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MECHANISM OF ELECTRODEPOSITION OF
TUNGSTEN IN MOLTEN KF-B,0;-K,WO0,®

Wen, Zhenhuan Li, Guoxun
General Research Institute for Nonferrous Metals, Beijing 100088

ABSTRACT

The mechanism of electrodeposition of tungsten in moiten KF-B,0,;-K, WO, has been investi-
gated by cyclic voltammetry and chronopotentiometry. The results show that the electrochemical
reduction of tungsten is a reversible and diffusion-controlled process which occurs in two steps:
W(VD) +4e=W((I); W(II)+2e=W(0), and the product is insoluble. The values of the dif-
fusion coefficients of the complexion containing W (V1) measured by the techniques mentioned
above are alike. Tungsten electrode is suitable for quasi-reference in this melt.
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1 INTRODUCTION Fig. 1. The vessel is made of stainless steel and
kept gas tight. All chemicals used are analytical
grade. Anhydrous KF is prepared in polytetrafluo-
roethylene beaker by drying KF « 2H,0 at 120 C

and then in platinum crucible at 350 'C for 4 h.

K.WO, is dehydrated at 400 ‘C for 4 h before
used. The prepared KF and K,WO, as well as

The electrodeposition of tungsten has been in-
vestigated by several researchers in various molten
salt systems!!~%. However, the mechanism of the
electrochemical reduction of tungsten ion in molten
salts has seldom been studied. Senderoff et al "1 ob-
served by chronopotentiometry that the reduction
of tungsten from its ion in FLINAK showed a sin- 8765
gle reduction step involving a four-electron transfer
in an irreversible process. Ito et a/t*} investigated
the electrochemical behaviour of tungsten ion in VL
molten LiCI-KCI-K,WQ, using the method of cyclic
voltammetry and found that W (VI) was reduced

U

=N

in several steps involving electrochemical and dis-

proportionation reactions, and it depended on the
different reduction atmosphere. 1 i

In present paper, we aim to study the mecha- 40— 3
nism of electrochemical reduction of tungsten in = —2
molten KF-B,0;- K,WO, by cyclic voltammetry = = 1
and chronopotentiometry.

Fig. | Experimental apparatus

1—melt; 2—stainless steel vessel;
2 EXPERIMENTAL ) . )
3-—graphite crucible; 4—graphite tube;
5—gas inlet; 6—electrodes;
The experimental apparatus is shown in 7—gas outlet; 8—thermocouple

(D) Supported by the National Natural Science Foundation of China Received Oct. 22, 1993; accepted in revised form Dec. 30, 1993




.30 TRANSACTIONS OF NFsoc Dec.

1994

B,0; powders are introduced in a graphite crucible,
placed in stainless steel vessel and dried in vacuum
at 200 'C for 15h, then at 500 ‘C for 4 h. After
that, the melt is pre-electrolysised at 20~ 80 A /m?
cathodic current density for 7~12h at 800 ‘C. All
experiments are performed under a flowing argon
atmosphere and the temperature is controlled to
2 C precision by a thermocontroller.

A three- electrode cell is used in all experi-
ments. The working electrode (WE) is ad = 0.5
mm platinum wire. A tungsten wire is used as a
quasi-reference electrode (WQRE). Before used,
. the WE and WQRE are scoured in concentrated HF
acid and washed with distilled water and acetone.
The graphite crucible used as a container for the
melt serves simultaneously as the counter electrode
(CE).

The measuring instrumentation consists of a
DHZ-1 electrochemical comprehensive instrument,
a LZ-3 X/Y functional recorder and a DSS-6521
digital-storage oscilloscope.

3 RESULTS AND DISCUSSION

3.1 Reference Electrode

Because there is no suitable reference electrode
in the melt containing oxide, the platinum and
tungsten quasi- reference electrodes are tested in
molten KF-B,03;- K;WO, (62-37-1 mol. -%) at
805 'C. Experimental conditions and results are
concluded as follows;

(1) Stability

Two W electrodes are dipped into the melt,
the potential difference between them reaches
steady state in 2min and the change of the potential
difference is no more than 1 mV. Unlike W elec-
trode, the potential difference between Pt elec-
trodes is not stable; the change of the potential dif-
ference is more than 10mV.

(2) Repeatability

Two W (or Pt) electrodes are dipped into the
melt; one of them is polarized with 41 500 A/m’
current density separately during 30s. The poten-
tial dfference returns to former value in 10 min.

(3) Reversibility

A W (or Pt) electrode is used as reference; an-

other W (or Pt) electrode is given with a triangle
wave from 4 0. 5V to —0. 5V. The cyclic voltam-
mogram results are shown in Fig. 2. The current of
W electrode is linear with potential at the potential
range of +0.5~— 0.5V and the current of ca-
thodic process coincides with that of anodic process
approximately. However, the currents of cathodic
and anodic processes on Pt electrode do not coincide
with each other.

The results show that it is suitable for W elec-
trode to be used as quasi-reference in this melt. Be-
cause the Pt electrode is sensitive to O activity,
the Pt electrode is unsuitable. The same behaviour
of Pt electrode in molten FLINAK containing
oxyanions was observed by Stern®J,

(a)

(b)

100mA

0.6 0.2 —0.2 _0.6
E/V

Fig. 2 Cyclic voltammograms in molten
KF-B,0;-K,WO0,(62-37-1mol. - %) at 805 C
(a)—WE; Pt, 4 =0.157cm?,

RE. Pt, » =0. 062V /s; (b)—WE,. W, 4 =0. 22cm?,
RE;: WQRE, » =0.062V/s

3.2  Molten Salt Background

Purified KF-B;03(62. 6-37. 4 mol. - %) is in-
vestigated on Pt electrode by cyclic voltammetry
(Fig. 3). Potassium ions are reduced to metallic
potassium when the cathodic potential reaches
about — 0. 35V (vs WQRE). So the cathodic po-
tential should not be below — 0. 35V in this melt.

3.3 Cyclic Voltammetry

The investigation is carried out under the dif-
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ferent concentrations of KF- B;O;- K,WO, (62-
37-1mol. - %, Cy,wo, = 0. 295 mol/L; 62-35-3
mol. - %, Ci,wo, == 0. 856 mol/L). Fig. 4 is a typi-
cal cyclic voltammogram obtained on Pt electrode.
It shows that there is a cathodic peak at about —
0. 17 V corresponding to an anodic peak at about
+ 0. 16 V. Controlled potential electrolysis is car-
ried out at —0. 17V and a black deposit is obtained
which exhibits a distinct X-ray diffraction pattern
of metallic tungsten. The data drawn from cyclic
voltammograms are listed in Table 1. It can be
seen that E,. and i, /v'/? are constant with the varia-

tion of potential sweep rate. The cathodic peak

50 mA

0.3 0.1 —0.1—0.3 —0.5
E/V
Fig. 3 Cyclic voltammogram in molten

KF-B.0;(62. 4-37. 6 mol. - %) at 800 C
WE.Pt, 4 =0. 157 cm?; RE;WQRE, » =0. 062V /s

— 80}
&
_40' N (4)
)
< O (6)
E
~
~ 40.
80}
120F
160 X N . .
0.5 0.1 —0.3
E/V
Fig. 4 Cyclic voltammograms in molten

KF-B.0;-K,WOQ, at 814 C
C,wo, =0. 856 mol/L; WE. Pt, A =0. 173cm?;
RE:. WQRE, » =0. 184, 0. 120, 0. 0825, 0. 042,
0. 030 and 0. 023 V/s for (1), (2), (3), (4), (5),
and (6) respectively.

currents are plotted against the square root of
sweep rates in Fig. 5 and straight lines are obtained
passing through the origin. Therefore, it might be
suggested that the peak at —0. 17V exhibits a diffu-
sion-controlled and reversible process; the product
is insoluble. However, according to the equation
(10

Epe — Epepr =— 0. 77(RT /aF) (D)
the electron number transferred in above mentioned
process is only approximately 1.

For further analysis, a small amplitude cyclic
voltammetry is employed. Fig. 6 shows the cyclic
voltammograms under the condition of smaller ca-
thodic polarization. It is clear that there are two

Table 1 Cyclic voltammetric data
in molten KF-B,0;-K, WO,
Cn(zwo1 T v ipe Epc/2 Epe ipc
/mol+L—1 /C  /Ves—1 fAscm—2 /v /v Jvliz
0.023 0.078 —0.080 —0.168 0.52
0.035 0.097 —0.080 —0.168 0.52
0. 295 795  0.044 0.107 —0.075 —0.168 0.5]
0.087 0.150 —0.075 —0.168 0.51
0.130 0.183 —0.075 —0.169 0.51
0.173  0.206 —0.075 —0.168 0.50
0.023 0.225 —0.067 —0.165 1.48
0.030 0.254 —0.080 —0.170 I.47
0. 856 814  0.042 0.301 —0.077 —0.170 1. 46
0.083 0.416 --0.067 —0.165 1.45
0.120  0.502 —0.065 —0.160 1.45
0.184 0.624 —0.071 —0.175 1.45
0.7
(b)
0.
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Fig. 5 i, versus »'/?
(a)— CK2W04:0- 295mol/L;

(b)* C szod:o- 856 moI/L
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electroreduction processes which begin at the cathod-  tion (3)U'!7,
ic potential of about —0. 055V and — 0. 085V sep- E = E;; + (RT/aF)In[ (I,
arately. Since the reduction potentials of the two — L.(O)Y/TI.(D] 3)
steps are close to each other, only one composite ca- where  F,,,is half wave potential ; I, is the convo-
thodic peak can be observed in Fig. 4. lutive limit current, the value of n, is 4 calculated
The reduction current values : at different by the slope of straight line at the potential range of
time are measured from Fig. 4. A series of convolu- — 0. 055 ~— 0. 080 V. Since the total electron
tive current /. (¢) can be calculated with computer number is 6, the electron number transferred in
according to the equation(2)L'"; I.(¢) and In[ (1, the second step is 2. Therefore, the electrodeposi-
— L.())/1.(t) ] vs E are shown in Fig. 7. tion of tungsten in molten KF-B;0;-K,WO, is a re-
P _ 1 higiae — 1/24t) A versible and diffusion-controlled process; the prod-
) = 75 Z - Ve (2) o )
o220 (k—j+1/2) uct is insoluble. It occurs in two steps;
At —0. 055~0. 080V and —0.11~—0. 24V po- W (VD) 4 de=W(II)
tential ranges, In[ (I, — L.(¢))/1.(t)] vs E are WD 4 2e=W(0)

straight lines with different slopes. This confirms
that the reduction of W(VI) is a reversible process
at above potential ranges. According to the equa-

I.(t) vs E is a S -shape steady state polariza-
tion curve; I.(t) reaches the limit value /., when E
is enough negative. According to the equation

(0
I, = nlFAC™ D'? 4)
V where C* and D are the bulk concentration and
diffusion coefficient of electroactive species sepa-

rately; Ais the area of electrode. The values of dif-
fusion coefficient of W (VI) ( D, ) are calculated

as follows:
Ci,wo, =0. 295mol/L. (T =795 C),
[E D, =1.69X 107" m?/s;
S Crwo, =0.856mol/L (T =814 C),
N B Do =1.65X 107" m?/s.
E/V

3.4 Chronopotentivmetry
Fig. 6 Cyclic voltammograms in molten
KF-B,0;-K,WO, at 795 C A typical chronopotentiogram is shown in
Cywo, =0. 295 mol/L; Fig. 8 (a). The data taken from chronopoten-
WE: Pt, A =0.126cm?*; RE: WQRE, » =0.05V/s tiograms under different experimental conditions
are listed in Table 2. The values of i7'/* /C«,wo, are

12 constant under different currents and concentra-
10 tions. This indicates that electroreduction of W
(VI) in the melt is a simple electrode process. It
can be seen from Fig. 8 (b) that a linear relation-
ship with a slope of t == 0. 037 is obtained. Accord-
ing to the equation (5)['\7,
E = E.;s + 2. 303RT /uFlg(z'/? — t'/?) (5)
LN the calculated value of n is about 6. This suggests
0 —80 —160 —240 that electroreduction of W (VI) in molten KF-
E /mV B,O;-K, WO, is a reversible process and the product
Fig. 7 Convolutive cyclic voltammogram is insoluble. The total electron number transferred
of (1) in Fig. 4 is 6. The results are coincident with that obtained

3
2l
1

1.(t) /10°Ces™ ¥
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by cyclic voltammetry. In Fig. 8 (a) only one
wave is observed, it is because reduction potentials
of the two steps are very near each other, at this
time, v = 7, + 7;. Dw can be calculated according
to Sand equation ;

1tV? = a2 (ny; + 0, )FAD'V?C* /2 €))
The results are shown as follows

Cl(,_,wo4 =0.295mol/L (T =7957C),

—0.3

(a)

2.0
(b)
—0.2
>
~
§ (.1} o000
0
—0.4 —1.2 —1.8

lg( TI/Z __ tl/Z )

Fig. 8 Chronopotentiogram (a) in molten
KF-B,0;-K, WO, at 814 'C and
semilogarithmic plot (b) obtained from (a)
Cx,wo, =0. 856 mol/L;

WE: Pt, 4 =0. 173 cm?;

RE: WQRE, : =0. 665 A/cm?

Table 2 Results of chronopotentiometric

experiment

Ck,wo ? 1rl/2

/moj-Lil /e /Asem—2 s it / €k, wo,

0.516 0.18 0.22
0.634 0. 11 0.21

0. 295 795 0.714 0.09 0.21 712
0.794 0. 07 0. 21
0.953 0. 045 0. 21
0.549 1.25 0.61
0. 665 0. 85 0.61

0. 856 811 0.867 0. 47 0.60 706
0. 954 0.42 0.62
1.129 0.26 0.58

D, =1.93X107"" m?/s;
CK2W04 =0.856mol/L (T =814 C),
D, =1.89X 107" m?/s.

4 CONCLUSION

The electrodeposition of tungsten in molten
KF-B,03;-K,WO, is a reversible and diffusion-con-
trolled process; the product is insoluble. It occurs
in two steps as follows,

W (VI) 4 4e=W(I)

WD) +2e=W(0)

Under different concentrations and tempera-
tures, the diffusion coefficient values of W (VI)
are calculated .

C|(2w04 :0 295 moI/L ( T =795 (‘ ) ’

D. =(1.69~1.93) X107 '"" m?/s;

CK2W04:0- 856mol/L (T =814 C),

De =(1.65~1.89) X107 " m?/s.

W quasi-reference electrode is suitable for the
investigation of the electrodeposition of tungsten in
molten KF-B,0;-K.WO,.

REFERENCES

1 Davis, G L; Gentry, C H R. Metallurgia, 1956, 53
(315): 3.

2 McCawley, F X; Kenahan, C B; Schlain, D. J Metal-
s, 1964, 17, 92.

3 Mellors, G W; Senderoff, S. Belg Pat 658463. 1965.

4 Broc, M; Chauvin, G; Coriou, H. Molten Salt Elec-
trolysis in Metals Production. London. IMM, 1977,
69.

5 Katagiri A ef al. J Electrochem Soc, 1991, 138(3).
767.

6 Wen, Zhenhuan; Li, Guxun. Plating and Finishing,
1993, 15(6); 3.

7 Senderoff, S; Mellors, G W. J Electrochem Soc,
1967, 114(6); 586.

8 Yabe, H; Ito, Y; Ema, K. Proc of the Jnt Int Symp
on Molten Salts. Pennington: The Electrochem Soc Inc,
1987, 825.

9 Stern, K H. J Electrochem Soc, 1989, 136(2). 439.

10 Mamantov, G; Manning, D L; Dale, J M. J Elec-

troanal Chem, 1965, 9, 253.

11 Bard, A J; Faulkner, L R. Electrochemical Methods--
Fundamentals and Applications. John Wiley and Sons
Inc, 1980, 274-296.



