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Protonic conduction in AI2(SO4)3"16H20: 
coulometry, transient ionic current, infrared 
and electrical conductivity studies 

S. A. H A S H M I ,  D. K. RAI,  S. C H A N D R A  
Department of Physics, Banaras Hindu University, Varanasi-221 005, India 

Proton transport in AI2(S04) 3. 16H20 has been established using different techniques namely 
coulometry, transient ionic current, i.r., DTA/TGA and electrical conductivity. The possible 
charge carriers are H § and OH-  generated as a result of possible electrolysis of hydrate 
water molecules. The mobilities of the two charge carriers are approximately 4 x 10 -5 and 
2.4 x 10 -~ cm 2 V -1 s -1 . The electrical conductivity shows strong dependence upon humidity 
and also shows ~ against 1/Tbehaviour closely related with its thermal dehydration 
reaction. 

I .  Introduction 
Proton conducting solid electrolytes are the materials 
of special interest due to their many possible appli- 
cations in various electrochemical devices such as fuel 
cells/batteries, hydrogen and humidity sensors, elec- 
trochromic display devices etc. [1-6]. These materials 
include many hydrates (e.g. HUO2PO4"4H20 [7], 
H 3 P M o l z O 4 o ' 2 9 H 2 0  [8], M o O 3 " 2 H 2 0  [9], 
(NHg) loWlzO42"5H20  [10]), some ferroelectric com- 
pounds (e.g. ADP [11, 12], KDP [13, 14]), polymeric 
materials (e.g. PEO-NH4SCN [15], PEO-NH4C10 4 
[16], PEO-H3PO 4 [17]). The present paper reports 
the proton transport studies on aluminium sulphate 
hexadecahydrate [A12(SO4)3-16H20]. 

The hydrated aluminium sulphate is an important 
starting material to get fine grained alumina for differ- 
ent applications. The aluminium sulphate hydrate 
with a very high water content (16 to 17 H20 ) is also 
known as "Alunogen". The Alunogen has triclinic 
structure [18] belonging to the space group P1 with 
a = 0.7420(6) nm; b = 2.697(2) nm; c = 0.6062(5) nm; 
0~ = 89~ 13 = 97~ y = 91~ and z = 2. 
The structure is composed of discrete SO 4 and 
Al(Ow)6 polyhedra interconnected by a network of 
hydrogen bonds (Ow refers to oxygen of water mole- 
cules). Four of the five independent polyhedra are 
spatially arranged in a manner which gives rise to 
pseudo-double sheets parallel to (010). The fifth 
polyhedron (an SO4 group) is situated between 
pseudo-sheets and is surrounded by zeolitic water 
molecules. Out of 16-hydrates, 12-hydrates are ligand 
water molecules and rest are zeolitic water. Most of 
these water molecules can easily come out on heating 
as evidenced in thermal studies [19, 20]. 

In the present paper, the proton transport in 
A12(SO4) 3 " 16H20 has been established using various 
experimental techniques namely coulometry, transient 
ionic current (TIC), i.r. and electrical conductivity. The 
coulometry followed by gas chromatography suggests 

the movement of H + ions on application of d.c. 
electrical field. The H + ions are generated due to 
electrolysis of hydrate molecules along with O H -  for 
transport, c~ against (l/T) plot has been explained on 
the basis of thermal dehydration reaction. 

2. Experimental procedure 
The transference number was measured on the poly- 
crystalline pellet of Ale(SO4) a" 16H20 (pressed at 
10000 kgcm -z) using two methods: (i) polarization, 
and (ii) direct electrolysis or coulometry [8]. In the 
polarization technique, the current is monitored as a 
function of time on applying a constant d.c. voltage 
across the cell Ag/sample/Ag. This method tells only 
the total ionic transference number (qo,). The cationic 
and/or anionic contribution to the "tion" cannot be 
identified using this technique. The direct electrolysis 
or coulometric investigations was carried out to cir- 
cumvent this problem, using specially designed d.c. 
electrolysis cell. The details of the electrolysis cell have 
been reported earlier [8]. The gas evolved (H 2 in the 
present case) at the cathode side was tested using 
the gas chromatograph of Tracor Instruments model 
"540". 

The transient ionic current (TIC) measurement 
technique was used to detect the number of different 
types of mobile ionic species and to evaluate their 
mobility. In this method, the sample is first polarised 
and then the transient ionic current is monitored as a 
function of time after reversing the polarity of the 
applied voltage. The mobility, g, was calculated using 
the formula 

= d~/~ v (1) 

where d is thickness of the sample, V is the applied 
voltage and z is the time of flight. Details of the 
experimental technique have been reported elsewhere 
[21]. 
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The i.r. spectra of the electrolysed samples scraped 
from cathode and anode ends after coulometry along 
with the original sample were recorded using Perkin- 
Elmer i.r. spectrophotometer model "883". The spec- 
tra were taken in KBr pellets. 

The true bulk conductivity was measured from the 
complex impedance plots with the help of computer 
controlled Schlumberger Solartron (1250) frequency 
response analyser coupled with Solartron (1286) Elec- 
trochemical Interface. The conductivity was measured 
in the temperature range 277-388 K. 

3. Results and discussion 
3.1. Transference number 
The total ionic transference number, qo,, has been 
evaluated using polarization technique and the value 
of rio, is found to be ~-0.97. The value of ionic 
transference number shows that the charge transport 
is mainly ionic. But, it is difficult to find the cationic 
and/or anionic contribution to the total ionic trans- 
ference number using this method. To circumvent this 
problem, the direct electrolysis has been carried out 
using a coulometer or d.c. electrolysis cell. The follow- 
ing results have been observed: 

(a) On passing a constant current (55.5 txA) through 
the sample placed in the coulometer, gas evolved both 
at cathode and anode sides. The volumes of the gases 
evolved are shown in Fig. 1. 
(b) The cathode side gas has been tested using gas 
chromatography and found to be hydrogen. The gas 
evolved at the anode and (possibly oxygen and water) 
is very small and we did not have the facility to detect 
such a small amount of gas. 
(c) The colour of both surfaces of sample was changed 
after electrolysis. The anode side surfaces became dark 
black whereas the colour of cathode side surface was 
feeble brown. The blackening of the anode side surface 
has been attributed to HgO formation. The coulo- 
meter has mercury contacts and escaping O2 at the 
anode may result in the formation of HgO. The HgO 
formation has also been confirmed in i.r. studies (see 
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Figure 1 The volume of gases evolved for a constant  current 
(55.5 laA) as a function of time. 
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Section 3.3). We could not assess the charge transfer 
product at the cathode end but the change in colour 
may be related to the overall decomposition of the 
material. 

The evolution of the gases at both the ends of the 
coulometer suggests the possible electrolysis of water 
of crystallization or ligand water and the hydrogen 
and oxygen evolve as electrolysis products as a result 
of charge transfer reaction at the electrode-electrolyte 
interfaces. In AIz(SO4)3-16H20, 12 H 2 0  molecules 
are interlayered or ligand water whereas rest of 
the water molecules are zeolitic hydrates. The ligand 
water may get electrolysed on application of d.c. 
electric field following the reaction 

H 2 0  ~ H + +  O H -  (2) 

Two types of charge transfer reaction can be con- 
sidered at the electrode-electrolyte interfaces: 

(A) 4H + + 4e- ~ 2H 2 at cathode 

4 O H -  ~ 2H20 + 0 2 + 4e-  at anode 

(B) 4H + + 4e- - 2H2 at cathode 

4 O H -  -2Ia~O, O2 + 4e-  at anode 

The Reaction B differs from Reaction A in the sense 
that in the former H 2 0  diffuses back in the lattice after 
liberating O2 at the anode end whereas in Reaction A 
it is assumed that H 2 0  and O 2 are evolved simultan- 
eously. Assuming Reaction B, the transference num- 
bers have been calculated (following Faraday's law of 
electrolysis) to be tn+ = 0.88 and tor~- = 0.30. Total 
ionic transference number rio . (tH+ + ton-) = 1.18 ex- 
ceeds the value 1, This violates the Faraday's law of 
electrolysis. Following the Reaction A, the transfer- 
ence numbers have been found to be tl~+ = 0.88 and 
torj- = 0.1. The total transference number ti,. ( = tH + 
+ ton-) = 0.98 which agrees approximately with the 

value of qon observed from polarization experiment. 
The reaction mechanism A looks more reasonable. 

3.2. Mobi l i ty  
The TIC measurement technique has been used to 
detect the number of types of mobile ionic species after 
electrolysis and to evaluate their mobility. The num- 
ber of peaks in the transient ionic current against time 
plot indicates the number of mobile ionic species [-21]. 
Two peaks observed in TIC against time plot (Fig. 2) 
are indicative of two types of mobile ionic charge 
carriers (likely species are H + and OH-) .  The corres- 
ponding mobilities have been calculated following 
the equation (1) and found to be: gx = 4 x 10- 5 and 
IX 2 = 2.4 x 10- 5 cm 2 V-  1 s-  ~. It is difficult to identify 
the species to which individually these gl and g2 are 
associated with. But, according to relative ionic radii 
the value of gl and Ix 2 may possibly be associated with 
H § and O H - ,  respectively. 

3.3.  I.r. s tud i e s  
The TIC and coulornetric investigations suggest that 
H + and O H -  are transported out as a result of 
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Figure 2 Transient ionic current against time plot. 

electrolysis of ligand water. The change in the residual 
sample after electrolysis has been identified by taking 
i.r. spectra of the cathode and the anode side samples 
and comparing it with that of the original sample 
(Fig. 3). The i.r. spectra of original aluminium sulphate 
has been studied by Kato and Daimon [20]. Some 
changes in spectral feature have been observed after 

electrolysis and are given below: 

(i) Two peaks at 1670 and 322 cm-1 associated with 
H - O - H  bending and A1-OH twisting, respectively, 
disappear after electrolysis; 
(ii) A peak at 1400 cm- 1 appear in both the cathode 
and the anode side samples; 
(iii) A peak at 1450 cm- ~ appears and 575 cm- 1 peak 
(related with A1-OH wagging) disappear in cathode 
side sample only; 
(iv) Peaks at 1260, 800 and 475 cm-  ~ appear in anode 
side sample only; and 
(v) A shift of 10 cm- ~ in a peak at 610 cm- 1 of v4 
(SO ] -  ) has been observed in the anode side sample. 

The disappearance of the peaks at 1670 cm- 1 asso- 
ciated with H - O - H  bending, 322 cm -1 associated 
with A1-OH twisting and 575 cm -~ related with 
A1-OH wagging suggest that the H - O - H  species goes 
out due to the electrolysis of H20  on application of a 
d.c. electric field and consequently the absence of 
A1-OH vibrations in the electrolysed samples has 
been observed. The observed shift of 10 cm-1 in v 4 
band of SO ] -  is as a consequence of H + and O H -  
evolution after electrolysis which changes the environ- 
ment of SO4 z-. Some peaks appearing after electro- 
lysis, such as 1400 cm- ~ band appears in cathode and 
anode side sample, 1450 cm- ~ band in cathode side 
and 1260cm -~ peak in anode side sample which 
could not be identified by us. 

3.4. Electrical conductivity 
The bulk electrical conductivity as a function of tem- 
perature is shown in Fig. 4 for the temperature range 
from 277 to 388 K. The true bulk conductivity has 
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Figure 3 I.r. spectra of original sample and electrolysed sample near cathode and anode. 
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Figure 4 The bulk conductivity as a function of temperature. 

been evaluated from experimental complex impedance 
plots. The conductivity increases initially with increas- 
ing temperature upto 323 K showing a linear varia- 
tion in a against lIT plot (Fig. 4). This suggests an 
Arrhenius type thermally activated process for the 
temperature range from 277 to 323 K. The conductiv- 
ity can be expressed as 

cy = 10.15 exp [ - 0.31(eV)/kT] (3) 

After the temperature 323 K, the conductivity starts 
decreasing on further increasing the temperature 
due to dehydration of A12(SO4) 3 �9 16H20. The onset of 
dehydration after ~ 323 K is clearly evident in the 
TGA/DTA record shown in Fig. 5. 
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Figure 6 Humidity dependence of the conductivity. 

A12(SO4)  3 " 16HzO is a material in which the H 2 0  

molecules (particularly the zeolitic water) can easily go 
in and come out of the lattice depending upon the 
humidity level [18]. This suggests that this material 
should show a strong humidity dependence. The ~ Vs 
Relative Humidity plot is given in Fig. 6. The 
changes by nearly 10 4 times when r.h. changes from 10 
to 86%. However, most of this change is in the region 
10 to 40% above which g changes relatively slowly. 
This suggests that most of zeolitic water is able to 
enter the lattice by the time r.h. is 40%. Further, it may 
be remarked that for r.h. > 86% the pellets started 
clipping off due to excessive hydration. 
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Figure 5 TGA and DTA curve of A12(SO4) 3 . 16H20. 
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4. Conclusion 
A12(SO4) 3 �9 16H20 is a proton conductor with H § and 
OH-  charge carriers (tH+ = 0.88, t o , - =  0.1). The 
ligand water present in AI2(SO4)3.16HzO provides 
the charge carriers H § and OH-.  I.r. studies con- 
firm the above hypothesis of electrolysis. The con- 
ductivity is humidity and temperature dependent. The 
temperature dependence of electrical conductivity has 
been explained on the basis of Arrhenius type ther- 
mally activated process upto 323 K beyond which the 
conductivity decreases due to dehydration. 
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