  as«asur©d value im 

eleaurly the equilibrium po ten tial of ih« re se tio n  i s  th #  system measured* 

For egasipl#, i t  has been shews tha t jsselybdomum deposit® eathedie&XXy 

with wary l#w ©verveltag# from a  purified  K^MeCl̂  solution i s  ldCX«*CCX 

solvent and th a t iaolyM#aum d iaso lves aaediealXy i s  th e  gam® system 

to  form a tr iv a lo u t molybdenum compound* A stab le  poten tial measured 

i s  th is  ay stem 1# us oquiw© sal Xy * therefore* th e  equilib rium  poten tia l 

o f the Hof half~©#11 w ith referemo# to  some arb itra ry  $#1*0

poten tial assigned to  a s tab le , reversib le , reference eXeetrode*

A problem of eosi# iaaporiane® which aria as from this Invest igat ios 
is th# explanation of th e  rsasoas for the deposition of @ohar«mt da* 
poaita imder soma conditions and powder# under others# It should be 
emphasised that tho ehaage from os# form to tho other is sot a sudden 
ont, bat rather, as tho temperature and surreal density  are raisedf 
there is a gradual coarsening and loossuing of the structure of tho 
deposit# tmfcmm finds that la tho A1C1^*!1&C1«»IC01 sol went at X56°£» 
tho form ation of a desdriti® deposit is characterised by a higher 
"deposition  potential” than is a smooth plat# in tho oases of aluminum, 

eeppsr, cobalt, and sine, but not in the ease of nickel, iron, or 
manganese^# Examination o f the isothermal polarisation curves im 
Figure 2XB shows that the &Q09 emrve has a very slight ©hang# in eurwature



73*
a t  about 3 .5  amp/dw^* th e  cu rren t density  above which th e  p la te s  

basest© very powdery ©t 600^C. This l© to© omIX a  h r ©alt to  consider 

a© s ig n if ic a n t and. a  © ©els Ian on ih ia  m i t e r  eannst be reached# However, 

m m  i f  t him war© s ig a if le a n t * th e  ©hang# In  slop© o f ill#  p o la riz a tio n  

curve might b# m rmmI t  o f th e  ©hanged su rface  o f tho  e a t hod® in  

going from coherent to  powdery plat©* and no t a t  a l l  re la te d  to  any 

sXeetreehesiomI change in  tho  system*

Os© s ig n if ic a n t fesetor© o f th e  p o la riz a tio n  curves o f Figaro 21B 

i s  tho  break a t about 0*25 amp/im^ which appears in  Ik# bod® curve 

h a t not in  any o f th e  others# Also* tho  ©lop© o f th e  6 0 0* curve i s  

g re a te r  the® th a t  o f  tho other® ewer tho  f u l l  imago fro® 6 to  106 

azgp/dst^ as w ell a© th e  low cu rren t density  range* I t  must be remembered 

th a t  coherent deposit© wore obtained only a t  &G#0* At higher torn* 

pemiwre© no sa tis fa c to ry  coherent f l a t  os were obtained a t  say cu rren t 

density  * I t  i s  w ell knem th a t  high p o la riz a tio n  favors © m il g ra in  

©It© and coherence o f deposit©• For example* an aqueous so lu tio n  o f 

s i lv e r  n i t r a t e  which shows lew p o la riza tion*  dep o sits  Iso la te d  s i lv e r  

c ry s ta ls  w hile th e  cyanide complex o f s ilv e r*  w ith high po la riza tion*  

dep o sits  f in e  s i lv e r  p la tes*  There a re  massy o ther examples o f th is*

I t  i s  apparent from Figure© ZUk and 1 th a t  th e  S00° b a th  undoubtedly 

shows g rea te r  p o la r iz a tio n  than  th e  other© sad thus would be expected 

to  favor th e  deposition  o f coherent deposits*  The o rig in  of th is  

p o la riz a tio n  may be in d ica ted  by th e  break a t  0*25 amp/da^# This la  

f a r  below th e  ©hang© from coherent to  powder dep o sits  and i s  not known 

to  he associa ted  w ith any property o f th e  deposit* The break i s  la rg e  

enough* though* fo r  one to  be q u ite  c e r ta in  th a t  a  ©hang© In reac tio n
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a t  t h i s  po in t to  hm m  m  f re e  le n s , mi  th a t  deposition

©c©mrs by d iffu s io n  o f  tho coBiplax to  tho  cathode where i t  i s  d ir e c t ly

reduced (or as son# b e liev e , th o  mmplm dissociate®  os th e  su rface

o f  th e  cathode and th e  f re e  aoly  fed ensue ion la  atxmi&tmmusl? reduced)*

file  d ire c t  reduction  o f  a  complex an le*  i s  a c t uareaeenshle# A strong

argument th a t  t h i s  occurs in  argeatoeyaaide so lu tio n s  m s  pu t fo r th
51by Buber as early  m  lf©4 ♦ $* S lass ten e  e ls e  found th a t  d is so c ia tio n

followed by reduet Ion o f  ih #  f re e  s i lv e r  ion was an unreasonable meohanis® 

fo r  th e  argen ts cyanide sy st* r® «  th i s  explanation o f th e  fermife efe* 

s e r v e d  i s  th e  6$0# p o la r is a tio n  curve, th e  h igher p o la r is a tio n  a t  600® 

throughout th e  f u l l  range o f cu rren t d en s ity , and th e  f a c t  th a t  th e  

mm% coherent p la te s  a re  obtained a t  th i s  tem perature a re  a l l  co n s is ten t 

w ith th e  la rg e  body o f  knowledge which a sso c ia te s  high p o la r is a tio n  

w ith coherent p la te s#  th a t  th e  p la te s  cease to  fee coherent a t  h igher 

cu rren t d e n s itie s  I s  n e t su rp ris in g  to  anyone who has seas  a  "burnt* 

deposit front an aqueous so lu tion#

th e re  a re  fa c to rs  o th e r than  e lec tro  chem ical, which a lee  favor 

coherent d ep o sits  a t  lower tem peratures# As in d ica ted  e a r l i e r ,  sselyfe* 

imam  re e ry s t& llis e s  a t  about f 00®€ s a t  as th i s  tem perature i s  approached 

a  dep o sit which i s  i n i t i a l l y  fin e -g ra in ed  would come out o f th e  so lu tio n  

soars ©-grained as a  r e s u l t  o f  reery c ta lllsa& iea*  In  a d d itio n , th e  de

creased v isc o s ity  and higher d if fu s io n  r a te  a t  h igher tem peratures 

would a lso  tend to  g ive soarso r-g ra ined  deposits*

I t  was noted th a t  a t  a l l  cu rren t d e n s itie s  a t  900*0, th e  hlCX-ftOl 

so lu tio n  gave f in e r-g ra in ed  dep o sits  than  th e  ICCX-BaCX so lu tio n  a t  th e  

same tem perature* Bo adequate explanation has been found fo r  th is*



n*
fk #  mmtfi isa tte r  of 1 s t©root I s  th e  l*M*f * s s r i s s  fo r  4MS systsse 

shorn i s  tabl©  7 f 2 « ®*© f i r s t  p o in t to  sot© i s  th e  so b le  p o s itio n  ©f

molybdenum i s  th i s  ©©rise* I t  i© not su rp ris in g  th a t i r e s  ©si s©pp#r 

©1 ©strode© dteeoXred I s  th e  aolybdeiwiiii ©elution and ®©lfbd©iti» ©f#sg© 

p re c ip ita te d  ©hm  w© res its©  th a t  M ljrM tim s i s  so b ie  t© them by about 

0*f mad 0*3 © sit respeetive ly*  There has been arneh ©onfueion ir ith  

regard t© th e  p o te n tia l  o f  nelyfedesna* i s  ©«p#©m© i r * 4 i i s  b@©3u*»© th© 

olestrod® 1© ir re v e rs ib le *  8©~oa.ll©d as tir©  and passive  s ta te s  have 

b#«® repo rted  w ith a  differ©*©# i s  p o te n tia l of 1*4 volt#* th© "paesiv©" 

form having © p o te n tia l  noble w ith rmpm% to  th e  mmmtil hydrogen 

©1©strode ©f 0*66 vo lte*  o r 0*14 ©olt !#©« noble than  silver^**  %  

a ra th e r  in d ire c t  m&lkod* Huso©11 and Rowell piaeed th e  p s s i t io s  ©f 

nolybdeansst i s  ill© 1*M#F* ©erie# i s  aqasou© systems g a r  ae ro u ry ^ *  I s  

th i s  molten ©alt ©yet ©a, wh©r® th e  r e v e r s ib i l i ty  ©f th© ©lee trod© as© 

estab lished*  tho  noble p o ten tia ls*  near to  s ilv e r*  sr© th© ©as© ©blah

©Iearly apply • th© p o te n tia l fo r  th© r s a s t io a i  Mo .---- > Sl©̂ ++ 3©

{ is  a©*©©## so ld  so lu tion}  ©aloulaied hf I s t im e r ^  i s  about 0*2  © sit 

©a th© hydrogen e©a&©#
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la  Table XTIX a r t  eo llee ied  four d if f a ra a t  E#M#y* aaria*  fo r

d if fa re n t  syeiataa, a l l  p o te n tia ls  o&Xenlatod w ith  ra faran aa  to  a

a i lv a r  a l ©strode l a  a  so lu tio n  o f a i lv a r  s a l t  a t  th a  sauna conc«m tratioe

an th o  o th e r mmta la  ia  th#  aariaa*  Calum  X la  ca lcu la ted  fran th e  d a ta  
53o f  Tat asm fo r  ana sml# pareant so lu tion#  a f  a a l ta  o f th o  ind iea tad

alanan i l a  AlCl^-lCCl*BaC1 so lven t a t  about 20D®0 * Colusa %m nan 

e&XeuIatad from fcarans4 values* a f  th a  p o te n tia ls  a f  Baniel aaXla

- 1, .  .  I p u r . - M -  .*  » /  . .

whara II and 3 a ra  m eta ls , a t  600®3. (Tlia valua f a r  £n l a  a t  350  b u t 

ttia  an th er state®  th a t  th® taaparaiur©  o o a ff ie lo a t a f  th e  p o te n tia l  

la  v«ry s n a i l  in  th ia  aaaa .)  Coluasn 3 la  th a  fa m ilia r  E*M*F* aa riaa  

f a r  IB a lae troX rtee  in  aquaow# ^ratana 111 In aeid* tak in g  th o  a i lv a r  

ia e iaad  a f  th a  hydrogen elao troda  as taro*  Coluaaa 4 la  t&kan from 

Tabla X flt  w ith th a  p o te n tia l o f a i lv a r  in  4.1 no lo  pore ant IgCX so lu tio n  

taken na taro*

TA8LS XfXX* Saria# In  Various Spat ana

S ( f a i t )

_______________ 1_________ I _________ i —  — i  ■

l i s a 3*42 0.41 0.YT
head (aim) *10 • I t 0 .92 »

Iron  (ana) ♦If • 1 .2 • f t
f i n  (mm) •XT •Of o.»3

Copper (mm) •04 ** 0 .2 8 .1 1
Molybdenum *15 «* 4* .04

S ilv e r 0 0 0 0

Tha p a ra lle lism  batwaaa th a  so ris#  f a r  AlOXĵ &G! X~HaCl so lvent 

(Column X) and f a r  purs aX aetrolyiaa (Column 2) and th a  la rg o  d if fa ra n sa
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so lven t th e  added metal ions have ample 

to  form ©©©flax aa ieae o f th® type  

th e  ex istence  o f  a  ©implex chlereplumbat# 

FbCXg m ixtures and la  molten XCl-PfeClg 

M ftftT* The s e r ie s  i a  the

free  ohlorid# lea with which 
*

«  lores©  had 

aa ioa l a  molten 

m ixtures by measure-

la rg e r  

a c tiv e

metals %ritn i i l f tT i  than in A ld | or pur© siolten material®* Th# 1*M*F*

aeries in  E&1-C4C1

toas so lven ts  have ¥ # «  compared m  to  th e i r  r e la t iv e  

o r  don&t# proions in  &eid«baa# 

ously compared as so lven ts ea tho  has i s  o f  th e i r  r e la t iv e  tendency to  

accept o r  donate h a lid e  o r o th e r anions* la  th le  ease* AXCX̂  is  apparently  

a  j&udh ‘weaker h a lid e  donor than 101  o r  1401 • Th® m etal io n s , th e re fo re , 

have a  g re a te r  tendency to  fe rn  eotfg&ax h a le-aa io as ia  th e  l a t t e r  th aa  

in  th#  former* This may he o f some importance l a  ©loot ro ly  s i#  o f 

m olten s a lt#  because th e  d e s i r a b i l i ty  o f  p la tin g  a metal, from a  eo la tio n  

o f  a  complex a s ia a  ra th e r  than  th e  wimple ca tion  in  order to  ob tain  

smooth fin e -g ra in ed  deposit® has been demonstrated m ay tim es in  ex

perience with aqueous so lu tions*

Th# aagnitade o f s ta b le  complex form ation which may occur even 

a t  &0O°€ I s  given by th #  follow ing ca lcu la tion*  The p o te n tia l fo r  

th e  c e lls  2a /la C l2  (pure) / /  AgCl /  %  i s  given ¥y hmvmm mm 0*427 

a t  400°C (Ref* f t Vol. I l l ,  p . 121)* The p o te n tia l fo r  th e  c e l l 3 

Zn/ZnQlg (4*1 mole %}f 14.01* 101  / /  kgCl /  Ag was found by us to  be 

1*277 a t  th#  same t  en p eratu re*  Th# d iffe ren ce  between th e  two should 

he th e  p o te n tia l  o f th e  ce ll*



60.

za /  2bS12 (4.1 «o l«  %) KC1, IU01 / /  Zafil2 (pur«) / 2a
Hie p o te n tia l  o f  th is  l a s t  #aH  h# #xpr#ss«d i s  %mmo o f tho 

n a t iv i t i e s  (oammUtg th a t  tho d l f fm rm m  in  tho  Junetiois p#«

ie a i i a l#  o f th #  tm Dani«l ©#1X« i s  a e g lig ih l# )  h f

*W * «olft
.i * — r  3m

ft ptsr*

where 1  * p o te n tia l  o f  th® ©oil * X.2f f  -*0*42? •  0 *S5 0  w it®  

a  * 2
& A

^solit * a o iiir itF  o f  fm in  tho  so im tion

®piir« * o f %m tho  pur# m ltm  stm t#

■r * 8?3®k
H and F a re  th #  gas e®n«t«*a£ and th#  Faraday# 

th #  m o t ooxi'vmxmt standard » ta t«  fo r  m o  w ith  j&oltea #1 astro*

Xyte# 1# th a t  o f  th #  pur# m l t m  s a il#  %  using  th #  pur# molten 

S leo tro iy t#  m  th e  standard  s t a t e  #**# mm a t  l e a s t  mm$ox® th e  molten 

so lu tion*  o f * l## tr# 2yto# w ith th #  pur# molten s a lt#  mom though th #  s ta te  

o f  th#  l a t t e r  i#  w&kxurwn* fah ijig  a# 1 . an# © olriag th #  #^u#t£#n

fo r  fltyg£g# w# f in d  th a t  th#  a t t i r i t f  o f th#  2s ^ +’ in  th #  4*1 mole % 

so lu iio n  i s  shoot 1®"*^ in  u n its  o f mole f ra c tio n . Sine# th#  oone#a- 

t r a t io n  i s  4 % 10~^ la  th#  l a s t  un its*  th #  amount o f  sin#  ton p resen t

l a  th #  ssaae stm t# o f  freed#® as i » th#  par# a im  oh lorido  I s  n eg lig ib le*

Hi# m tm t  ©f soX w ttea ©r oesplOK f  em o tio n  depend*t  not ©mly 

#m th #  solvent* h a t a lso  on th #  sa la t# *  A #  p o te n tia l  o f  th #  s i lv e r  

oomomtrmtiom. ©#11 which mm determined* I .e .?

Ag /  AgCl (4.1 m l*  j£)» KS1» I*iCl / /  AgCl /  Ag



S i.

wm$ hm wqprssssd hf

m  *

s c  _____  l*  . i g ? „
y  a  mlM

km m  mpprmmSmmM ion* tho  d iffu s io n  p o te n tia l ha® few#* ignored in  

t h i s  eavteaairs&istt ©#11 hmmmm th® JCGX**I3L€X m ixture p rs s sn t in  la rg e  

mmmmmrn Xu ©a# of th ®  solutions mug be considered mm #%mii?aX#f*4 t®  & 
mX% bridge* With 1 * 0*312 (from *M&« XTX) and t i n  before*

ag^xa to  be 0*016 in  mole f ra c tio n  u n its  compared to  a  concon*

tr& tiea  a f  0*041 in  th#  sans un its*  In  th i s  case th #  ex ten t o f so lv a tio n  

i s  no t very large*

B.Snafcgr^® determined th e  p o te n tia l*  o f th e  foil©wing molten 

c& ootrolyto eeXXs*

Fb /  PbCl2 / /  AgCl (1.856 H ), KC1, U.C1 /  A*| B» 0.127 m l*  ** 600®C.

»  /  PbSlg / /  A*C1 (pur») /  A* • V  0.31? w i t  i t  600^0.

His differ©*!## between th ese  values # f  1 9 0 *Xf2 v o l t ,  rep resen ts  th e  

p o te n tia l  o f th e  cone©ntration c e l l ,

Ag /  A*C1 (1 .8 5 8  8 ) ,  SCI, UC1 / /  AgCl (Pltr«) /  Ag. 

tftifertuaiat d y  t Suohy doss m t  g ive  th e  composition o f Ills igOl « &CX * 

LiOl m ixture except to  in d ic a te  th a t  th© norm ality m  ca lcu la ted  from 

th® sp e c if ic  g rav ity  o f th# m ixture according to  a  method which was 

to  be published In te r*  4 ca re fu l ssnrch  revealed  no p u b lica tio n  on

th #  m atter* In m  attem pt to  g e t m  mppmmiMmt® eonp&rieo&f th#

d en sity  of th e  4*1 mol# % so lu tio n  used in  our work m s  enleiKlst&ed. 

from th#  d e n s itie s  o f  pur® 14C1* £01  and igB l a t  &00®C assuming no 

volume change on mixing* th #  d e ta i l s  o f  th i s  c a lc u la tio n  w ill  be 

found In  th#  appendix* Hi# ^normality** o f  th#  4*1 mol# jt so lu tio n
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*nla#s fa r  th o  p o te n tia ls  obtained in d ic a te  th a t  tboso  m etals tend to  

farm oosqploxoa in  th i s  gal vent and ar® presen t mainly as th a  ohloro-* 

msrfc&l anion* Tha nag a f  p o te n tia l measurements such an %‘kmm in  

determ ining so lim tioa  n r  oospl «x*>formation in  u n it  an oloufyoljrt# so lv en ts  

hag boon oxplorod*

& now referen ce  s la n t rod a fo r  measuring p o te n tia ls  in  molt on s a l t s  

has horn dooorlfcod* I t  oo asist#  o f  s i lv e r  in  pur® no I t  on s i lv e r  ch lo rid e  

contained in  a  a iiitah l#  e e i l  to  redue# contam ination o f th #  e le e tro -  

l y t m  duo to  d if fu s io n  and eomrootion* Tho re fe ren ce  o lee tred e  has 

been shown to  ho stab le*  co n stan t, and rev ersib le*  I t  i s  easy to  

p repare and gay ho used ever a wide rang# of tem perature*

1  s im p lif ied  method fo r  th #  p repara tion  o f potassium  laeot&ohloro • 

m slybdate (1 1 1 ) and a nos method fo r  th#  p rep ara tio n  o f 

b ic h lo rid e  has boon described*
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E leoirodeposit fro® Aqueous Mo ly  M a te  Solution 

Aa attem pt to  jaredse# a  deposit from the  so lu tio n  described by 

Ksyelci and Tut earn m  page 5 5  o f  th e i r  a r t i c l e 3̂  produced only a  b lack 

Kum-adherent powder ©ear sh a t appearai t® b# a  discolored eathode*

Samples were th ee  p la t  ad fo r  as oh gold cathodes by S is te r  Esyeki 

and s e a t  to  a s  f a r  examination. The cathodes w a «  1*§ as a  6*4 on*

They were p la t  ad cm both sides* erne with 4*45 ag o f deposit*  the o th e r 

w ith 1^*06 mg o f deposit* This represented a  deposit th ickness o f 0*1  

and 0*4 ailerons reep o stire lj (assuming a  density  o f  10  fo r  th e  deposit)*  

Spectroscopic an a ly sis  o f th o  ta ro  gold sad o f th e  gold p lus deposit 

showed ih® deposit to  hare molybdenum* 0*1 to  Xjf Cu, and tra c e s  o f  Fe 

sad Mg* The deposit m s  thou s trip p ed  from th e  cathode by so lu tio n  in  

n i t r i c  acid* Molybdenum mmm determined eo lo rim etriea lly  sad gravimetric* 

a l ly  on each sample and copper m s  determined ee ler im eir iea lly •

The re s u lts  a re  l i s te d  in  Table KVHl*

T4BI»£ 1?III* Analysis of deposit from ifu eem  Molybdate Solution

1  t

Weight o f  deposit s tr ip p ed  from
cathode 4*45 Kg 19*06  mg

Molybdenum. $ (co lor im e trie ) |4  f  i

MeJyMenuai $ (grav im etric) 74 S i

Copper $  1*1 0*1

I t  should be noted th a t  pur# M©02 contains f j ^  Mo*

An e l  se t rosi d if f ra c tio n  p a tte rn  m e  e lse  i n  on one of th e  deposits  

(Mo* a)* Three 1 h e  were seen as d iffu se  halos which wore d i f f i c u l t



n .
to  measure. I t  m s  p o ssib le  however th a t  two o f them eorrespoadad to  

tvo  o f th e  stro n g es t l in e s  o f molybdenum*

f t  m o  suggested th a t  th e  deposit® might have ox id ised  in  t r a n s i t  

and m  S ie ie r  Esycki analysed s im ila r  deposits  p la ted  on gold as  soon 

as they wars predated# &  on iiapubitsfeed eosaramtsatiest oh# s ta te s  th a t  

"seme deposits  contain  more than  $ 0  molyhdemum** I t  &houid he noted 

th a t  & deposit co n s is tin g  o f 6($  molybdenum and 40$ M0O2  ®&«ld contain  

90$ Me by a n a ly s is .

Oaleulm tisn of Current EfF&eientF 

Iscord iag  be Faraday *e haw, f&t5§@ eonlomhs o f  e le c t r ic i ty  w ill 

deposit one gr a»"»equi v&lm t  o f  m etal when th e  deposition  o f  m etal i s  th e  

only reac tio n  occurring  a t  th e  cathode. % en o th e r reac tio n s  occur a t  

th e  electrode* th e  y ie ld  o f  m etal w ill  he th a t  f ra c tio n  o f  a gram-eqoiw* 

a le v t  oorre®ponding to  th e  f ra c tio n  o f th e  t o t a l  eurremt meed fo r  m etal 

deposition* The o arren t e ffic ien cy  fo r  a  re a c t ion  i s  defined as th e  percent 

o f  th e  t o t a l  emrront which i s  weed fo r  th a t  reac tion*  In  th e  ease o f th e  

e ls s tre d e p e e itie a  o f  a  m etal a t  a  cathode* th e  cu rren t e ffic ien cy  i s  ex~ 

pressed byt
& 40*1* * Jit.-. x f *65 a 10 * where €*£* S current efficiency
i t o  IB INsrsaat

g * weight o f th e  deposited  m etal in  grants 

# »  equivalent weight o f  th e  metal in  grmw 

i  s  cu rren t in  a v e r s e  

t  -  tim e in  seconds 

For th e  re a c tio n , l o ^ 'V l e  ^ l o ,  th e  equivalent weight o f  molyb

denum i s  o n e-th ird  o f i t s  atomic weight* or 3 1 *9$ g* In a ty p ic a l run



.in ih® XiCX-KCl bath  a t  9QQ&C9 4*0 g o f  i s l ^ d i u w  pooler m  produced 

l a  20  saiauies tr ith  a  t w f i a t  o f  %$ mwporm* 1iM refors* l a  ils is  ®ese9 

g * 4*0* i*  151 * * 1200* On s u b s t itu tin g  the©® values la  th#

equation f I t  1® found th a t  th e  cu rren t e ffic ien cy  mm XOQjl* When oc

h er e a t p la te s  were ob ta ined , th e i r  weight was determined h f c u ttin g  o f f  

th a t  p a r t o f th e  cathode which contained th e  dep o sit and weighing i t*  

th e  jeolybd®t3*  d ep o sit was than  d isso lved  la  1* 1  n i t r i c  ac id  and tb #  

bar® tungsten  cathode a t  rewoighed* th e  d iffe re n ce  was token a® th® 

weight o f  ih® sselybdosiisi deposit*

©slciiXmbies o f  th e  ^HarsiaXiby®8, of th e  4*1 mole $  JgSl Solution

Hi o rder to  c a lc u la te  th e  "norm ality* o f th© above so lu tio n  (I*#* 

th e  washer o f moles o f  l i X r n  ch lo rid e  p a r l i t  or o f  so lu tio n ) i t  i s  

mmmmmtf to  know th e  volume o f th e  so lu tion*  4a approximate value o f 

ih® volume eon be obtained from th e  density  o f  sash o f  th e  component s ,  

i f  one assumes m  velums ehsag® oa mixing* Th® d a ta  l a  fabl© XIX i s  

taken  from th«  Ittt«rnatieii»X C r i t ic a l  ta b le s*

TJUBLE XXX. Density o f Molten H alides

i»  th e  Molten KCX~£*iCX m a tu re

Substance

XiCl

P a a a ttr  « t  f>0 .  T*apw atar> Rang* {C«)

AgCl

1.7*2 -  4.32 * 10-4  T 626 t® 985

1.971 -  5 .8  * 10"* T ?«? to  958

5.267 -  9 .2  * 10”* t  628 to  783



lit Tutelo M* th #  s#eosd m lw m  give# th #  w«tgSit o f -taste aubataoc* 

in  tli# tli•  tteiwi e t l i i t t  i#  tte# o f  «asli substance a t

60CP€ saX©*tXat#i £*#« Tstel# 1 1 1 * Hi# foartte M i w  g&r®@ tte# m tm m  

#al#t)la&«d ffras tte® second an# th ird  colua««*

XX* % te n t  o f  4 ,1  mole f  AgCl So lu tion

s ^ « m »  » « » « * *  i P m l f T  f f f i / n t )  ( < 8 )
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FIGURE 1

Apparatus for Electrolysis of Fused Salts
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FIGURE m  

E le c tr ic a l  C irc u it Diagram

BPD? Double Pole Double throw Switch

A Abbs t e r

V Voltmeter

Potentiom eter

G Galvanometer

SO Standard C ell

E£ Reference E lectrode

Cell E le c tro ly s is  Cell

R e s is to rs

1 ID ohms

2 10 ohms

3 0 .5  to  SO ohms

k 0 to  1000 ohms

Hie p o rtio n  enclosed tor the broken l in e  was used only fo r  p o te n t ia l  and 

p o la r is a tio n  measurements.
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FIGURE J

X-Ray D if f ra c tio n  Pattern©  of Impure Deposit© from V arious Solution©

Ihe p a t te r  ms fo r the  pur© compounds a re  tak en  from th e  A«S»T«M* car© f i le *

A -  Cathode D eposit from Molybdat© S o lu tio n

B ~ Cathode D eposit from Low-Concentration TT ivalent Molybdenum S o lu tio n  

0 — Im purity  in  Cathode D eposit fro© Contaminated T ri v a le n t Molybdenum S o lu tio n  

© - Im purity  i n  E le c tro ly te  o f Contaminated TTi v a le n t Molybdenum S o lu tio n
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Fii.-uas 6

Qross-̂ etiurn of ado?-rent Uoiyfcd©rus yer after &*jj>oval cf ^ T'ivi«.: rovcer



4;.Tor aVl<

A«~t)epo s i  ted  Condi t i  on



- Fir'''2rj 8

Deposit of Figure 7 after hashing and Grinding bOi



±'U:x"i 9

Molybdenum D ep o sit in  th e  Dora o f  Sphered d a l G ran u les  >GX
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FIGURE 11A
■ ctlcr d ' Gobn^'ent Vv T c . r s i t  ' 7- .. :i Ul-,: >Xl c cl u tlor, * j U'L

1001



FIGURE 11B

Same Deposit as Figure 11A, Btched to Show Grain Structure pOCX



FiiiUBE 12A- * %

G ross-Section of Molybdenum D eposit from Lid-K O I S o lu tio n , 900 °C 1QQX



Deposit as Figure 12A, etched to Slav Drain Structure



Fi^u itK 13

£ lec troT 0rme d Molybdenum To.be arid Cup



FIGURE Hi

Ifolybdenun Powder Deposit on Cathode, as it appears after Inner si on 

in Dilute HGL to Dissolve Adhering ELectroiyte



FIGURE 13

Molybdenum Powder from 100 g Batch Produced at 6o0°0 from LiCl-KOI Solution

SOX
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Particle Size Distribution of Molybdenum Powder in 100 g Batch



FiGUEii 17

G ross— l o t i o n  c f  Gorspactad and s i n t e r e d  koiybdexnira B ar P re p a re d  from  

iSLeetro ly t i c  Molybdenum Powder 100X



FIGURE 1 8 A

Large Nodules of H ig h -h irity  Molybdenum Fowder* As-Deposited



FIGURE 18B

Same Nodules Shown ir? Figure 18/. after Flattening 50X
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Nodules of Sane deposit as Figure Id A, i'tched to Show Grain Structure 1001



iaation and Potential Measurements





FIGURE 20

D e ta il o f  Boferonoo KLeetrode H alf-C oil
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FIGURE 21A

Polarisation Curves for S olu tion  of K̂ MoGL̂  in  I1C1—KG1 (0 to 100 a a p / )

•  600 °C, O  700 *C, © 8 0 0 * 0 , ®  900°c
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Um Ourront Y m n s x i t f  jro rtien  o f  Curves in  f ig u ra  2iA (0 to  10 map/dm2}
%  6 0 0  '0 , 0 7 00 Gs © aoo '■ C, <1 £00 :c



P o la r i s a t i o n  Curves f o r  Oxygenated Solutions of Molybdenum Salts 

k -  Air— Contan in& tec S o lu t io n  o f  K^MoGl^ i n  L i SL-KC1

•  600 0* O  700 #  800'’C
1 -  S o lu t io n  o f  KvMoO  ̂ x ri 1_ ‘ a •i ~ m“  L CO.
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