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Electronic Conduction and Electron Mobilities in Molten 
NaCI-Na Solutions 
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ABSTRACT 

The electronic conductivity of molten NaC1-Na solutions was determined as a function of the activity of Na at 850 ~ and 
900~ by using the Wagner polarization technique. A transient technique was used to determine the diffusion coefficient 
and the mobility of electrons. A thermodynamic defect model was applied for calculating the concentration of defects as a 
function of the activity of Na in NaC1. 

The study of mixtures of molten salts and metals has re- 
ceived much attention. Bredig and co-workers (1) carried 
out a comprehensive examinat ion of physical properties of 
binary mixtures of salts and metals, focusing on alkali and 
alkaline earth systems. Phase diagrams and electrical con- 
ductivities were determined for a large number  of systems, 
among them the NaC1-Na system. Dissolution of Na in 
molten NaC1 gives rise to an increase in the total electrical 
conductivity, which increases as the activity of Na in- 
creases. 

* Electrochemical Society Active Member. 
1 Present address: University of Trondheim, Laboratories of In- 

dustrial Electrochemistry, N-7034 Trondheim, Norway. 

The excess conductivity is believed to be electronic. 
Molten alkali halide-alkali metal mixtures are completely 
miscible above a certain critical temperature, and the so- 
lutions exhibit a continuous transformation of the elec- 
tronic structure from metallic to nonmetallic states. Spec- 
troscopic measurements in salt-rich alkali systems, 
reported by Freyland and co-workers (2), suggest the for- 
mation of localized electronic states similar to F-centers in 
solid crystals, i.e., electrons are localized at anion vacan- 
cies. At higher metal activity approaching the metal-non- 
metal transition, associated F-centers may be formed. The 
thermodynamic properties of some molten alkali halide- 
alkali metal mixtures were studied by Smirnov et al. (3). 
Data for the activity of Na in molten NaC1 were reported. 
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Egan and Freyland (4) have proposed a thermodynamic 
defect model  for molten NaBr-Na mixtures similar to that 
used for crystalline alkali halides with excess metal de- 
veloped by Kroger (5) and Wagner (6). The model takes 
into account equilibria between different defects. The con- 
centration of anion vacancies, electrons, F-centers, and F- 
center dimers in molten NaBr was obtained as a function 
of the activity of Na fitting thermodynamic data to the 
model. In a recent paper by Haarberg et al. (7) this model 
was used to describe molten NaBr-Na and NaI-Na. The 
electronic conductivity was measured, and a good agree- 
ment  between the thermodynamic properties and the elec- 
tron transport properties was obtained. In the present 
paper the same approach was applied to molten NaC1-Na 
solutions along with measurements  of the electron mo- 
bility. 

Techniques for the Measurement of Electronic 
Conduction and Electron Mobilities 

Elec t ron ic  c o n d u c t i v i t y . - - T h e  Wagner polarization tech- 
nique is usually used to study electrical conduction in sol- 
ids exhibiting both ionic and electronic transport. The 
method has been thoroughly treated in the literature espe- 
cially by Wagner (8) and Kroger (9). It has also been em- 
ployed to study the movement  of electrons in molten salts 
(10, 11). A brief description is presented here for the con- 
venience of the reader. 

This is a dc method  using cells of the following type 

Fe(s)lNaCl(1)lNa - Bi(1)~Na=0.1 [I] 

where the Na-Bi(1) alloy serves as a reference electrode 
with known activity of sodium and the iron serves as an 
inert electron conductor or blocking electrode. One ap- 
plies potentials across the cell which are lower than those 
necessary to decompose the NaC1, the irpn electrode being 
negative. In this way ionic currents are suppressed and 
only electronic current flows. There is no gradient of elec- 
trical potential within the bulk of the NaC1, otherwise ions 
would move. Under  steady-state conditions which take 
10-15 min after each potential change, the current density 
is given by 

K~ ( 0 ~  / [1] 
Je = ~ \ ~ X /  

where Ke is the electronic conductivity in NaC1, F is the 
Faraday, and ~le is the electrochemical potential of elec- 
trons [see Wagner (8) or Kroger (9)]. The ionic current den- 
sity is given by 

Ki~ ff~Na O'Oe t 0 [2] 
J~~ = - ~ \ ox o x /  

where ~Na is the chemical potential of Na in NaC1. Since 
Jion = 0 

where G is the cell constant and I is the steady-state cur- 
rent of cell (I). 

In order to obtain the electronic conductivity in NaC1, 
steady-state current-potential curves were obtained and 
then differentiated to yield Ke. Further, the conductivity 
was obtained as a function of sodium activity using 

[(E:  0)F] 
aN~=exp - R T  J [7] 

where E ~ is the potential of the Na-Bi electrode vs. pure so- 
dium taken from the extensive literature on this system 
(12-15). 

Elec t ron  m o b i l i t i e s . - - T h e  diffusion coefficient and mo- 
bility of electrons in the melt  may also be measured by ob- 
serving the cell's approach to steady state. When a poten- 
tial is imposed on the iron electrode, a chemical potential 
of sodium is produced in the NaC1 at this point and with it 
a given concentration of  electrons. These electrons then 
diffuse toward the reference electrode according to Fick's 
second law. The concentration of electrons as a function of 
t ime and distance from the iron electrode is given by the 
following equation [see, for example, Cranck (6)] 

c = c l + ( c 0 - c l )  X + 2  C0 COS n~ el 

l ~ n = l  n 

n ~ x  { Dn2~2t~ 
sin l expk---- - /y  - )  [8] 

where c~ is the electron concentration at the iron electrode, 
Co is the concentration at the reference electrode, x is the 
distance from the iron electrode, D is the diffusion coeffi- 
cient of electrons, 1 the distance between the iron electrode 
and the reference electrode, and t is the t ime in seconds. 
The flow of electrons, j, is then given by 

( O~x) D(Cl - Co) j = - D  
x-O 1 

2Dco Dn2~2t ~ 
,.. (-1) ~exp - 

t n : ,  / 

+ -  _ exp 
l n=l 12 ] T 12 

[9] 

The quantity of electrons flowing in the cell is given by 

= ( t j d  t _ D(c~ - Co) 
Qt f t 

Jo 

- ~--2 ~-1 n 2 1 - e x p  l 2 ] J  

01XNa c~'qe 
Ox Ox 

[3] 

Since the cell is designed (see Experimental  section) so 
that the compar tment  between the two electrodes has a 
constant cross section, integration of Eq. [1] using Eq. [3] 
gives 

1 fff~ I Je = ~ ref K~d~tNa [4] 
~Na 

The chemical potential of Na at the iron electrode is re- 
lated to the voltage impressed across the cell, E, by 

Fe ref ~Na -- ~tNa = -- FE [5] 

Differentation of [4] and [5] with respect to ~FN~ and substi- 
tution gives 

Ke = l dlge} = G dlII [6] 
dE dE 

4co,  1[ ( 

At longer times with t --~ =, Eq. [10] reduces to 

D(c, - Co) l 

Q t -  l 
- -  t + ~ ( c ,  - c0) [11] 

The total number  of coulombs passed through the cell as a 
function of t ime is given by 

D(cl - co) FA 1 
t + co) FA [12] Q = I ~ (cl - 

where F is the Faraday constant and A is the area of the so- 
dium chloride compartment.  Thus, if one imposes a volt- 
age across the cell at t = 0 and measures the coulombs 
until steady state, one obtains the diffusion coefficient of 
electrons as follows. The slope of a plot of Q vs. t is given 
by 
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D(c~ - co) F A  Dc~FA 
Slope - = - -  [13] 

l l 

when the concentration of electrons at the reference elec- 
trode is much smaller than that generated at the iron elec- 
trode. The intercept of the plot is given by 

l l 
Intercept  = -- (c~-  c0)FA -- -- c~FA [14] 

3 3 

Since I = d Q / d t  

Slope /2 
D - [15] 

Intercept 3 

II 2 
D = - -  [16] 

(Q - I t)3 

Therefore measurements  of Q were taken for a t ime t until 
steady state was reached and Eq. [16] used to obtain values 
of D. The mobili ty of electrons was then calculated from 
the Nernst-Einstein equation 

u~ = (DF)I(RT)  [17] 

Exper imental  Deta i ls  
The experimental  cell is shown in Fig. 1. A tantalum cru- 

cible contains the salt (NaC1 single crystals of optical 
grade) in contact with a Na-Bi alloy (= 10 mole percent 
(m/o) Na). The Fe electrode is placed inside a sapphire cap- 
illary (4.2 cm long, 3 mm id). A vacuum-tight  seal is formed 
between iron and sapphire. This seal prevents the evapora- 
tion of Na, which is essential for obtaining good results. A 
constant potential is imposed across the cell making , the 
Ta cup positive and the Fe electrode negative. The current 
through the cell is measured as a function of time, ~nd the 
steady-state value is recorded. A series of such corre- 
sponding data is measured so that the electronic conduc- 
tivity can be calculated as a function of potential. The cell 
constant is determined by the geometry of the sapphire 
capillary. AC resistance measurements  are also made peri- 
odically between the Ta cup and the Fe electrode as a 
control. 

A transient technique is applied to the same cell in order 
to measure the diffusion coefficient of electrons. The cur- 
rent response to a potential applied across the electrodes is 
measured until steady state is attained. The total number  
of coulombs passed is recorded and the diffusion coeffi- 
cient calculated from Eq. [16]. 

A reference electrode consisting of a Na-Bi alloy placed 
inside an alumina tube is also shown. The amount  of Bi is 
accurately known. This reference electrode is used to 
check the composit ion of the Na-Bi alloy in the tantalum 
cup which can vary over a period of several days due to 

(/ \ ) 

S 

Ta - Wires 

Fe - Sapphire 
~1t Cone Sealing 

Sapphire Capillary, 
~ 3mm Boring 
/ ~ AI203 Tube 

~ N a  - Bi Alloy 

~ Mo/ten NaCI 

~ N a  - Bi Alloy 
X Na = 0.1 

~ T a  - Crucible 

Fig. 1. Experimental arrangement used for cell [I] 

evaporation of sodium. All Na is coulometrically removed 
from the reference electrode and then added again until 
the potential between the reference alloy and the larger 
Na-Bi alloy is zero. The composit ion of the Na-Bi alloy in 
the tantalum cup is then known, and the activity of Na is 
calculated from thermodynamic data for Na-Bi alloys 
(12-15). 

Defect  Model  
It has been found helpful to explain the results reported 

in this paper in terms of a defect model  generally used for 
ionic solids. Details are presented by Kroger (5) and Wag- 
ner (6). The complete analysis has been previously set 
forth in the two publications dealing with NaBr and NaI 
(4, 7). A brief review will be given here for convenience of 
the reader. The notation of Kroger is used. 

The addition of Na to liquid NaC1 can be represented by 
the following set of equations and associated equilibrium 
constants. The concentration of defects is small so that 
concentrations are used in place of activities. 

[V~,l[e'] 1 x = - , N a + C c l  V51+e +NaC1K~ [18] 
aNa 

V~I is an anion vacancy [see Ref. (5)] and e' is an electron in 
the conduction band 

i x x N a + C c l = V c l + N a C 1  

where V~ is an F-center in the melt  

2Na + 2C1~1 = (Vcl)~ + 2NaC1 

[V~x] 
K m -  [19] 

aNa 

[(Vc,)~ 
K,v - [20] a2~ 

Y x with ( c~)a representing an F-center dimer. In addition, the 
following internal equilibria are present 

e' + h" = 0 [21] 

where h" is an electron hole 

V6, + VN~ = NaCI 

VN~ being a cation vacancy. 

[22] 

[ye~[e'] 
V ~ e' - e l  = VCI ~- Kv~i [23] 

[v~] 

2V~1 = (Vc,)~ K~II - [(Vcl)~] [24] 
[v~] 

(Vcl)~ = (Vcl)~ + e' Kix' - [(Vc~)~][e'] [25] 
[(Yc,)~] 

Also, electroneutrality demands that 

[e'] = [V~,] + [(Va)~] [26] 

neglecting the concentration of cation vacancies which is 
very small in the activity regions studied here. The devia- 
tion from exact stoichiometry in the melt  is given by 

B = [V~] + 2[(Vcl)~] + [V~d + 2[(Vo)~ [27] 

Combining these equations as shown in Ref. (4) one ob- 
tains expressions for the deviation from exact stoichiome- 
try 8 as a function of tZNa 

= K d .  + 2K  ,I a~a \aL/ 

[ ,,2 (ONaF1 
+ KvH K v m  \a~,,/-- + 2Ki-xl ~KvH \~a / . /  J B ,~2 [28] 

where B 1 + (K~xIIK~, ii ii = aNa/aNa) and aNa is a constant equal 
to the activity of sodium where [V~l] = [(Vcl)~]. 
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Table I. Results of transient meesurements on cell [I] 

T = 850~ E ~ = 0.867 Vm = 38.20 
E D / s t e ady  U e  
(V) (cm ~ s -') (~A) (cm ~ V 1 S-I) 

0.650 0.0094 284 0.097 
0.675 0.0093 349 0.096 
0.700 0.0095 454 0.098 
0.725 0.0095 590 0.098 
0.750 0.0101 787 0.104 

Table II. Results ef transient measurements en cell [I] 

T = 9 0 0 ~  E ~ = 0.874 Vr~ = 38.91 
E D /steady Ue 
(V) (cm z s-b (vA) (cm z V -~ s-b  

l I I I I I I I I  I I t I I l l l  I I I ] I I1,- 

900C 

1 

0 

. 0 1  / I / I  I 1 I I I 1 1  I I I I l i l t  I 1 I I I 

.001 .01 , 1 1 
Na R C T I V I T Y  

Fig. 3. Electronic conductivity vs. sodium activity at 850 ~ and 900~ 

F u r t h e r ,  o n e  o b t a i n s  a n  e q u a t i o n  for  t h e  c o n c e n t r a t i o n  of  
c o n d u c t i o n  e l e c t r o n s  as a f u n c t i o n  of  aN~ 

r...-,,..-,,,(o.,fl-,; (o,,q.,q 
[e'] = [ , -w i  ,xwii \aNa/-~- + 2K[~ ~ \~Ni  J J B -1~ 

[29] 

One  m a y  also o b t a i n  a n  e x p r e s s i o n  for t h e  e l ec t ron ic  con-  
duc t i v i t y  as a f u n c t i o n  of  aNa w h e n  t h e  m o b i l i t y  of  elec- 
t r o n s  u~ does  n o t  v a r y  w i t h  t h e  c o n c e n t r a t i o n  

K~ = ([e']u~)/(Vm) [30] 

K n o w i n g  t h e  e q u i l i b r i u m  c o n s t a n t s  one  m a y  t h e n  calcu-  
la te  t h e  c o n c e n t r a t i o n  of  a n y  de fec t  in  t h e  m e l t  a t  va r ious  
s o d i u m  act ivi t ies .  T h u s  

a n d  

= K v m  a ~  [Vcd -1 aN~ [31] 

- t  (aNa~ 2 
[(Vcl)2 x] = g v i n  \~Nia] [32] 

Results and Discussion 
T h e  c u r r e n t s  m e a s u r e d  a t  va r i ous  app l i ed  p o t e n t i a l s  o n  

cel l  (I) are  s h o w n  in  Fig. 2 for  t e m p e r a t u r e s  of  850 ~ a n d  
900~ T h e s e  p o i n t s  we re  fit to  a n  e x p o n e n t i a l  c u r v e  as ex-  
p l a i n e d  in  Ref.  (7) a n d  t he  de r iva t i ve  of  th i s  c u r v e  is t h e n  
u s e d  to o b t a i n  t h e  c o n d u c t i v i t y  as a f u n c t i o n  of  Na  ac t iv i ty  
a c c o r d i n g  to Eq.  [6] a n d  [7]. Resu l t s  are  s h o w n  in  Fig. 3. 
T r a n s i e n t  m e a s u r e m e n t s  we re  also t a k e n  on  cell  (I) for var-  
ious  app l i ed  p o t e n t i a l s  to  o b t a i n  t h e  e l e c t r o n  mob i l i t i e s  
u s i n g  Eq.  [16] a n d  [17] a n d  t h e s e  r e su l t s  are  s h o w n  in  
T a b l e s  I a n d  II  for  850 ~ a n d  900~ 

T h e  a b o v e  r e su l t s  w e r e  u s e d  to t e s t  t h e  va l id i ty  of  t h e  de-  
fec t  m o d e l  in  t h e  fo l lowing  way.  E q u a t i o n  [28] was  fit to  t he  
t h e r m o d y n a m i c  da ta  of  S m i r n o v  et al. (3) u s i n g  a gene ra l  

0.675 0.0120 596 0.119 
0.700 0.0123 670 0.122 
0.725 0.0123 814 0.122 
0.750 0.0125 1011 0.124 

Table III. Equilibrium constants and inabilities for molten NaCI 

a ~  K~I K~n  -1 -1 KlxlKvii Ue 

850~ 0.522 1.37 - 10 -4 2.69 - 10 -3 10.89 0.109 
9O0~ 0.520 1.27 - 10 -4 4.38- 10 -3 15.3 0.108 

leas t  s q u a r e s  m e t h o d  (17). E q u a t i o n  [30] u s i n g  [29] was  fit to  
t h e  c o n d u c t i v i t y  da t a  r e p o r t e d  h e r e  b y  t h e  s a m e  m e t h o d .  
F r o m  t h e s e  fits one  o b t a i n s  va lues  for K~I,-1 Kvm,-1 K{lx, a n d  
a ~ .  I f  t h e  m o d e l  is a va l id  r e p r e s e n t a t i o n  of  t he  s y s t e m  

' I ~ 1 /  
I / i L /  

i I /  I 
.8 . . . .  T - ~ - 5 ~ c  . . . . . . . . . . . . . . . . .  

. . . . .  

.6 . . . . . . . .  ~ / 1 ~  i 

b ', i i 
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0 ~  
0 .01 .02 .03 .04 .05 

MOLE FRRCTION 

Fig. 4. Sodium activity vs. mole fraction sodium at 850 ~ and 900~ 
Smirnov e t  al .  (+  or o), calculated from the model ( - - ) .  
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Fig. 5. Electronic conductivity vs. sodium activity at 850 ~ end 900~ 
Model ( - ) ,  experiment (+) .  
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Fig. 6. Various defect concentrations in molten NaCI at 850~ calcu- 
lated from the defect model. 

then the values of the equi l ibr ium constants will be the 
same for both fits. 

Figure 4 shows the activity of sodium in molten NaC1 as 
a function of the mol fraction of sodium XNa determined by 
(3) [xN~ = B/(1 + 5)]. The least  squares fit with values for Kv~, 
Kv~m K~x 1, and a~a given in Table I I I  is also shown. Figure 5 
shows the comparison for the conduct ivi ty  using the same 
constants.  The agreement  in both cases is excellent. A 
model  developed for ionic solids is found to be equally 
valid for a mol ten  salt. One also gets values of the electron 
mobili t ies from Eq. [30] and these values are given in 
Table III. The agreement  with the values obtained by ex- 
per iment  is quite good which is another indication that  the 
model  is accurate and useful. Figure 6 shows the concen- 
trat ion of several defects in molten sodium chloride calcu- 
lated from the model  using the constants shown in 
Table III. 
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Induced Surface States on p-WSe2 

K. Gibb and G. A. Scholz 

Department of Physics and the Guelph Waterloo Program for Graduate Work in Physics, University of Waterloo, 
Waterloo, Ontario, Canada, N2L 3G1 

ABSTRACT 

Capacitance-voltage measurements made on the p-WSeJelectrolyte interface after exposure to silver or triiodide ions 
reveal two types of results before either species desorbs again within a few hours. For a few samples only a shift of their 
flatband potential is observed; silver producing a small anodic and triiodide a larger cathodic shift in the flatband poten- 
tial. However, for most samples surface states are observed in addition to the shifts in the flatband potential. These surface 
states are thought to be caused by a stronger, possibly specific interaction between the chalcogenides and the adsorbate. 
After exposure to triiodide low frequency measurements reveal a broad distribution of surface states with a maximum 
density of states of about 4(1011) cm -2 eV -I which peaks near Ev + 0.5 eV, while silver-treated surfaces consistently reveal 
two monoenergetic levels at Ev + 0.61 and Ev + 0.73 eV with a history dependent density of states. 

Recent  in situ investigations of surface states on semi- 
conductors  immersed  in an electrolyte have centered on 
capacitance-voltage (1-4), conductance-voltage (1, 2), mod- 
ulated and steady-state photocurrents  (5, 6) as well as elec- 
troreflectance (7-10). We have concentrated on the first two 
techniques in an initial s tudy of induced surface states on 
tungsten diselenide which, to the authors '  knowledge,  has 
not been done previously.  

WSe2 is one of the semiconduct ing members  of the tran- 
sition metal  dichalcogenide family. The metal  atoms are in 
hexagonal ly  packed  planes that  are sandwiched between 
chalcogen layers. Strong covalent bonds  within a sand- 
wich alternate with weak, van der Waals type bonds  be- 
tween sandwiches.  Surfaces relatively free of defects, i.e., 
steps and dangling bonds, can therefore be prepared by 
s imply peeling away successive sandwiches with st icky 
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