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ABSTRACT 

The possibility of using molten mixtures of 1,4-dimethyl-l,2,4-triazolium chloride (DMTC) and aluminum chloride 
(A1C13) as secondary battery electrolytes was studied, in some cases extended by the copresence of sodium chloride. 
DMTC-A1CI~ mixtures demonstrated high specific conductivity in a wide temperature range. The equimolar system is most 
conductive and has K values between 4.02 x 10 -~ and 7.78 • 10 -2 S cm -~ in the range from -31  to 123~ respectively. The 
electrochemical window of DMTC-containing sodium tetrachloroaluminate melts varied in the region of 2.5 to 2.2 V 
(150-170~ depending on melt acidity and anode material. DMTC, being specifically adsorbed and reduced on the tungsten 
electrode surface, had an inhibiting effect on the aluminum reduction, but  this effect was suppressed on the aluminum 
substrate. An electrochemical process with high current density (tens of milliamperes per square centimeter) was observed 
at 0.344 V on the acidic sodium tetrachloroahiminate background, involving a free triazolium radical mechanism. Molten 
DMTC-A1C]3 electrolytes are acceptable for battery performance and both the aluminum anode and the triazolium elec- 
trolyte can be used as active materials in the acidic DMTC-A1C13 mixtures. 

The development of high energy density secondary bat-  
teries, with aluminum anode as the most attractive alterna- 
tive to li thium and sodium, is an important subject of re- 
search. It can be justified by low price, chemical stability, 
high theoretical capacity, and high energy density of the 
aluminum. 

Depending on temperature range at least two battery 
systems are now being developed: a moderate temperature 
system with sodium chloride-aluminum chloride 1-~ or 1- 
butylpyridinium chloride-aluminum chloride 1~ molten 
mixtures as electrolytes, and a room temperature system 
with molten mixtures of a luminum chloride and organic 
quaternary salts, usually 1-methyl-3-ethylimidazolium 
chloride (MEIC) 13-17 as electrolytes, the latter system being 
more attractive because of the wider temperature range. 
Despite satisfactory cycling efficiency of the aluminum 
anode in the MEIC electrolytes these batteries have the 
following disadvantages: 16'17 (i) low allowed current densi- 
ties (<1 mA cm-2); (if) necessity of an ion-exchange mem- 
brane because of different composition of the anolyte and 
catholyte; and (iii) limitations in choice of cathodic 
materials. 

Several attempts to extend electrochemical windows of 
the room-temperature molten electrolytes have been un-  
dertaken: 18-23 a molten MEIC-aluminum chloride mixture 
of nearly neutral  composition obtained by NaC1 addition 
unti l  saturation and further a 1.5:1 molten mixture of 
A1C13-1,2-dimethyl-3-propylimidazolium chloride have 
been used as modified electrolytes) 8'~9 In the first case 
sodium can be used as anode instead of aluminum (anodic 
extending) and in the second case a chlorine cathode has 
been realized, based on an intercalation process in graphite 
(cathodic extending). Unfortunately, good cycling behavior 
has not been found for the sodium anode because of a pas- 
sivating layer.18 Concerning the chlorine electrode, chlorine 
storage capacity of graphite has not been sufficient for a 
suitable energy density, 19 probably because of the absence 
of a chlorine intercalation into graphite. 

Recently, aluminum-polyanil ine secondary batteries 
have been developed 2~ using molten acidic MEIC-A1C13 or 
butylpyridinium chloride-AiC13 mixtures as electrolytes. 
However, Giinter et al. have determined slight dissolution 
of polyaniline in the acidic melts and subsequent degrada- 
tion of the cathodes after 20-30 cycles. 23 

Therefore the development of new electrolyte systems for 
room-temperature aluminum secondary batteries is still an 
important field of investigation. It was natural  after imida- 
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zole to study a related compound in the group of five-mem- 
bered azo-heterocycles, i.e., triazole. 

Here, we report the conductivity and voltammetry of 
DMTC-A1C13 (Fig. 1) as possible secondary battery elec- 
trolytes. For the voltammetric measurements the idea of 
Matsunaga et al. 2~ has been used: the electrochemical be- 
havior of DMTC-A1C13 systems in both acidic and basic 
regions has been studied in a diluted state in sodium tetra- 
ehloroahiminate melts. In this way, all the processes due to 
DMTC became more pronounced. 

Experimental 
1-Methyl- 1, 2, 4-triazole, synthesized and purified as de- 

scribed in Ref. 25 was dissolved in dry nitromethane 
(200 cm3/mol). One equivalent of trimethyloxonium te- 
trafluoroborate 26 was added and the mixture stirred for 2 h. 
Fourfold dilution with dry ether, decantation, and washing 
with dry ether gave 93% of 1,4-dimethyl-l,2,4-triazolium 
tetrafluoroborate. This compound was dissolved in boiling 
water (0.5 cm~/g) and  1 eq. of aqueous 5M KC1 was added. 
Cooling to 0~ removal of the separated KBF4 by filtration, 
evaporation to dryness, recrystallization from ethanol- 
ether, and drying at 0.1 mm Hg over P20~ (to remove any 
traces of water) gave 86% of DMTC, mp 103-104~ The 
preparation of distilled aluminum chloride and dried NaC1 
has been described previously. 27 All sample preparation 
and handling took place in an argon-filled glove box (Vac- 
uum Atmospheres Inc.), with oxygen concentration 10 ppm 
(monitored with a Dansensor System A/S unit). 
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Fig. 1. DMTC = 1,4-dimethyl-1,2,4-triazo[ium chloride (structural 
formula). 
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Fig. 3. Specific conductivity of DMTC-AICI3 mixtures as a function of 
composition and temperature (lines are made by hand). 
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Fig. 2. Potentiometric cell with 3 chambers: (A) seal off; (B) tungsten 
working electrode; (C) molybdenum counterelectrode; (D) electrolyte; 
(E) tungsten current collectors; (F) sealed pressure equilibration tubes; 
(G) aluminum reference electrode; and (H) porous ceramic separator. 

The  same  c o n d u c t a n c e  cell  was  used  for  all  samples ,  a n  
H - t y p e  Py rex  cell w i t h  a cap i l l a ry  of d i a m e t e r  a n d  l e n g t h  
equa l  to 0.1 a n d  1.0 cm, respec t ive ly  ( the cell c o n s t a n t  was  
40.94). Tungs t en  wi re  e lec t rodes  were  sea led  in  the  b o t t o m  
of cell  c o m p a r t m e n t s .  Af t e r  e ach  add i t ion ,  the  cell  was  
evacua ted ,  f i l led w i t h  Ar  to a p re s su re  of 50 kPa  a n d  sealed  
in  the  u p p e r  p a r t  of one  of the  c o m p a r t m e n t s .  The  conduc -  
t ance  cell  was  c a l i b r a t e d  a t  r oom t e m p e r a t u r e  u s ing  the  
s t a n d a r d  t e c h n i q u e  (0.1 dema l  aqueous  KC1). ~ D u r i n g  the  
e x p e r i m e n t s  the  cell  was  i m m e r s e d  in a we l l - s t i r r ed  si l i-  
cone oil ba th .  A R E X - C 4  p r o p o r t i o n a l  t e m p e r a t u r e  con-  
t ro l l e r  was  used.  The  t e m p e r a t u r e  was  s t ab i l i zed  w i t h i n  
_+ 0.1~ The  t e m p e r a t u r e  s c a n n i n g  r a t e  was  0.5~ The  
r ep r oduc ib i l i t y  of conduc t i v i t y  va lues  was  con t ro l l ed  b y  
p e r f o r m i n g  two cool ing a n d  two  h e a t i n g  scans  in  each  con-  
c e n t r a t i o n  poin t .  C o n d u c t a n c e  m e a s u r e m e n t s  were  m a d e  
w i t h  a R a d i o m e t e r  A / S  (Copenhagen)  Model  CDM 83 con-  
duct~vity meter,  w o r k i n g  a t  the  fo l lowing  f requencies ,  
w h i c h  a u t o m a t i c a l l y  c h a n g e d  d e p e n d i n g  on  t he  c o n d u c t i v -  

ity: 586 Hz (below 0.13 m S  cm-1); 4.69 kHz (below 1.3 m S  
cm-1); a n d  50 kHz (below 13 m S  cm 1). 

Cyclic v o l t a m m e t r y  was  p e r f o r m e d  in  a doub le  H - t y p e  
t h r e e - c o m p a r t m e n t  Py rex  cell (Fig. 2). A t u n g s t e n  wi re  
w o r k i n g  e lec t rode  (0.36 cm2), a m o l y b d e n u m  foil  coun -  
te re lec t rode ,  a n d  a n  a l u m i n u m  re fe rence  e lec t rode  (in 
0.6 NaC1 - 0.4 A1C13 mel t )  were  used.  Also, the  e lec t ro-  
chemica l  cell  was  sea led  u n d e r  50 k P a  of a rgon  a f t e r  each  
add i t ion .  The  same  s i l icone oil b a t h  a n d  t e m p e r a t u r e  con-  
t ro l l e r  were  used. Vo l t ammet r i c  m e a s u r e m e n t s  were  car-  
r i ed  out  w i t h  a S c h l u m b e r g e r  Model  SI1286 e l ec t rochemi -  
cal in ter face .  The  CORRSOFT ERIC Sys t em 2 so f tware  
p r o g r a m  was  used  to con t ro l  the  SI1286. 

Results and Discussion 
Conductivity measurements.--Here, t he  c o n c e n t r a t i o n  

of b i n a r y  m i x t u r e s  of DMTC a n d  a l u m i n u m  ch lor ide  is ex-  
p ressed  as mole  f r a c t i o n  of A1C13 (X). As in  Ref. 29, ou r  
m e a s u r e m e n t s  were  ca r r i ed  ou t  m a i n l y  in the  bas ic  concen -  
t r a t i o n  reg ion  (X < 0.5), because  of h i g h  m e l t i n g  po in t s  a n d  
low conduc t iv i t i e s  of A1Cl~-rich compos i t ions .  

Fo r  X > 0.35 al l  s t ud i ed  compos i t i ons  were  l iqu id  a t  room 
t e m p e r a t u r e ,  i.e., t h e i r  m e l t i n g  po in t s  were  m a r k e d l y  lower  
t h a n  for  the  1 ,3 -d ime thy l im idazo l i um ch lo r ide  (DMIC)- 
a l u m i n u m  ch lor ide  m i x t u r e s  a n d  a t  X = 0.5 even  lower  t h a n  
for the MEIC-AICI~ melt. ~9 

The specific conductivity of the DMTC-AICI3 system in 
the temperature range of 29.3-I14.0~ is shown in Fig. 3, 
and the corresponding data are given in Table I. As for 
N-ethylpyridinium chloride-AiC13 3o and the 1,3-alkylimi- 
dazolium chloride-AICl3 29 melts~ the specific conductivity 
of DMTC-AICI3 mixtures is strongly dependent on the com- 
position of the melt. For all systems, equimolar mixtures 
have peak conductivity values. The equimolar DMTC- 
AIC13 conductivity is close to the corresponding MEIC- 
AIC]3 mixture. 

Table I. Specific conductivity K (mS cm-'); of the DMTC-AICI3 mixtures. 

X of AICI3 t (~ 0.268 0.348 0.399 0.448 0.500 0.553 

29.3 - -  0.798 2.231 4.753 10.64 7.369 
39,9 0.950 1.933 4.585 7.533 14.33 10.64 
57.7 2.121 5.527  9.676 15.53 26.27 20.83 
67.0 5.199 8.475 13.69 20.36 31.74 26.65 
76.5 10.64 12.26 18.22 25.93 38.71 32.77 
86.0 16.40 16.77 23.38 32.00 46.13 39.46 
95.2 19.08 21.73 29.15 38.50 53.68 46.36 

104.7 22.71 27.23 35.25 45.61 61.82 53.35 
114.0 29.87 33.86 42.15 52.81 70.21 61.14 
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Table II. Least squares fit parameters for specific conductivities according to Eq. 1. ~ 

K0 A B tmin tm~x No. 
X Of A1C13 (mS cm 1) [mS cm -1 (~ [mS cm -1 (~ -=] (~ (~ of points R 2 

0.268 11.0001 0.47634 5.5249 35 1.10 32 0.99530 
(6000) (630) (2000) 

0.348 13.7711 0.45213 3.85476 30 120 30 0.99929 
(3400) (240) (9000) 

0.399 19.8544 0.53710 3.68924 30 120 29 0.99995 
(1000) (80) (3000) 

0.448 28.0325 0.62292 3.057 40 125 29 0.99968 
(3100) (220) (90) 

0.500 40.7721 0.75757 3.47999 - 15 125 77 0.99922 
(6900) (370) (4000) 

0.553 35.2458 0.67948 2.48172 30 125 30 0.99933 
(5000) (350) (10000) 

a Standard deviation on last digits of A and B parameters are given in parantheses. R 2 is the correlation index, which was calculated, using 
the equation 

R == ( , , _ ~ ) 2 _ ~ ( , , _  ~,i)2 (*i--~)2 with * = n ~ * i  
= i = 1  = z = l  

Experimental  values of specific conductivity, K, for each 
composition were least squares fit to equations of the form 

= K0 + A(t - to) + B(t - t0) 2 [1] 

where fi is the estimated regression value, K0 is the regres- 
sion constant, t is the temperature in centigrade and to is a 
fixed reference point (set to 80~ The values of the 
parameters of Eq. 1 are given in Table II (with temperature 
ranges). 

According to Fig. 4, and unlike the DMIC-A1Cla and 
MEIC-A1C13 melts, the DMTC-A1C13 mixture at X = 0.5 
demonstrates an obvious non-Arrhenius behavior, with a 
glass formation temperature close to zero. But the most 
important property for battery applications is that the 
equimolar DMTC-AICla melt has a sufficiently high con- 
ductivity down to -30~ The described temperature de- 
pendence of the specific conductivity can be explained by 
assuming that  the pure DMTC melt (as for alkylpyridinium 
and alkylimidazolium chlorides) is a strongly associated 
liquid that forms an ionic dissociated compound at X = 0.5. 
Therefore addition of aluminum chloride to the DMTC melt 
must be followed by destruction of the associates, entropy 
growth 31 and subsequent increase of electroconductivity 
with pronounced glass-forming tendency. A similar behav- 
ior must be at the other side of the phase diagram, as alu- 
minum chloride is dimerized and almost nonconductive in 
the liquid state. The addition of a strongly polarizing ion, 
such as Li § may have an opposite effect, forming associates 
and lowering the entropy as well as the conductivity. This 
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Fig. 4. Logarithmic plot of the specific conduclivity in the equimolar 
DMTC-AICI3 mixture vs. the reciprocal temperature. 

assumption is in good agreement with the experimental 
conductivity data measured by Fannin e t  al. 29 for the 
MEIC-AIC13 with small LiC1 additions and with the results 
obtained by Matsunaga e t  al.  24 on the LiC1 influence on the 
electrochemical behavior of the A1C1; anion in MEIC- 
NaC1-A1C13 melts. 24 

V o l t a m m e t r i c  m e a s u r e m e n t s . - - V o l t a m m e t r i c  curves for 
the melts of neutral or slightly basic sodium tetrachloro- 
aluminate with 1 and 2 mole percent (m/o) additions of 
DMTC are shown in Fig. 5 (obtained with a tungsten elec- 
trode). In the presence of DMTC, the potential of aluminum 
electroreduction becomes almost 100 mV more negative 
than for the pure NaA1C14 electrolyte. Moreover four new 
waves appear on the voltammetric curves: oxidation waves 
(I and II) with initial potentials of 1.82 and 2.29 V and 
reduction waves (III and IV) with initial potentials of 2.15 
and 1.09 V, the wave parameters depending on the DMTC 
concentration. Wave I disappears during cycling in a po- 
tential range more positive than 1.0 V (Fig. 6) and wave III, 
being obviously an electroreduction of the product of pro- 
cess II, has a strong passivating effect on the aluminum 
reduction and oxidation: both of them are suppressed when 
negative polarization follows the positive one (Fig. 7). Peak 
current (Ip) and peak potential (Ep) of wave III depend lin- 
early on the square root of the potential scanning velocity. 

In the slightly acidic melt the electrochemical behavior 
of DMTC (added in the form of a 0.447 DMTC-0.553 A1C13 ~ 
melt) differs very much from that in the basic melt (Fig. 8B). 
The aluminum electroreduction initial potential, as in the 
basic melt, becomes 100 mV more negative but, unlike for 
the basic triazolium melts and for the acidic imidazolium 
melts, the wave of aluminum electro-oxidation disappears, 
i.e, it is suppressed by DMTC. Furthermore, new high ve- 
locity electrochemical processes, involving DMTC, can be 
seen in the voltammetric curves (waves V and VI in Fig. 9). 
Both waves have the same initial potential, 0.344 V, but the 
peak potential difference is distinct and exceeds 1 V, de- 
creasing with the temperature (Fig. 10) and scan velocity. 
For both waves peak current densities are unusually high 
(even at the lowest experimental temperature and potential 
scan velocity, i.e. 153.3~ and 8.3 mV s -1, peak V current 
density is 66 mA cm-2). The ipa/ip~ value approaches unity 
when the temperature decreases (Fig. 10). Both peak 
parameters are reproducible (cycling tens of times), includ- 
ing low potential scan velocity conditions. The peak cur- 
rents and potentials depend linearly on the square root of 
the scan velocity (Fig. 11). Both triazolium processes de- 
pend on the electrode material: triazolium reduction is sup- 
pressed at the aluminum electrode and the wave of alu- 
minum electro-oxidation appears on the voltammetric 
curve (Fig. 12). 
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and 2 V min -1 vs. electrolyte: (A) 
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Anodic oxidation of NaA1C14 (oxidation of the tetra- 
chloroaluminate ion TM) is not effected by DMTC-A1Cla addi- 
tion (Fig. 8). 

From the results of the voltammetric measurements we 
conclude that in acidic and basic regions triazolium chlo- 
ride has a significant effect on the electrochemical behavior 
of the sodium tetrachloroatuminate melt. Similar to imida- 
zolium chloride, 17'z~ DMTC has an inhibiting effect on the 
aluminum electroreduetion. However, contrary to the be- 
havior of imidazolium melts, the aluminum electro-oxida- 
tion on tungsten is suppressed in acidic melts, while being 
slightly affected in basic melts (mainly because of the 
higher aluminum reduction polarization and the fixed po- 
tential scanning region (Fig. 6). 

In the basic electrolyte the strong passivating effect of 
the processes II-III on the electrochemical behavior of alu- 
minum can be explained by the appearance of a lower con- 
ductive passivating surface layer (probably polymeric, tak- 
ing into account the well-known properties of the 
benzotriazole. 32 Dependence of the If-Ill peak potentials on 
the square root of the potential scan velocity, showing 
ohmic control of this process, a3 is in agreement with our 
explanation. 

Wave I can be ascribed to the oxidation of C1 ions in 
slightly basic melts TM and the disappearance of wave I when 
cycling in the high positive potential part of the potential 
window can be explained by the passivating effect of the 
wave III surface layer. 

2.5 
E,V (AI/AI 3" ) 

[, mA 

1.0 
I , 
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Fig. 6. Cyclic voltammogram performed with tungsten electrodes 
at 169.3~ and 2 V min 1 for NaChAICI3:DMTC (0.4903:0.4903: 
0.0194). Second potenlial scan in the anodic part of the electrochem- 
ical window. 

Wave IV can be ascribed to the reduction of the tria- 
zolium ion in the basic melt, similar to the imidazolium ion 
reduction in MEIC molten mixtures. 17 

In the acidic electrolyte, peak current densities for waves 
V and VI are higher than those expected even for a re- 
versible electrochemical reaction (if the diffusion coeffi- 
cient is supposed to be - 10  -7 cm ~ s -1 and the diffusional 
layer is 10 -~ cm). This phenomenon may be explained as an 
electroreduction of specifically adsorbed triazolium 
cations with formation of a stable adsorbed radical, and 
subsequent oxidation of this radical according to the equa- 
tion 

H3C-N*--N H3C-N*--N 
II rl + e - ~ -  II II 

H--C C--H H--C C--H 
\ / \ / 
N N 
I J 
CH3 CH3 

[2] 

This explanation is in good agreement with R. A. Oster- 
young's observations concerning the remarkable stabiliza- 
tion of aromatic amine radical cations in A1C13-NaC1 melts, 
even at 175~ and the dependence on the melt acidity. 34 In 
the present case ohmic control can be ascribed to the lower 
conductivity of the DMTC-rich surface layer. The tria- 

12 t l,mA 
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Fig. 7. Cyclic voltammogram performed with tungsten electrodes 
at 169.3~ and 2 V min -I for NaCI:AICI3:DMTC (0.4903:0.4903: 
0.0194). The first and second potential scans. 
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trochemical behavior at 2 V rain -1 in NaCI:AICI3:DMTC (0.4763: 
0.5025:0.0212. Scan 1,170.4~ scan 2, 161.3~ scan 3, 153.9~ 

Fig. 8. Cyclic voltammogram performed with tungsten electrodes 
at 165~ and 1 V min -1 for (A) NaCI:AICI3 (0.5000:0.5000), and (B) 
NaChAICI3:DMTC (0.4763:0.5025:0.0212). 

zolium ion electrochemical behavior depends on the elec- 
trode material used. That is why it is possible to have a 
rechargeable aluminum electrode when we use pure 
aluminum in acidic melts, hence suppressing triazolium 
ion reduction. 

In conclusion, DMTC-AIC13 melts can be used as 
secondary battery electrolytes with aluminum as anode 
in both basic and acidic mixtures in a wide tempera- 
ture range. 

However, the most important property of the studied 
electrolytes is the electrochemical activity of the triazolium 
chloride at potentials close to the aluminum reduction-oxi- 
dation processs in the acidic melts. The utilization of reac- 
tion 2 as an anode (instead of aluminum) in secondary bat-  
teries is promising because of higher reversibility, current 
density, and theoretical capacity. The combination of the 
triazolium process with such cathodic materials as poly- 
mers in secondary battery systems moreover has the fol- 

60 
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-80 
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E,V ( AI/AI 3") 

Fig. 9. Cyclic voltammogram performed with tengsten electrodes 
at 170.3~ and 2 V rain -1 for NaCI:AICI3:DMTC (0.4763:0.5025: 
0.0212). Potential scan without aluminum wave. 

lowing advantages: (i) absence of an ionic-exchange mem- 
brane; (it) possibility of thin-layer battery design; and (iii) 
possible environmental advantage of using organic materi- 
als in the battery. 
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