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High Purity Gadolinium by the Electrolysis of GdF3 
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The anodie overvoltage on carbon and plat inum electrodes in the electro 
chemical production of high purity gadolinium from molten 75 LiF-25 molto 
GdF 3 solutions is discussed. At the cell temperature of 840~ calciumim- 
pregnated anodes led to the reduction of inert electrode films and to a current 
yield of nearly 100~o. 

The deposited gadolinium contained 75, 22, 54 and less than 100ppm of the 
interstit ial elements H, N, 0 and C respectively; the concentrations of the 
highest other analysed impurities were: Si(89), Fe (15), Y (5), Zr (3), Nd (3), 
Tb (71), Ta(49), W(23) and R e ( <  3ppm). 

(Keywords: EIectrolysi,s of gadolinium fluoride; Fluorine overpotentials; 
Gadolinium, high purity) 

Hochreines Gadolinium dureh die Elektrolyse yon GdF 3 

Es werden die anodische i)berspannung an Graphit- und Platinelektroden 
bei der Herstellung yon hoehreinem Gadolinium durch die Elektrolyse yon 
75LiF--25mol~oGdF a Sehmelzen diskutiert.  Bei der Zelltemperatur yon 
840~ ffihrten Caleiumdmpr/ignierte Anoden zum Abbau polarisierender 
Elektrodenfilme und zu einer Stromausbeute von nahezu 100~. 

Das abgeschiedene Gadolinium enthielt 75, 22, 54 und weniger als 100 ppm 
yon den interstitiellen Elementen H, N, O und C; die Konzentrationen der 
h5ehsten anderen analysierten Verunreinigungen waren : Si (89), Fe (15), Y (5), 
Zr (3), Nd (3), Tb (71), Ta (49), W (23) und Re ( < 3 ppm). 

Introduction 

High  p u r i t y  gado l i n ium (99.95~o) is used  tbr  t he rmoe lec t r i c  devices  
(p repa red  a t  the  Ames  L a b o r a t o r y  b y  metal lot ,  he rmic  reduct ion1) .  The  
m e t h o d  involves  a series of p r o d u c t i o n  s teps  which  cause ser ious 
con ta ine r  p rob lems ,  since gado l i n ium reac t s  w i th  or dissolves  mos t  
ma te r i a l s .  Tungs t en  p r o v e d  to  be the  bes t  crucible  m a t e r i a l  as far  as 

* Par t ly  performed at  the Ames Labora tory--U.S.  Department  of Energy. 
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metallic impuriti(,s are concerned (0.003~oW in the final Gd). Un- 
fo r tuna te ly  it suffers t?om the d isadvantage ,  t h a t  the material  is 
expensive, hard  to fabricate  and the crucible' can f requent ly  be use, d 
just  once, since tungs ten  tends to crack when gadol in ium solidifies. I f  
t a n t a l u m  is employed,  v a c u u m  melt ing at 1,800 ~ which is m'cessary 
to per tbrm in any  case, requires a subsequent  distil lation to reduce the 
t a n t a l u m  concent ra t ion  in gadol in ium to less than  10ppm.  The 
distillation runs at  a rate. of  1 g/h in a v a c u u m  of 10 9 Torr  to p ro tec t  the 
metal  f rom impurities.  However ,  it is no t  possible to reduce the oxygen 
contaminat ion ,  since the vapor  pressure of gadol inium oxides is high 
enough to distill along with the m~,tal. The gaseous impurit ies (H, N, 
0),  once present  in any  tbrm in the react ing system, end up a lmost  
invar iably  in the gadol inium metal.  This means t h a t  the process has to 
be s ta r ted  with ext remely  pure raw materials  and all operat ions  have to 
be carri(,d out  in a highly purified, inert  a tmosphere .  

Recent ly ,  electrorefining methods  prow~d to solve this expensiw,, 
t ime-consuming container  and handl ing problem for the prepara t ion  of 
high pu r i ty  gadol inium 2. The employed molten fluoride ~lectrolytes 
revealed a par t icular  purif icat ion efii,ct with respect  to oxygen and 
tan ta lum.  I t  is the objective of  the present  s tudy  to inw;stigate the 
pur i ty  of electroerystall ized gadol inium using GdF  a as the s tar t ing  
material.  

Experimental 
The electrolysis of gadolinium fluoride was started with a 75 LiF 25 molto 

GdF 3 solution analogous to the, liberation of alkali metal and halogen from the 
fused alkali halide. Fluorine, atoms, liberated by the electrolysis, are capable of 
entering between the layers of the carbon anode. A pseudo polymer of carbon- 
tluoride is supposed to be formed, which will decompose into fluorearbons of 
low molecular weight. One might expect that these fluoro carbons would evolve 
fl'om the anode and generate a renewed surface in contact with the melt a. 
However, the electrolysis could not be peribrmed, since the graphite anode 
showed inert character (Fig. 1). Thus a cell current of 0.5 A was maintained at 
the cell voltage of 8 V; a value much higher than the theoretical decomposition 
voltage of pure GdF a (4.8 V). 

Each of the graphite, platinum and calcium-impregnated anodes was 
designed with a geometrieM surface area of 10 cm~. The corresponding current- 
voltage relations are given in Fig. 1. I t  is noted that the deposition of 
gadolinium does not cause a significant cathodic overvolt,age 4. Fig. 2 shows the 
shape of the grown [001] crystals using a calcium-impregnated anode. The cell 
voltage in the electrolyte was equal to 0.7 V. The chemical analysis of the 
deposited gadolinium is presented in Table 1, the deposition rate and current 
efficiency in Fig. 3. 

Since commereially distilled calcium is likely to contain considerable 
quantities of hydrogen, earbon, oxygen and nitrogen, caleium was distilled at 
825 ~ under a helium pressure of about 6 Torr 5. I t  was not necessary to purify 
the helium, because gaseous impurities react with hot calcium and remain at 



T a b l e  1. Analysis of the electrolyte uolution and electrolytically prod~,tced 
9adoliniwm (ppm ) 

L i F  G d F  a G a d o l i n i u m  L i F - - G d F  a G a d o l i n i u m  
s o l u t i o n  m e t a l  s o l u t i o n  metal 

a) V a c u u m  f u s i o n  

H 75 
N 22 
0 54 

b) W e t  c h e m i s t r y  

C < 100 

c) S t . anda r i zed  s p a r k  s c o u r s e  m a s s  s p e c t r o m e t r i c  

Li  
B 
N a  < 0.06 
Mg  

A1 < 0.07 
Si < 0.4 
P 
S < 0.04 
K 0,2 
Ca  
Ti < 0.3 
V < 0 . 1  
Cr < 0.3 
Mn < 0.03 
Fe  3 
Co < 0.2 
Ni  0.6 
Z n  < 0,002 
Ga  < 0.04 
Oe < 0.2 
As  < 0.03 
Se < 0.1 
R b  < 0.1 
8 r  < 0.6 
Zr  < 0,1 
N b  < 0.5 
Mo < 0.4 

R a r e  e a r t h  i m p u r i t i e s  

Sc < 0,06 
Y 1 
L a  2 
Ce 5 
P r  2 
N d  2 
S m  4 
E u  48 

a n a l y s i s  

< 0.04 R u < 0.2 < 0.1 
0.02 R h  < 0 . 0 5  < 0.04 
0.4 P d  < 0.1 < 0.7 
0 .15 Ag  < 0.3 < 0.04 
0.7 Cd < 0.04 < 0.03 

89 I n  < 0.02 < 0.02 
0.08 Sn  < 0.09 < 0.05 

< 0.2 Sb < 0,04 < 0.02 
< 0.25 fly < 0.05 < 0,03 
< 0.7 Cs < 0.003 < 0,003 

0.4  Ba  < 0.07 < 0,07 
0.03 H f  < 0.1 < 0.9 
0.7 (700*) T a  < 0.3 49 
0.07 (30*) W < 1 23 

15 (10 ,300")  R e  < 0.5 < 3 
< 0.01 (35*) Os < 0.8 < 2 

0.07 (3 ,100")  h '  < 0.4 < 0.2 
0.1 P t  < 0.6 < 0.4 
0,02 Au  < 0.09 < 0.08 

< 0.1 H g  < 0.09 < 0.06 
0.02 T1 < 0.06 < 0.04 
0.35 P b  < 0.03 < 0.1 
0.01 Bi < 0.05 < 0.4 
0.06 R a  < 0.3 < 0.3 
3 T h  < 0.6 0.7 
0.2 U < 0.3 0,3 
1 

< 0.6 T b  1 71 
5 Dy 0.6 2 
2 H o  0.3 0.7 
5 E r  < 1 < 0.6 
2 T m  < 0.4 < 0.2 
3 Yb  < 2  < 2  
0.7 L u  < 2 < 0.9 

< 1  

* C o n t a m i n a t i o n  o b t a i n e d  in s t a i n l e s s  st, c(,] cells. 
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the bottom of the still. The obtained calcium showed almost no contamination 
ti'om the stainless steel condensor; less than 1 ppm Fe, Co, Ni and Ti. The 
oxygen analysis averaged at about 30ppm, nitrogen below 10ppm, but 
hydrogen varied between 50-200 ppm. 

The individual rare earths are separated from gadolinium by getting the 
Gd.~O 3 necessary for the preparation of GdF 3 free from the contamination of the 
other rare earths. This was indicated, because the individual standard electrode 
potentials of the rare earths differ not substantially. The total contamination of 
the used Gd203 by the other rare earths was less than 25 ppm. I t  was prepared 
at  the Ames Laboratory US-DOE by the ion exchange method 5. 

The pure Gd203 was then converted to anhydrous fluoride in a platinum 
lined ineonel furnace. A gas stream of 60~o argon and 40~ HF was turned on 
and the temperature slowly, over a period of hours, increased to 850 ~ Thus a 
low water vapor concentration was maintained in the furnace. Otherwise 
considerable amounts of oxyfluorides were formed, which can not be recon 
verted. The resultant GdF 3 sponge contained about 100ppm oxygen. 
Additional melting of the sponge in a stream of argon and H F  completed the 
conversion and solid GdFa with about 20 ppm oxygen was obtained a. A similar 
process was applied for the fluorination of LiF. The chemical analysis of the 
electrolyte is given in Table 1. 

Electrodics 

Besides  the  m a n y  diff icul t ies  i nhe ren t  in the  p r e p a r a t i o n  of  f luorine 
e lec t rodes  and  reference e lectrodes ,  the  reason for the  p a u c i t y  of  r epor t s  
on e lec t rode  k ine t ics  of  f luor ine  evo lu t ion  s tems  f rom p rob lems  wi th  the  
con ta ine r  d u r a b i l i t y  and  the  p u r i t y  of  the  electr ic  ba th .  A review o f  
pape r s  on chlor ine overpo ten t i a l sa ,  on the  res i s tance  o v e r p o t e n t i a l  b y  
d ischarge  of  the  chlor ide  ion 7, on the  h y d r o g e n  o v e r p o t e n t i a l  in fused 
K H S O a  s and  a s t u d y  on the  m e c h a n i s m  of  the  anodic  d ischarge  in 
c ryo l i t e - a lumina  9, has  led to the  a s s u m p t i o n  t h a t  the  cell cu r ren t  is 
d e t e r m i n e d  b y  reac t ions  in connec t ion  wi th  f luorine evo lu t ion  r a the r ,  
t h a n  b y  the  w e t t a b i l i t y  of  the  anode  b y  the  e lect rode.  

As is k n o w n  f rom gado l in ium ref ining e x p e r i m e n t s  4, the  depos i t ion  
ove rpo t en t i a l  of gado l in ium is e x t r e m e l y  low. Consequent ly ,  the  ob- 
se rved  cell vo l t age  is d e t e r m i n e d  b y  the  anodie  overvo l tage ,  which  is 
subd iv ided  into  th ree  r eac t ion  steps,  

I.  D ischarge  of  f luorine ions 

a) G d F ~  ~__~ C . . . .  F + G d F  a + e 
G d F $  --~ P t  . . . .  F + G d F  3 + e 

~--F2 + GdF3 + e b) C . . . .  F + G d F  4 --~ 
P t . . . F  + G d F 2  ~ _ F  2 + G d F  3 + e -  

I I .  A t o m i c  r ecombina t i ons  

C F + C  F - ' F  2 
P t .  F + P t  F --~F2 . . . . .  4 - - -  
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C . . . .  F, P t . . .  F represent atomic fluorine adsorbed on graphite and 
pla t inum electrodes respectively. Although i t  was not possible to obtain 
experimental  values of the Tafel equation, the fact tha t  fluorine was 
not directly observed as fluorine gas, and because of the high atomic 
resistanee of the current-voltage curves (Fig. I), it may be assumed tha t  
fluorine desorption controls the rate  of the anode reaction. This is 
reasonable since in the first place fluorine is a highly oxidizing element 
with a low solubility in the electrolyte. Secondly, studies of chlorine 
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Fig. 1. Voltage--current diagram for the deposition of gadolinium i~? the 
75LiF 25mol~GdF 3 electrolyte, a Graphite anode (1,050~ b Platinum 
anode (1,050~ c Calcium-impregnated anode (840~ d Gadolinium anode 
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evolution on different types of graphite  materials in a NaCI AgC1 melt 
a t  750 ~ by the double pulse method to reveaI tha t  charge transfer is a 
fast reaction. Fur thermore  Hoff 11 found considerable re tardat ion of the 
chlorine evolution in various melts. In  correspondence with the slow . 
recombinat ion reaction Clad + CI~d ~ C12(g ) the Tafel slopes were con- 
sistent with the theoretical slop(, RT/2F (Lit. 12, is). 

Graphi te  anodes tried for the electrolysis of GdF a (Fig. 1) turned out 
to be highly polarized al though the formation of fluorocarbons is 
proposed 14-1a. Their inertness may  be rationalized by liberated fluorine 
atoms, which are adsorbed at the electrode. Such a film would prevent, 
the wett ing of the electrode by the bath. By the use of plat inium 
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~'l('etrodes the polarization decr('asr approximate ly  by a factor of ten 
(Fig. 1). Th(, lower polarization may  be related to the chemical struc- 
ture of the, electrodes, since the ~-eh,ctrons of the carbon atoms a t t rac t  
fluorim~ with the fbrce o f ' a  covalent bond while the consumption of 
pla t inum mr may  lead to the formation of the volatile hexafluoride 
and the' mor(, ionic te t ra thor ide .  In the' absence of easily oxidized 

Fig. 2. High purity gadolinium dendrites grown from the 75 LiF 25 mol}/o GdF 8 
solution at 840 ~ Growth direction perpendicular to the hexagonal basis plane 

of' the gadolinium crystals, a/c ratio 0.629, cell voltage 0.7 V 

elements P t F  6 is very stable and shows a high oxidizing power. I t  may 
even remove an electron from the oxygen. Therefore, p la t inum hexa- 
fluoride is probably  present in the electrolyte as an O~[PtF6]-  type of 
complex. 

In  order to lower th(' anodic overpotential  the 

Pt, Fs ] LiF GdF~ I Gd 

cell was modified by the introduction of calcium impregnated anodes 
into a cell of the type 

Ta I Ca I CaFs LiF- -GdF3 t Gd 
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in which the following electrode reactions occur: 

3 C a + 6 F  - - ~ 3 C a F 2 + 6 e  
2 G d F  3 + 3 e -  - - * 2 G d + 6 F  

This technique led to an approximat(, ly Faradayic yield in the electro- 
lysis (Fig. 3), and the initial cell voltage of 6 10V experienced with 
graphite anodes was reduced to values ( ~ 0.7 V) comparable to those of 
electrorefining cells. The thermochemical  dissolution of calcium in the 
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Fig. 3. Deposition r~t{, and effici(,n%~ of the electrolysis of GdF 3 ; dectrolytc: 
75 LiF 25 mol~ GdF 3 ; temp(,rature : 840 ~ 

salt was negligible, because of its low solubility in the electrolyte. CaF2 
integrates completely into the electrolyte; its thermodynamic  stabil i ty 
prevents  an undesired interference with the deposition of ul trapure 
gadolinium (0.7 ppm Ca). 

Fur thermore,  thermodynamic  equilibria allow an approach to 
predict the reaction of' container materials with the molten electrolyte. 
They may  be expected to corrode until their potential  is raised by 
oxidation to the redox-potential  of the melt. The corresponding 
diagrams, constructed similarily to those suggested by Edeleanu 
etal .  17, reveMed an act ivi ty  for Fe 2+, Ni 2+ and Cr e§ ions in the 
electrolyte of less than 10 5. This low metM ion activities indicate 
stainless steel as a reasonable construction material.  Ew~n though, the 
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gadolinium dendrites deposited in a stainless steel crucible contained 
700ppm Cr, 10,300ppm Fe and 3,100ppm Ni. 

A thermodynamic evaluation of the compatibility of niobium, 
tantalum and molybdenum was not carried out, because the identity 
and stability of their lower fluorides in the molten salt are not known. 
However, it was found experimentally tha t  the contamination of 
eleetroerystallized gadolinium by a tanta lum container is several 
magnitudes below that  caused by the stainless steel cell. The analysis of 
Table 1 refers to gadolinium (49 ppm Ta) deposited in a tantalum cell. 

Conclusions 

Information available at present on kinetic parameters at solid 
electrodes in halogenide salt solvents is insufficient to allow any 
generalisation. In particular those concerned with the study of fluorides 
lace serious problems in at tr ibuting certain phenomena to particular 
data. 

The rate-determining fluorine dissolution linked with graphite and 
platinum anodes is avoided by using calcium-impregnated electrodes. 
By the discharge of electrode films at the anode, the deposition current 
increased from 0.3 to 5 A, and the cell voltage for the electrolysis of 
gadolinimn fluoride was reduced to values comparable with those 
obtained in refining cells (0.7 V). 

The chemical analysis of the electrochemically produced gadolinium 
metal resulted in 75, 22, 54 and 100 ppm for the interstitial elements H, 
N, 0 and C respectively. The highest concentrations of rare earth 
impurities were Y(5), Ce(5), Nd(3), and Tb(71ppm).  Tantalum 
crucibles provided a substantial improvement over the ceramic con- 
tainers mostly used till now. Thus a principal problem of high- 
temperature molten salt chemistry is solved, and further experimental 
work on electrode kinetics may result in more reliable data. 

A number of industrial firms state tha t  their gadolinium is four or 
five 9's pure. Usually only certain impurities present are analysed and 
subtracted from 100~o or alternatively, it is the puri ty with regard to 
other rare earths or to other metallic ions which is expressed. 

With ear(, it is not difficult to produce metal which is 99.9~o pure in 
this respect, but  the problem becomes complex if nonmetallic im- 
purities are included, since, the rare earths getter these element, s at all 
stages of manufacturing and handling. The gadolinium (approximately 
99.95~o pure,) prepared by the processes described in this series of papers 
is to be considered as ultrapure in comparison with the gadolinium of 
highest puri ty presently available, because the present specification 
represents a total chemical analysis. 
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Reduct ion  of all the other  rare ('al'ths to less than  100 par ts  per 
million impur i ty  content  was main ly  achi( 'vcd by the separat ion of' the 
initial s tar t ing  material  of the exp(,riments, Gd.)O3, th rough  ion ex- 
change' m(,thods. In  mos t  cases emission spect roscopy failed to give 
accura te  da ta  in the concent ra t ion  range of' 10 par ts  per million, and it 
was necessary to use a specially cal ibrated mass spectrograph.  These 
two m(' thods,  which have proved  essential to  the present  studies, were 
originally developed by the metal lurgical  and analyt ical  group of  the 
Ames L a b o r a t o r y - - U S D O E  and the I o w a  Sta te  Universi ty.  
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