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The most promising photoelectrodes selected for use in the butyl 

pyridinium chloride-aluminum chloride room temperature molten salt are n-type 
silicon, gallium arsenide and cadmium telluride. The solubilities of these 

semiconductors are 1 ow, and their conduction and valence band edges are 
favorably located. Cadmium selenide and sulfide showed significant solubility 

in the melt, and the conduction band edge for p-type cadmium telluride was too 

close to the aluminum deposition potential. Several reversible redox couples 

have been identified, which could potentially be used in a 
photoelectrochemical cell. These include w5+;w6+ and Eu2+;Eu3+ as well as 

ferrocene and its derivatives. 
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SECTION 1 - INTRODUCTION 

A regenerative mode photoel ectrochemi ca 1 cell employing a nonaqueous 

electrolyte should satisfy all of the operational criteria imposed upon its 
aqueous counterparts, i.e., 

1. the solubility of the semiconductor in the electrolyte should be 
minimal. 

2. the redox couple employed should undergo reversible electron 

transfer at the counter electrode and should have a redox 

potentia 1 positive of the flat band potentia 1 • 
3. the semiconductor should not undergo photodissolution in the 

presence of an adequate concentration of the reduced form of the 
redox couple. 

4. the solar energy conversion efficiency of a device employing a 

polycrystalline semiconductor should be greater than 10%. 

This report covers the initial two month preparative work period and 

two months of research devoted to determining the feasibility and the possible 

advantages of using a room temperature chloroaluminate molten salt as an 
electrolyte in a photoelectrochemical cell. 

Although the phase diagram of the butyl pyridinium chloride 
(BuPyCl) - aluminum chloride system is unknown, the low temperature molten 

salt (L.T.M.S.) remains liquid over a compositional range of 0.6:1 (mole ratio 
A 1 C 1 3 : B u P y C 1 ) t o 2 : 1 at 2 7 ° C ( 1 ) . It i s 1 i k e 1 y t hat t he phase d i a gram i s 

similar to that of the aluminum chloride - ethyl pyridinium chloride system 
shown in Figure 1. Qualitatively, it has been observed in our work that the 

1:1 composition will freeze at room temperature while the 1.5:1 and 2:1 

compositions remain liquid: the 0.8:1 composition, however, begins to freeze 

at about 23-24°C. 

Since the phase diagram of the BuPyCl/AlC1 3 system appears to resemble 

Figure 1, the use of the 2:1 composition in a device would provide the widest 

range of operating temperatures. Other factors such as the availability of an 
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appropriate redox couple or excessive semiconductor solubility may dictate the 

use of other compositions. In such a case, if there is insufficient heat 

generated by the absorbtion of visible and IR radiation, then auxiliary 

heaters could be necessary to maintain the molten salt above 30°C. 

A major initial concern was the 

semiconductors scheduled for investigation. 

work carried out to determine the flat-band 

solubility of the compound 

Some preliminary experimenta 1 

potential of CdS, CdSe and CdTe 

single crystals resulted in reasonably consistent values for CdSe and CdTe, 

but the values derived for CdS varied irreproducibly by several hundred 

millivolts. Although there \'Jas no visible evidence of CdS dissolution, this 

remained a possible cause of the irreproducibility. 

Initial experiments were carried out to determine the solubility of the 

semiconductors in the molten salt at various ·compositions. The solubility 

experiments were carried out using powdered material to accelerate the rate of 

dissolution. 

The electrical characteristics of the semiconductors in the dark have 

a 1 so been investigated to determine the degree to which these semi conductors 

are anodically blocking and to evaluate the negative voltage limit. A 

principal goal of the electrical characterization was the location ()f the 

. flat-band potential for each semiconductor at various melt compositions. 

Initial evaluations of prospective redox couples have been carried out 

by cyclic voltarnrnetry on carbon electrodes • 
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SECTION 2 - THE PREPARATIVE WORK 

The molten salt was prepared by the direct addition of aluminum chloride 

to butyl pyridinium chloride. The aluminum chloride \-.Jas obtained from Fluka, 

and the butyl pyridinium chloride was prepared using pyridine and 

1-chlorobutane supplied by Matheson, Coleman and Bell. 

n-type CdTe ( 0. 4 ohm-em), p-type CdTe (200 ohm-ern), n type CdS ( 10 

ohm-em) and n-type CdSe (1.6 ohm-em) were obtained from Cleveland Crystals 

Inc. Gallium arsenide (n- and p- type of carrier density 1017 cm-3) were 

obtained from Atomergic Chemetals Corporation. Gallium phosphide of similar 

carrier density has been ordered but has not yet been received. 

Silicon wafers 20 mils thick and of 7 and 17 ohm-em resistivity for n

and ·p- type respectively were supplied by ~1onsanto Co. A variety of inorganic 

redox couples for test have been obtained from Alfa Ventron Corporation. 

2.2 Cell Design 

Electrochemical cells for the investigation of the current-voltage 

behavior of semiconductor electrodes have been fabricated from both teflon and· 

glass. In both cases the semiconductor is clamped against the side of the 

cell. A Viton or Teflon 'o' ring provides a well defined area and prevents 

so 1 uti on seepage. Ill urni nation of the semi conductor may be carried out 

through an optical flat positioned opposite to the working electrode. A glass 

reference electrode compartment and associated Luggin capillary allow more 

accurate determinations of the working electrode potential. 

2.3 Molten Salt Preparation 

Equimolar quantities of 1-chlorobutane and pyridine were refluxed 

together below 100°C for several days after which time white crystals were 

observed. The mixture was cooled and the crystals \'Jere dissolved in a minimum 

amount of boiling acetonitrile, which had been in contact with molecular 
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sieves for at 1 east one day. A sma 11 portion of ethyl acetate was added to 

the mixture and the product \vas precipitated upon cooling. The crystals were 

filtered using a vacuum pump and washed with acetonitrile. Excess solvent was 

removed in a vacuum oven at 50-70°C. After 2-3 days the butyl pyridinium 

chloride was introduced into the drybox for melt preparation. 

The melt \lias prepared by the direct addition of butyl pyridinium 

chloride to the aluminum chloride. No sublimation of the AlC1 3 \lias carried 

out. 

Initial batches of the 2:1 melt were a light golden yellow color showing 

little absorbance in the visible region (Figure 2) and an acceptably l0\"1 

background current as determined on a glassy carbon \"IOrki ng e 1 ect rode. 

Subsequent molten salts were much darker at the 2:1 con1position and exhibited 

larger background currents. As the molten salt composition was made more 

basic beyond the 1:1 equivalence point the melt became a light yellow color. 

From experiments conducted with this molten salt the behavior was ascribed to 

\"later contamination. In subsequent butyl pyridinium chloride preparations 

extreme care \lias excerci sed in order to prevent contamination of the butyl 

pyri di ni um chloride by atmosphere \"later. 

The procedure finallj adopted has been to prepare initially a 2:1 ~olten 

salt and to pre-electrolyze this between aluminum electrodes for several days 

to remove any hydrogen ion by reduction to hydrogen gas. This also was 

successful in removing base metal impurities introduced by the AlC1 3 and 

generally resulted in a lightening of the yellow coloration. More basic 

molten salts were prepared by the addition of butyl pyridinium chloride to 

this 2:1 electrolyte. Melts rich in the butyl pyridinium chloride salt proved 

impossible to purify by constant current pre-electrolysis; the reduction of 

the butyl pyridiriium cation occurs at potentials positive of aluminum 

deposition to produce a dark blue reduction product which is electrochemically 

active in the voltage window of the me 1 t. Molten salts contaminated by the 

blue product ~vere discarded. A constant potential pre-electrolysis between 

carbon electrodes was considered as an alternative method for the purification 

of these more basic molten salts, ho\ltever this method was only partially 

successful: the potential of the working carbon electrode had to be maintained 
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several hundred millivolts positive to the apparant cathodic limit of the melt 

in order to avoid the complications associated v1ith the reduction of the 

BuPyCl cation. A typical current-voltage curve obtained on a glassy carbon 

electrode for a pre-electrolyzed 2:1 and 0.8:1 melt are shown in Figure 3. 

Both potential scales are with respect to an aluminum electrode in the 2:1 

mol ten salt, and the displacement of the chlorine and aluminum redox 

potentials as the molten salt composition is changed is evident. 
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SECTION 3 - EXPERIMENTAL 

All experimental work was carried out in a Vacuum Atmospheres Co. 

controlled atmosphere glovebox. Argon was continuously circulated through 

purification beds to remove oxygen, hydrogen, nitrogen and water. The 

condition of the atmosphere was determined by Panarnetrics moisture analyzers 

and the lifetime of a 25W light bulb with an exposed filament. The· moisture 

ana 1 yzer recorded 1 eve 1 s of water 1 ess than 3ppm over the period of the 

research. The broken 25W light bulb burned continuously for eight days, 

however this longevity \'Jas probably a result of hydrogen generation from the 

pre-electrolysis of the molten salt rather than extremely low oxygen levels. 

Current-voltage curves were obtained using a P.A.R. 173 potentiostat 

coupled to a P.A.R. 175 signal generator. A.C. impedance measurements were 

obtained using a P.A.R. 5204 lock-in analyzer or a Hewlett-Packard model 5835A 

signal analyzer. 
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SECTION 4 - SOLUBILITY STUDIES 

4.1 Cadmium Sulfide, Selenide and Telluride Solubility 

Initial experiments \vere conducted with molten salt prepared without a 

pre-electrolysis step; these molten salts were darker in color than normal. 

Approximately 1 gm of po\'/dered chalcogenide was added directly to a 20 g 

sample of molten salt. 2:1, 1.5:1 and 0.8:1 molten salt samples were chosen 

for investigation. The samples were stirred continuously for 5 days, after 

which time a cyclic voltammogram was run on each solution. No quantitative 

information could be determined from these experiments. Even in the case of 

sulfide, where considerable amounts had dissolved, no sulfide oxidation wave 

was visible. The cadmium reduction wave was apparently too negative to allow 

accurate detennination of the cadmium concentration. 

In view of the difficulty of ..1.!:!. situ detection of the dissolved species, 

the samples were centrifuged and approximately 5ml of melt was removed and 

dissolved in 40ml of distilled water. These solutions were subjected to pulse 

polarographic analysis; the concentrations of cadmium were calculated from the 

pulse polarographic wave heights of known cadmium chloride concentrations. 

The reduction wave was clearly visible at -0.65V vs s.c.E. Figure 4 shows the 

amounts of cadmium salt taken up by each molten salt. The cadmium sulfide was 

fully dissolved at all compositions. The 0.8:1 molten salt dissolved the 

cadmium sulfide most quickly, followed by the 2:1 melt. The other two cadmium 

salts exhibited a definite melt composition dependent solubility. The 0.8:1 

melt was most capable of dissolving the cadmium compounds followed by the 2:1 

melt and the 1.5:1 molten salt. The minimum solubility appeared to be at or 

around the 1:1 composition. Cadmium telluride was clearly the least soluble 

species at all compositions. 

The experiment was repeated using pre-electrolyzed 2:1 melt -.more basic 

compositions being prepared by the addition of butyl pyridinium chloride. 

Each beaker was covered \'lith a watch glass. Figures 5 and 6 indicate the 

values of the solubility obtained. These solubilities are considerably lower 
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than those derived in the earlier experiment. 

In a final experiment, where extreme care was taken to exclude moisture 

pick-up by the butyl pyridiniurn chloride the observed solubility of cadmium 

telluride was the same as that observed in the previous experiment; it 

increased as the molten salt was made more basic. Cadmium selenide showed a 

significant decrease in solubility, and the solubility curve did not appear to 

exhibit a minimum but more closely resembled the behavior of cadmiutn telluride 

(Figure 7). 

4.2 Gallium Arsenide Solubility 

Experiments were carried out to determine GaAs solubility in an 

identical manner to that described for the chalcogenides. The solutions were 

analyzed by x-ray fluorescence, but low sensitivites prevented detection of 

the gallium ion. Further work is in progress to determine the gallium 

arsenide solubility. 

4.3 Conclusions 

Cadmium telluride is the least soluble chalcogenide at all of the melt 

compositions investigated. Cadmium sulfide has the greatest solubility and is 

clearly unsuitable as a photoelectrode. The variability in the data has been 

eliminated by pre-electrolysis of the molten salt and by avoiding moisture 

contamination of the butyl pyridinium chloride. Although oxygen from w9ter 

may be complexed as AlOCl, the hydrogen ion is free to form hydrogen sulfide, 

sel en ide and tell uri de. (The absolute magnitude of the free energies of 

fonnation increase as H2Te> H2Se> H2s and in agreement with this it has been 

found that the solubility of CdTe is least affected by hydrogen ion in the 

melt.) The solubil1ty of the chalcogenides may be rationalized in tenns of 

the following equilibria, where X represents sulfide, selenide or telluride. 

------------------- 1 

Cd 2+ + XCl- ~· CdCl ( x- 2)
X ---------- 2 
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The high solubility of the semiconductors in basic melts presumably 

results from the stable chloro-cornplexes formed in the chloride rich media. 

(Equilibrium 2). In more acid media the cadmium will be solvated by 

tetrachloroaluminate species and sulfide will be complexed by Al
2

Cl]. The 

increase in solubility as the melts are made more basic would suggest that 

equilibria 2 and 3 are mainly instrumental in determining the solubility of 

the semiconductors. 

From the solubility data, cadmium sulfide and cadmium selenide appear 

unsuitable as photoelectrodes. Since cadmium ions could not be identified in 

the melt by cyclic voltammetry it is assumed that their reduction potential 

lies near to or negative of aluminum: it would therefore be possible to 

reduce the chalcogenides•s solubility by the addition of cadmium chloride to 
2- 2- 2-the melt. Alternatively, the addition of SIS , Se/Se or Te/Te as the 

associated redox couple could also reduce the solubility. This does not 

however solve the possible problem of precipitation as a result of temperature 

differences within the cell or morphology changes at the electrode surface as 

a result of the dynamic equilibrium between solid and solution species. From 

these considerations it is probable that only cadmium telluride could be 

employed. 
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SECTION 5 - FLAT BAND POTENTIAL DETERMINATIONS 

Flat band determinations were carried out by the ~!ott-Schottky 

technique; this enabled the position of the band gap with respect to the 

breakdown potentials of the melt to be established, for each semiconductor. 

Figure 8 shoHs .the plot of 1/C2 vs E for n-type cadmium selenide (0.3cm2 

area) at two melt compositions. Although a frequency dispersion was observed, 

the results at each frequency extrapolated to nearly the same value of the 

flat band potential. The flat band potential appeared to shift cathodically 

by 60mV per ten fold increase in chloride ion concentration. HO\vever, the 

estimated value of ~he potential associated with the valence band edges 1 ies 

at or positive to the potentia 1 associ a ted with the c1 2; A 1 c14 or the Cl 2; Cl

redox potential. For such a case any redox couple in the solution should be 

capable of quenching not only the semiconductor dissolution but also chlorine 

evolution, which would probably result in the corrosion of the semiconductor. 

Figure 9 illustrates the flat band determination for cadmium tell uri de 
2 (0.3 ern area) at two molten salt compositions. No frequency dispersion was 

observed, and the flat band potential shifted 60mV more negative as the 

chloride concentration was increased by a factor of ten. At all melt 

compositions for cadmium telluride the band gap lies within the voltage 

window of the melt, although the conduction band appears very close to. the 

aluminum deposition potential. This could possibly exclude the use of p-type 

cadmium telluride in the melt, because aluminum would deposit o.n the 

semiconductor electrode during illumination. 

Fiyure 10 shows a current-vo'ltage curve obtained v1ith p-type cadmi urn 

te 11 ur-i de. · A pure ·ohmic contact was not made however the contact prepared 

using gold chloride solution showed only sliyht rectification. Because of the 

hiyh cathodic currents observed, the determination of the flat band potential 

was difficult, but a value between 0.8 and 1.4 volts was obtained. 

Flat band potentia 1 deterrni nations for n-type GaAs are presented in 
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Figure 11. The data are collected at tvm different molten salt corilpositions 

and at two different frequencies; no frequency dispersion was observed at 

frequencies greater than 500Hz. Background anodic dark currents were 1 ess 

than 0.1 l-A/cm2• Frorn the extrapolated flat band potentials of +250 mV in the 

2:1 melt and -950 mV in the 0.8:1 melt the band gap region of the 

semiconductor 1 ies within the voltage window of the melt at both extreme 

compositions. 

n-type silicon showed no visible deterioration in the molten salt at the 

2:1, 1.5:1 and 0.8:1 compositions as would be predicted from thermodynamic 

considerations if the corrosion reaction was 

3Si + 4AlC1
3 
~ 3SiC1 4 + 4Al l!G = +155kcal. 

Figure 12 shov1s the current-voltage curve obtained on n-type silicon in 

the 2:1 melt. The anodic dark currents obtained were an order of magnitude 

greater than those obtai ned on other n-type semi conductors. Neverthe 1 ess the 

complex plane impedance plots could be represented as a series capacitance and 

resistance (Figure 13). Schottky-r~ott plots v1ere rnade and the flat band 

potential for the 2:1 and 1.5:1 appeared to extrapolate back to approximately 

0.6 and 0.4V respectively, but considerable curvature was observed at more 

negative potentials. Tf1e flat band potential for the 0.8:1 melt appeared 

identical to that for the 2:1 melt (Figure 14). If the results in the basic 

melt are correct, then it appears that silicon could only be employed in the 

more acid melt where a sufficient voltage window exists for the selection of a 

redox couple capable of delivering adequate voltage. However, these flat band 

potentials will be re-evaluated before discounting the use of silicon in the 

basic 111elt. 
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SECTION 6 -REDOX COUPLE BEHAVIOR IN THE MOLTEN SALT 

In order to allow a rapid evaluation of the kinetics of the 

oxidation/reduction process at a carbon electrode, cyclic voltammetry has been 
carried out at two molten salt compositions, i.e •. the 2:1 and 0.8:1 melts. 

Although trend discontinuities may arise around the 1:1 composition it is felt 

that an evaluation of the redox behavior of a couple at these two compositions 

can usefu"lly determine the _likely shifts in redox potential at intermediate 
compositions and the probability of reversibility at these compositions. 

In acidic melts ferrocene is quasi-reversible and exhibits a redox 

potential of 0.3V vs Al/Al 3+ in the 2:1 melt. This potential is invariant 

with melt composition. Substitution of alkyl substituents on the 

cyclopentadiene ring has been found not to change the kinetics significantly 

but to shift the redox potential to more negative values. (Figure 15). In the 
2:1 molten salt reversible redox behavior has been observed for the w5+;w6+ 
couple and the Eu 2+;Eu3+ couple. (Figures 16 and 17). Iron III is reduced by 

the melt at the 2:1 composition, but in the 0.8:1 melt the Fe2+/Fe3+ couple is 

stable and exhibits quasi-reversible behavior. (Figure 18). 

Work is continuing to evaluate more reversible couples. 
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SECTION 7 - CONCLUSIONS 

On the basis of solubility and the location of their flat-band 

potentials, n-type cadmium telluride, gallium arsenide and silicon have been 

identified as semiconductors which merit further study as photoanodes in the 

presence of suitable reversible redox couples. 

High solubility has determined the unsuitability of cadmium sulfide as a 

photoelectrode. Cadmium selenide exhibits a solubility considered to be too 

high for practical use without the addition of cadmium, selenide, sulfide or 

telluride ions to the solution to suppress solubility. p-type cadmium 

telluride appears unsuitable in view of the difficulty in making ohmic 

contact, its high resistivity and most importantly the negative potential 

associated with the conduction band edge. 

The presence of hydrogen ion impurity has been identified as a major 

problem in determining the solubility of semiconductors in the molten salts. 

Contamination is a result of the extremely hygroscopic nature of butyl 

pyridinium chloride, and although the oxygen ion from ~Jater may be complexed 

as AlOCl in more acid melts, hydrogen ion is free to liberate hydrogen 

sulfide, selenide and telluride in the case of the chalcogenides and arsine 

and phosphine in the case of gallium arsenide and phosphide. 

Careful avoidance of water and an initial pre-electrolysis between 

aluminum electrodes in the more acid melts has resulted in molten salts free 

of hydrogen ion and in lo\'ler semiconductor solubilities. In an enclosed cell 

the problem of loss of gaseous products ·~'l'ill be minimized, but impure molten 

salts cannot be· tolerated; impurities increase both the solubility of the 

sPmif:oncluctot'S and the visible absorbance of the melt. 

An investigation of redox couple behavior has determined several couples 

exhibiting reversible or quasi-reversible current-voltage characteristics. 

These are represented in Figure 19 where the two voltage windows correspond to 

the 2:1 and 0.8:1 molten salt. 
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SECTION 8 - FUTURE WORK 

n-type gallium phosphide and p-type silicon are scheduled for evaluation 

as photoelectrodes. 

More inorganic, organometallic and organic redox couples will be tested 

for reversibility and solubility in the molten salt. Substituted ferrocenes 
incorporating electron \tithdrawing groups on the cyclopentadiene ring will be 

tested in an attempt to obtain reversible couples positive to the ferrocene 

redox potential. Coinhinations of a redox couple and a semiconductor 
photoe 1 ect rode wi 11 be .. tested for so 1 a r energy conversion efficiencies and 

semiconductor stabilities. 

A materials evaluation program has been initiated and will be continued 

to determine materials .which are stable in the presence of the molten salts. 
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PHASE DIAGRAM OF THE SYSTEM ALUMINUM 

CHLORIDE-ETHYL PYRIDINIUM BROMIDE 

220 

180 

140 

oc 100 

60 

20 

~20 

0 
·.;:::; 

"' ... 
"'' ·o 
E 

0 
·.;:::; 

"' ... 
Cl) 

0 
E 

0 
·.;:::; 

"' ... 
Cl) 

0 
E 

0 

-60+-----~--~-----.----~----~ 

0 20 40 60 80 100 

Mole Per Cent Aluminum Chloride 

FIGURE 1 



VISIBLE ABSORBANCE OF UNPURIFIED 2:1 AI~I3/BuPyCI (1 CM PATH LENGTH) 
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THE SOLUBILITY OF CdS, CdSe and CdTe in the AICI3/BuPyCI MELT (IMPURE) 
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SOLUBILITY OF CADMIUM SULFIDE AT DIFFERENT MELT COMPOSITION AT 25°C 
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SOLUBILITY OF CADMIUM SELENIDE AND TELLURIDE 

AT DIFFERENT MELT COMPOSITIONS AT 25°C 
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SOLUBILITY OF CADMIUM SELENIDE AND TELLURIDE 

AT DIFFERENT MELT COMPOSITIONS (II) 
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The Flat Band Determination for n-type GaAs. 
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