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Electrolytic reduction of V3S4 in molten CaCl2

Takahiro Matsuzaki*1, Shungo Natsui, Tatsuya Kikuchi and Ryosuke O. Suzuki*2

Faculty of Engineering, Hokkaido University, Sapporo 060–8628, Japan

Metallic vanadium was successfully produced starting from vanadium sul�de by applying electrolysis in molten CaCl2. Vanadium sul�de 
�lled in a cathodic Ti basket and a graphite anode were immersed in the melt of CaCl2-CaS at 1173 K in Ar, and the electrolysis was conducted 
at a cell voltage of 3.0 V. Sul�de electrolysis did not form carbon deposit and was free from carbon contamination, while carbon powder was 
formed on the cathode in the oxide electrolysis using the melt of CaCl2-CaO. When the CaS content in the molten CaCl2 increased, electrolysis 
current increased resulting in fast smelting while the oxygen and sulfur contents in metallic vanadium increased. Oxygen and sulfur contents as 
low as 3390 ppm and 210 ppm, respectively, were achieved by supplying about four times more electrical charge than stoichiometry.  
[doi:10.2320/matertrans.M2016305]
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1.　  Introduction

Vanadium is mainly used as a solute in steel material for its 
high tensile strength, hardness, and fatigue resistance.1) Re-
cently, vanadium has also been studied as a hydrogen storage 
material. Investigations of the solubility of hydrogen in vana-
dium and vanadium based alloys have shown that the material 
containing less oxygen has more hydrogen capacity than that 
containing more oxygen.2) Vanadium oxide obtained by the 
puri�cation of slag from power plants is the primary feed for 
vanadium production. Conventionally, vanadium oxide is re-
duced using the aluminothermic process and puri�ed by elec-
tron beam melting to remove impurities such as Al, Fe, and O. 
Since this is a batch type process, a large amount of energy is 
required for producing the high voltage necessary for acceler-
ating electrons and producing an electron beam. A modi�ed 
aluminothermic process was studied in the past,3) however, a 
puri�cation process is still needed. Consequently, pure vana-
dium is expensive, and the operation and maintenance of the 
production process tends to be dif�cult.

Therefore, new vanadium production systems have been 
proposed in previous studies. In one case, Ti-V alloy as a hy-
drogen storage material was produced by calciothermic 
co-reduction of titanium oxide and vanadium oxide with mol-
ten calcium chloride.4) Alternatively, Miyauchi and Okabe 
proposed a preform reduction process for vanadium reduc-
tion5) that uses vapors of Mg or Ca as reductants for V2O5. 
Before reduction, the feed preform needs to be prepared by a 
process requiring a high temperature of 1173 K and a �ux and 
collodion solution based binder, which consumes signi�cant 
amounts of time and energy. On the other hand, Weng et al. 
produced metallic vanadium by dissolving NaVO3 in a  
NaCl-CaCl2 eutectic molten salt and electrolytically deposit-
ing vanadium.6)

Electrolytic reduction in molten CaCl2, a process used for 
titanium re�ning, has also been applied to vanadium re�ning 
in the past.7,8) Oka and Suzuki investigated the reduction of 
vanadium by the OS (Ono Suzuki) process starting from va-
nadium oxide.9) In this process, CaO dissolved in molten 

CaCl2 is reduced to Ca at the cathode. The Ca present near the 
cathode undergoes a redox reaction with V2O5 to produce V, 
while the Ca is oxidized to CaO and dissolves in the solution. 
Since this process is self-sustaining and supplying the reactor 
with metallic Ca during the process is not necessary, the pro-
cess is ef�cient. However, signi�cant amounts of oxygen and 
carbon remain in the vanadium product.

In the current study, we propose a modi�ed OS process, in 
which the starting vanadium compound is vanadium sul�de 
instead of vanadium oxide and CaS is dissolved in molten 
CaCl2 instead of CaO. In other words, we study a V-Ca-S re-
action system. Sulfur is easier to remove from vanadium 
compared to oxygen, since sulfur is barely soluble in vanadi-
um, whereas approximately 3.5 mol% of oxygen dissolves in 
vanadium, as indicated by vanadium-oxygen and vanadi-
um-sulfur binary phase diagrams.10,11) Previously, some stud-
ies have investigated the reduction of metal sul�des such as 
MoS2, Cu2S, and CuFeS2 by the electrolysis in molten 
salt.12–15) These sul�des can easily be re�ned by the conven-
tional route without electrolysis. However, vanadium sul�de 
has a strong af�nity with sulfur so that it is dif�cult to remove 
sulfur by hydrogen.

Figure 1 presents a schematic illustration of the OS process 
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with vanadium sul�de as the starting material. Vanadium sul-
�de loaded in a Ti basket is used as the cathode. When elec-
trolysis is conducted in a molten CaCl2–CaS mixed salt solu-
tion at a voltage greater than the theoretical decomposition 
voltage of CaS, metallic Ca may deposit on the Ti cathode, 
whereas sulfur and carbon disul�de may be generated at the 
carbon anode.

 
2CaS→ 2Ca + S2

E0 = 2.19V (1173K)
 (1)

 
2CaS + C→ 2Ca + CS2

E0 = 2.14V (1173K)
 (2)

In this process, CaS is regenerated as the by-product of the 
thermic reaction and is electrolyzed repeatedly.

It is noted that V2S3 was registered as a chemical formula 
of stable sul�de in HSC database16), however it does not ap-
pear in phase diagram of binary V-S system, where V3S, V5S4, 
VS, VSy, V3S4, V5S8, V1+xS2 and VS4 are taken as stable 
phases.11,17) Equilibrium partial pressure of sulfur at the com-
position of V2S3 at temperatures between 923 K and 1073 K 
is between 10−3 and 10−1 atm18), respectively, while that in 
the Ca/CaS equilibrium is 10−42 atm16). It indicates that the 
calcium sulfurization occurs much easier than the vanadium 
sulfurization at V2S3 composition. Similarly, sulfur potentials 
of vanadium sul�de in the composition between VS and V3S4 
at 1023 K through 1490 K are much higher than that of sul-
furization of calcium19). These studies indicate calcium has 
suf�cient ability of reduction of vanadium sul�des in various 
compositions.

Figure 2 describes the puri�cation process for the feed be-
fore reduction in the conventional vanadium re�ning method 
(#1). In addition, the OS processes with vanadium oxide (#2) 
and vanadium sul�de (#3) as the starting material are also 
described. A representative raw material source for current 
vanadium re�ning plants is vanadium-containing soot ob-
tained from power plants. In general, the slag from power 
plants is roasted with Na2CO3 to form NaVO3

20), which easi-
ly dissolves in water. When NaVO3 is added to an acidic solu-
tion, it dissolves selectively, leaving behind impurities in the 
undissolved state. NH4VO3 is then formed in the reaction of 
NaVO3 with (NH4)2SO4 in the solution.5) NH4VO3 can form 
vanadium oxide upon calcination in open air and therefore 
can be utilized as the raw material for the reduction process. 
On the other hand, vanadium sul�de is formed via sedimenta-
tion with high pressure H2S in the wet process.

The purpose of this study is to experimentally con�rm the 
feasibility of the vanadium sul�de-based process and deter-
mine suitable conditions for achieving ef�cient electrolysis 
and producing high purity vanadium.

2.　  Experimental Procedure

Figure 3 shows the apparatus used for vanadium reduction. 
Various amounts of CaS powder (300 mesh particle size, 
99.99% purity, Furuuchi Chemical Co.) were added to 600 g 
CaCl2 (95.0% purity, Wako Chemical Co.). The mixed salt 
was weighed and placed in a MgO crucible (90 mm in diam-
eter, 200 mm in height) and was allowed to settle to the bot-
tom of the chamber. A carbon rod (10 mm in diameter, 70 mm 

in length) attached to the tip of Ti rod (6 mm in diameter, 
800 mm in length) was used as the anode. A Ti basket (12 mm 
in diameter, 70 mm in height, #100 mesh) attached to Ti rod 
was used as the cathode. The Ti basket was made of a Ti disk 
and Ti net (#100 mesh). A Ta wire was used for tying and 
stabilizing the Ti net around the Ti disk. The reagent labeled 
as V2S3 (99% purity, Furuuchi Chemical Co.) was �lled in the 

Fig. 3　Experimental setup during electrolysis.

Fig. 2　Comparison of the conventional process and the process proposed in 
this study for the puri�cation of the feed and production of metallic vana-
dium.
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cathode basket. As described later, this reagent was identi�ed 
as V3S4. The two electrodes were stabilized at the lid of the 
chamber. The temperature of the electrodes and mixed salt 
were increased at a rate of 1.67 ×  10−2 K s−1 and maintained 
at 873 K for 7 h in vacuum to allow salt dehydration. Subse-
quently, the chamber was �lled with Ar gas (99.998% purity, 
Air Water Co.) and constant voltage electrolysis was conduct-
ed at 3.0 V at 1173 K in the molten CaCl2–CaS mixed salt 
electrolyte. The CaS concentration in the mixed salt was var-
ied between 0 and 3.0 mol% while the supplied charge was 
constant at 2.1 of the stoichiometric reduction charge for 
V3S4 (Q0). In another experiment, the supplied charge ratio 
(Q/Q0) was varied between 1.1 and 4.3 while the CaS con-
centration in the melt was set at 2.0 mol%. The electrolysis 
for the conventional OS process starting from V2O3 was con-
ducted under speci�c conditions. V2O3 is a solid at 1173 K, 
whereas V2O5 is a liquid. The electrolysis of V2O3 was con-
ducted under the same conditions as those used for the reduc-
tion of V2S3. After electrolysis, the crucible was cooled to 
room temperature at a rate of 1.67 ×  10−2 K s−1. The cathode 
was recovered, washed in distilled water and acetic acid to 
remove the solidi�ed salt, and then rinsed in ethanol and ace-
tone to accelerate drying of the products. The products recov-
ered from the salt and washing solvent were characterized by 
powder X-ray diffraction (XRD; Philips, X’ pert pro) using 
Cu-K α radiation, scanning electron microscopy, oxygen and 
carbon analysis, and particle-size analysis.

3.　  Results and Discussion

In the following discussion, Q/Q0 is the ratio of supplied 
charge relative to the stoichiometric reduction charge of V3S4 
and XCaS is the concentration of CaS in the mixed salt.

3.1　  Morphology and phase of the samples before and af-
ter reduction

Figure 4 shows photographs of the cathode after (a) reduc-
tion and washing and (b) removal of the Ti net. After reduc-
tion, the cathode is very hard because of the salt deposits 

around it, and thus washing with water is necessary. The de-
posited product is gray in color, and the inner side of the de-
posit is harder than the outer side. These characteristics are 
observed at all electrolysis conditions.

Figure 5 shows SEM images of (a) the vanadium sul�de 
reagent and (b) the reduced product. The starting sul�de con-
sists of small particles of a few μm, which is agglomerated to 
0.1 mm in size. The average particle diameter is determined 
to be 71 μm by particle-size analysis, which corresponds to 
agglomeration observed in the SEM image. In contrast, the 
reduced product is porous and exhibits a complex coral-like 
structure with an average particle size of 46 μm. As a result, 
the particle decreased in size by the reduction of sul�de, and 
the surface area of the samples increased. These particles sin-
tered slightly, but they did not grow coarser during electroly-
sis.

Results of the XRD analysis are shown in Fig. 6. Before 

Fig. 4　Photographs of the cathode after reduction (a) before and (b) after 
removing the outer Ti net. (XCaS =  0.5 mol%, Q/Q0 =  2.1).

Fig. 5　SEM images of (a) the V3S4 reagent and (b) the product after reduc-
tion. (XCaS =  2.0 mol%, Q/Q0 =  4.3).

Fig. 6　XRD patterns of (a) the V3S4 reagent and (b) the product after reduc-
tion. (XCaS =  2.0 mol%, Q/Q0 =  4.3).
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reduction, the vanadium sul�de reagent consists of the V3S4
21) 

and V2O3 phases. Natural desulfurization and oxidation by 
reaction with a small amount of oxygen might occur subse-
quently, so expressing this raw material as mainly V3S4 might 
be justi�ed. However, the sulfur concentration analysis of the 
raw material was uncertain because concentration levels were 
too high for our analyzer. Judging from the XRD peak inten-
sities, the phase ratio of V3S4 and V2O3 varied at the experi-
mental runs. Therefore, the stoichiometric electric charge Q0 
was evaluated assuming stoichiometric V3S4. The product 
after reduction was determined to be composed of metallic 
vanadium, and vanadium could be smelted successfully.

3.2　  Experimental con�rmation of the model for the OS 
process with vanadium sul�de as the starting mate-
rial

3.2.1　  Generation of anode gaseous products at the an-
ode

After electrolysis for 9.6 ks (Q/Q0  =   4.3 and XCaS  =   
2.0 mol%), a black powder was observed on the lid of the 
chamber, with the XRD pattern for this material shown in 
Fig. 7. The black powder contains solid sulfur, originating 
from the sulfur gas solidi�ed on the inner surface of the 
cooled lid. Other impurities include titanium oxide, iron ox-
ide, and ilmenite. The existence of Fe may be reasonably ex-
pected because the chamber is made of stainless steel, where-
as Ti may have originated from the Ti rod and net used as part 
of the electrodes. Titanium chloride gas may also be formed 
by the reaction of Ti with CaCl2 because of its low boiling 
point and its reaction with iron and oxygen.

The concentration of CS2 in the exhaust gas during the ear-
ly stages of electrolysis, as detected using a detection tube 
(Gastec Co.), is determined to be approximately 4 ppm (Q/
Q0 =  2.1, XCaS =  0.5 mol%), a value much higher than that in 
ambient air.22)

These results con�rmed the generation of S2 and CS2 gases 
at the anode.
3.2.2　  Electrolysis under various CaS concentration

Figure 8 shows the current-time curves measured during 
electrolytic reduction with various XCaS values during the 
early stages of electrolysis. The electrolytic current decreases 
during the early stages of electrolysis, eventually reaching a 
constant value. As shown in Fig. 8, a higher XCaS value in the 

molten salt results in enhanced electrolytic current. Although 
precise parameter control is needed to improve the purity of 
the products, the addition of a fairly large amount of CaS in 
molten CaCl2 can shorten the electrolytic time for vanadium 
production. Moreover, this time-current curve indicates that 
the dissolution of CaS to Ca2+ and S2− occurred and that they 
might be reduced and oxidized at the anode and cathode, re-
spectively.

 CaS→ Ca2+ + S2− (3)

 Ca2+ + 2e− = Ca (4)

 S2− → 1/2S2 (5)

Consequently, the deposited Ca may thermochemically react 
with the sul�de, as shown in Fig. 7.

 V3S4 + 4Ca = 3V + 4CaS (6)

Interestingly, metallic vanadium formed whether CaS was 
added or not. This result may show that a direct reduction of 
sul�de to metal as in reaction (7) occurs if neither CaS nor 
CaO perfectly dissolves in the melt.

 V3S4 + 8e− → 3V + 4S2−
 (7)

The cathodic sul�de should be electroconductive if such a di-
rect reduction occurs. As far as the authors know, the direct 
reduction and electrical conductivity of vanadium sul�de has 
not been reported.

The mechanism of metal formation should be clari�ed with 
additional electrochemical measurements, but the formation 
of Ca metal in the chloride salt is the most feasible explana-
tions.

3.3　  Comparison of the products of electrolytic reduction 
processes with vanadium oxide and vanadium sul-
�de as the starting materials

Figure 9 shows photographs of the upper side of the solid-
i�ed salt obtained after the electrolytic reduction processes 
with (a) vanadium oxide and (b) vanadium sul�de as the start-
ing materials. The values of XCaO and XCaS were 0.5 mol%, 
and the supplied charge was 2.1 for these experiments. A por-
tion of the solidi�ed salt after V2O3 reduction is black in color 
and appears to be composed of carbon formed from reactions 
(8) and (9), as indicated in previous work.5,23)

Fig. 7　XRD pattern of the black powder on the lid of the vessel.
Fig. 8　Current-time curve measured during electrolysis at various XCaS val-

ues.
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 CO2 + O2− → CO3
2− (8)

 CO3
2− + 4e− → C + 3O2− (9)

Carbon dioxide generated from the carbon anode during elec-
trolysis reacts with the oxide ion to form a carbonate ion. In 
carbonate ion rich molten salts, the reduction of carbonate 
ions by electrons may occur, resulting in the formation of car-
bon and oxide ions. As a result of this reaction, a high risk of 
carbon contamination in the product exists. In contrast, only 
CaCl2 powder is observed on the upper side of the product 
after V3S4 reduction at all conditions indicating that the car-
bon formation does not occur in molten salt.

Figure 10 shows photographs of the cathodes after electro-
lytic reduction with (a) vanadium oxide and (b) vanadium 
sul�de as the starting materials. The Ti net after V2O3 reduc-
tion is brittle, whereas the Ti net after V3S4 reduction is duc-
tile and retains its shape. Many of the O2− ions around the 
cathode are supplied during the electrolytic reduction of 
V2O3, and oxygen may be absorbed by the cathode net. A 
strong cathode net is desirable during mass-scale production 
to mitigate the risk of losing products from the fracture of the 

cathode net.

3.4　  Oxygen and sulfur concentrations in the samples
Figure 11 shows the relationship between XCaS and oxy-

gen/sulfur content in the vanadium product, and the average 
stationary current at a supplied charge (Q/Q0) of 2.1. The av-
erage stationary current was estimated from the current-time 
curve shown in Fig. 8. The plot shows that an increase in the 
CaS content results in enhanced stationary current and a high-
er oxygen/sulfur content in vanadium, which may be attribut-
ed to an increase in the amount of excess Ca on the cathode. 
The excess Ca reacts with the gas generated at the anode and 
returns to CaS form, implying that the charge cannot be used 
for the reduction of vanadium. On the other hand, when CaS 
activation in the molten salt increases, the vanadium reduc-
tion reaction (6) is suppressed as per the thermodynamic 
equilibrium.

Similarly, Fig. 12 presents the relationship between the 
supplied charge and oxygen/sulfur content in vanadium when 
XCaS is 2.0 mol%. This �gure shows that with increase in the 
supplied charge, the oxygen and sulfur contents are reduced 
to 3390 ppm and 210 ppm, respectively, at a minimum. The 
oxygen and sulfur contents both decrease exponentially and 
more oxygen remains compared to sulfur. While desulfuriza-
tion occurs rapidly with an increase in the supplied charge, 
decreasing the oxygen content in vanadium appears to be dif-
�cult. The higher oxygen content in vanadium compared to 

Fig. 10　Photographs of the cathode after (a) V2O3 and (b) V3S4 reduction.

Fig. 11　Effect of CaS content in the molten salt on the oxygen and sulfur 
concentrations in the products and the stationary current.

Fig. 12　Effect of supplied charge on the oxygen and sulfur concentration in 
the product. (The data at Q =  0 is analytical value of raw V3S4 reagent).

Fig. 9　Photographs of the surface of the solidi�ed molten salt after (a) V2O3 
and (b) V3S4 reduction. (XCaO or XCaS =  0.5 mol%, supplied charge =  2.1).
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sulfur is attributed to the natural oxidation of the V3S4 reagent 
and the products, either after reduction in open air or in the 
washing solvent. The natural oxidation of vanadium depends 
on its surface area and the decrease of surface area may give 
a good contribution for high purity of products.

4.　  Conclusions

In this study, metallic vanadium was successfully produced 
by the OS process with vanadium sul�de as the starting mate-
rial. In this process, sulfur and carbon disul�de are generated 
at the anode. The reduction of vanadium sul�de decreases 
carbon contamination and helps maintain the strength of the 
cathode net. When the CaS content in the mixed salt increas-
es, the oxygen and sulfur contents in the product as well as 
the magnitude of the stationary current increase. On the other 
hand, it is possible to reduce the oxygen and sulfur contents 
in the product to 3000 and 200 ppm, respectively, by supply-
ing a larger amount of charge (Q/Q0  =   4.3). The products 
formed exhibit a large surface area, increasing the possibility 
of natural oxidation increases. To further enhance the purity 
of the re�ned product and the electrolysis ef�ciency, exclud-
ing oxygen from the products and inhibiting the desulfuriza-
tion of the vanadium sul�de reagent is necessary.
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