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Abstract 

The influence of temperature on indium galvanostatic electrodeposition from aqueous solutions on bismuth cathodes has 
been investigated, as well as the time evolution of the deposit composition. The formation of In-Bi intermetallic compounds 
was observed owing to indium diffusion into, and reaction inside, the bulk of the cathode. By considering the charge transfer 
and mass transport phenomena, we estimated the In diffusion coefficient into InBi at 30 to 70°C (from 0.79× 10 -15 to 
3.77 × 10 -15 m 2 s -1) and from applying an Arrhenius-type relation, we estimated the activation energy (32.8 kJ mo1-1) and 
frequency factor (3.7 × 10 -1° m 2 s-l). 
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1. Introduction 

In previous papers [1-4] ,  In electrodeposition on Bi 
cathodes at room temperature  was investigated. 
Owing to In solid state diffusion and reaction inside 
the bulk of the electrode, the formation of three In-Bi  
intermetallic compounds (InBi, InsBi 3, In2Bi ) was 
observed. Indeed, the composition of the deposits 
changed with time during and after electrodeposition 
until a unique InBi layer was formed. The mechanisms 
of In diffusion and reaction were analyzed and the 
diffusion coefficient into the three different In -B i  
compounds was estimated. Exceptionally high values 
(from 10 -15 to 10 -16 m 2 s -1) were obtained, those of 
InsBi 3 and In2Bi being about  one order  of magnitude 
smaller than that of InBi. 

Owing to the interest of In -Bi  intermetallic com- 
pounds for applications in electronics, we also aimed 
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to consider the influence of temperature on the pro- 
cess, in particular on InBi formation. 

2. Experimental 

The working electrode was Bi of 99.9995% purity 
(ground with silicon carbide paper) while the reference 
and counterelectrode were obtained from a 99.999% 
In bar. The electrolyte was 0.67 N InC13. To avoid 
colloidal formation, the pH of the solution was ad- 
justed to 1.3 with aqueous HCI. Electrodeposit ion was 
performed in galvanostatic conditions, at current den- 
sities from 5.0 to 14.3 A m -2 for 1.5 to 4.5 h. The 
measurements were carried out in a traditional PTFE 
cell at room temperature and in a special temperature-  
controlled glass cell at 30 to 70°C. The electrode was 
introduced in the cell already at the testing tempera- 
ture. No parasitic hydrogen evolution occurred in 
these experimental conditions [1 ]. So, In electrodepo- 
sition from In 3÷ ions could be assumed to have a 
100% efficiency. The coulometric thickness of the 
deposited In films ranged from 2.8 to 6.1 btm, assum- 
ing a density of 7.286 g cm -3. For SEM-EDS in- 
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vestigation, we prepared 12.6 /xm thickness deposits 
both at room temperature and at 70°C, by elec- 
trodeposition at 21.4 A m -2 for 3 h. 

For further details, reference should be made to our 
previous paper [1]. 

3. Results and discussion 

3.1. Indium electrodeposition 

Typical curves giving the potential vs. In of the Bi 
cathode as a function of time during In electrodeposi- 
tion at two different temperatures but at the same 
current density are depicted in Fig. 1 (dashed curves). 
The circuit was periodically opened for 30 s during 
electrodeposition to monitor the cathode open-circuit 
potential vs. In. These values, indicative of the cathode 
surface composition, are shown as dots in Fig. 1. At 
the end of the deposition process, the electrode 
potential vs. In was continuously monitored to evi- 
dence the time evolution of the deposits (full curves of 
Fig. 1). 

Note that the dots in Fig. 1 form an initial plateau 
which is related to the formation of InBi, as shown by 
thermodynamic data and structural investigation. At 
higher electrodeposition temperatures, the plateau is 
more extended and is observed at slightly higher 
potentials. Indeed, the kinetics of the diffusion process 
with reaction is faster and the removed In quantity in 
the time unit is higher. Moreover, the absolute value 
of the standard free energy of InBi formation from the 
elements increases with temperature (see below). At 
the end of the plateau, the dotted curves gradually 
decrease to zero since metallic In accumulates on the 
electrode surface. No intermediate quasi-plateaus 
were observed in our experimental conditions, the In 
diffusion rate being so high that the two In-Bi  
compounds less stable than InBi could not be formed 
practically. 

So, on the basis of experimental results, we expect 
to be able to evaluate the diffusion coefficient of In in 
InBi as a function of temperature and, consequently, 
the activation energy of the process. 

3.2. Time evolution of  the deposits 
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Fig. 1. Cathode potential vs. In of the Bi cathode in closed-circuit 
conditions (dashes) and after periodically opening the circuit for 30 s 
(dots) as a function of time during In electrodeposition at 10.6 A 
m ", at (a) 50°C and (b) 70°C. The full curves show the time 
evolution of the electrode potential after In electrodeposition. 

The voltage of the Bi electrode was continuously 
monitored after electrodeposition, as shown on the 
right (continuous line) of Figs. l(a) and l(b). Starting 
from the value of 0 V vs. In (the electrode surface was 
initially covered with an In film) the voltage increased 
up to the plateau due to InBi (the final product) in a 
much shorter time at 70°C than at 50°C, the deposited 
In quantity being the same in both cases. The shape of 
the curves is different, an extended quasi-plateau 
appearing at the lower temperature (Fig. l(a)). 

SEM and SEM-EDS pictures of the deposit surface 
and cross-section (obtained by cutting the sample after 
a short immersion in liquid nitrogen) during time 
evolution after electrodeposition at 21.4 A m z for 3 
h, at room temperature and at 70°C are respectively 
shown in the first and second columns of Fig. 2. Note 
the different morphology of the deposits obtained at 
the two different temperatures (Fig. 2(a) vs. Fig. 2(b)) 
as well as the surface changes taking place at room 
temperature (Fig. 2(a) vs. Fig. 2(e)). 

The deposits obtained at room temperature show 
the typical multilayered structure, see for example Fig. 
2(c). From the right to the left we may distinguish Bi, 
an InBi layer of about 10 to 15/~m and an InzBi layer 
on the surface. The In-line profile is difficult to read 
because of the skewness of the surface. A single layer 
of InBi is present after 72 h (Fig. 2(g)). In contrast, 
only one layer due to InBi is present in the deposit 
obtained at 70°C (Figs. 2(d) and 2(h)), as also con- 
firmed by X-ray analysis. Indeed, in agreement with 
electrochemical results, In diffusion with reaction was 
so fast at such a temperature that the formation of 
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Fig. 2. SEM images of the surface and cross-section of a deposit (a) 20.2, (c) 24.5, (e) 74.03 and (g) 72 h after In electrodeposit ion at 21.4 A m 2 
for 3 h, at room temperature;  and of a deposit (b) and (d) 6.5, (f) 23.5 and (h) 24 h after In electrodeposition, at 70°C. The In-line profile 
(scanned along the white line in the micrographs) is reported below. 
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intermetallic compounds having a higher In/Bi ratio 
than InBi could not be observed. 

3.3. Indium diffusion and reaction 

In order to evaluate the In diffusion coefficient, we 
used the results obtained during electrodeposition by 
comparing the In moles deposited on, and removed 
from the unit surface area, m*ep and mr*em respectively. 

The deposited In quantity depends on the (constant) 
current density i and linearly increases with deposition 
time t according to Faraday's law: 

it 
m*p = z---ff (1) 

z = 3 being the charges transferred during the transfer 
reaction and F is the Faraday constant. 

The removed In quantity may be evaluated from the 
thickness of the InBi reaction product layer Ax which 
follows a parabolic growth rate law. Indeed, according 
to the theory by Schmalzried [5], the dependence of 
Ax on time t is given by: 

Ax 2 = 2D' t ,  with D'  = -DIn ( InBi )RT  (2) 

where the proportionality constant D'  depends on the 
average value of the In diffusion coefficient in InBi, 
D~,(InBi), and on the standard Gibbs free° energy of 
formation of InBi from the elements, A G f .  T is the 
absolute temperature and R the gas constant. So, mr*em 
finally results to be proportional to the square root of 
time: 

mr*em = - ~ A X  p = - ~ ( 2 D ' t )  lie - - ( D ' t )  1/2 (3) 

p and M being the InBi mass density (9.012 g cm 3) 
and molecular weight (323.80 g mo1-1) respectively. 

At time t*, mr*em = mdep,* and the open-circuit po- 
tential vs. In decreases towards zero (Figs. l(a) and 
l(b)). Table 1 collects the minimum and maximum 
t i mes ,  tmi n* and tmax,* (the experimental values are 
discontinuous), as well as the deposition time tdev, and 
the average time t*, at which a change in the poten- 
tiometric curve is observed. Several measurements 
were carried out, and the average values, only, are 
reported in Table 1. Equating Eqs. (1) and (3) results 
in 

D *=  ~ff t* (4) 

which allows evaluation of D* (also reported in the 
table) from the average time. 

As shown in Table 1, D* values increase with 
temperature, in agreement with its positive influence 
on the kinetics of the mass transport process. More- 
over, contrary to what is expected on the basis of Eq. 
(3) where D* is assumed independent of i, D* also 
increases with the current density at constant tempera- 
ture. 

This result cannot be explained by taking into 
account the structure defects (e.g. grain, dislocation 
and twin boundaries), as they are well known to 
increase with the growth rate and to hinder the 
diffusion process. Instead, it may tentatively be ex- 
plained by considering the change with the current 
density in the crystal size of the deposits. Indeed, at 
low current densities and temperatures, outward 
growth occurred and was preferred to lateral growth, 
and relatively thick In microcrystals were formed in 
correspondence with isolated active centers, i.e. crystal 
growth surpassed nucleation. At intermediate current 

Table 1 
Evaluation of the D* values according to Eq. (4) and of the average D~.(InBi) values (see text) 

T i tae p t*,n t*ax t* D* × 106 D~,(InBi) × 10 ~ 
(°C) (A m -2) (h) (h) (h) (h) (mol 2 m - '  s ~) (m 2 s -~) 

30 7.2 2.70 0.73 0.90 0.82 1.82 0.79 - 0.00 
40 5.0 3.83 2.37 2.55 2.46 2.64 1.20 --- 0.06 

7.2 2.70 1.18 1.38 1.28 2.85 
50 5.0 4.50 3.13 3.30 3.22 3.45 2.05 - 0.51 

7.2 2.00 1.27 1.47 1.37 3.04 
7.2 2.70 1.65 1.82 1.74 3.87 

10.6 1.83 1.01 1.18 1.10 5.31 
11.9 1.80 0.90 1.07 0.98 5.98 
11.9 2.16 0.80 0.92 0.86 5.22 
14.3 1.50 0.53 0.72 0.63 5.49 

60 5.0 4.50 3.83 4.00 3.92 4.21 2.34 -+ 0.40 
7.2 3.50 2.47 2.65 2.56 5.70 

14.3 1.50 0.57 0.75 0.66 5.78 
70 7.2 4.33 3.20 3.38 3.29 7.33 3.77 -+ 0.35 

10.6 1.83 1.63 1.82 1.73 8.33 
10.6 2,50 1.82 2.00 1.91 9.21 
11.9 1.80 1.33 1.43 1.38 8.42 
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densities, the whole electrode surface was covered by 
a smooth deposit, whereas at higher current densities 
the surface became very rough. Hence, the area of the 
electrode surface in contact with In, and thus effective- 
ly working for In diffusion, was smaller, equal or even 
larger, respectively, than the geometric surface area. 
So, we expect that the more realistic D* values for the 
determination of the diffusion coefficient are the 
average values at each temperature. 

At the highest current density and temperature (14.3 
A m -2 and 70°C) uncontrolled, irregular and irre- 
producible results were obtained. Indeed, during some 
of the tests no InBi was formed, while during other 
tests, high t* and consequently high D* values were 
observed. Possibly, the initial state of the electrode 
surface is very critical in such extreme experimental 
conditions. These results were, therefore, not consid- 
ered further. 

Other information on the In diffusion and reaction 
process may be obtained as follows. 

At the end of the evolution process after elec- 
trodeposition, i.e. when the deposit was a single layer 
of InBi, the removed In quantity was exactly the same 
as the deposited one. At this time tfi n w e  have 

/tdep 
m *  -- dep zF 

and 

m*om =(D'trio) 1'2 

Indeed, in all our experimental conditions, the 
electrode surface was covered with In after elec- 
trodeposition, and, therefore, the time evolution of the 
deposits was controlled by the In diffusion and reac- 
tion process. 

By equating the two above quantities, and by 
introducing for D* its value from Eq. (4), then 

2 
tdep 

tfin- t* (6) 

The values of tfin, estimated according to Eq. (6) are 
compared with the experimental values in Table 2. 
The latter have been measured at the beginning of the 
last plateau of the experimental curves (see, for 
example, Figs. l(a) and l(b)). At this time, the elec- 
trode surface was already covered with InBi but In 
was still diffusing inside the bulk of the InBi layer, that 
is the process was not completed. Hence, the actual/fin 
values are expected to be slightly larger than the 
experimental values reported in the last column of 
Table 2, as indicated by I>. 

The estimated and experimental values agree well, 
though we did not consider the possible formation of 
InsBi 3 and In2Bi. These compounds have much small- 
er diffusion coefficients than InBi [2]. So, the very 

Table 2 
Evaluation of the tf~, values at different temperatures according to 
Eq. (6) and comparison with the experimental results (see text) 

T i td~ p t* t~, t~, 
(°C) ( A m  -z ) (h) (h) (estimated) (experimental) 

(h) (h) 

30 7.2 2.70 0.82 8.89 ->7.16 
40 5.0 3.83 2.46 5.96 ->5.23 

7.2 2.70 1.28 5.70 ->4.42 
50 5.0 4.50 3.22 6.29 ->5.56 

7.2 2.00 1.37 2.92 ->2.33 
7.2 2.70 1.74 4.19 >-3.64 

10.6 1.83 1.10 3.04 ->3.09 
11.9 1.80 0.98 3.31 >-2.96 
11.9 2.16 0.86 5.42 ->5.92 
14.3 1.50 0.63 3.57 ->2.90 

60 5.0 4.50 3.92 5.16 ->5.30 
7.2 3.50 2.56 4.78 ->4.33 

14.3 1.50 0.66 3.41 ->2.96 
70 7.2 4.33 3.29 5.70 ---5.15 

10.6 1.83 1.73 1.94 ->2.13 
10.6 2.50 1.91 3.27 ->3.13 
11.9 1.80 1.38 2.35 >-2.46 

small difference between the two groups of values 
seems to indicate the negligible role played by the 
higher In-Bi intermetallic compounds even during 
deposit evolution. 

3.4. Thermodynamic quantities 

The determination of the In diffusion coefficient in 
InBi also requests the knowledge of the InBi standard 
free energy of formation from the elements at differ- 
ent temperatures, AG~(T). The latter thermodynamic 
quantity may be evaluated from literature data [6-9] 
of AGf and AH~ at 273 K, according to the Gibbs-  
Helmholtz equation, assuming a constant value for the 
enthalpy of formation. However, since there is a 
certain spread in the values of different authors, 
although in the range of the usual uncertainties in this 
type of determination, we preferred to utilize the 
equation 

AG~(T) = -1464.4 - 7.58128 × T J mo1-1 (7) 

given by Chevalier [10], who optimized the ex- 
perimental data of other authors during his thermo- 
dynamic evaluation of the In-Bi phase diagram. The 
results are collected in Table 3, together with the 
values of the related plateau potentials vs. In, E°(T). 
The relatively small difference in the free energies at 
the different temperatures implies a very small differ- 
ence in the plateau voltages, in the range of the 
experimental error. 

3.5. Indium diffusion coefficient 

From Eqs. (2) and (3), taking the average value of 
D*(T) (Table 1) and the value of AG~(T) (Table 3) into 
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Table 3 
Standard Gibbs free energy of formation of InBi at different 
temperatures from Eq. (7) and related plateau voltage 

T kG°r(T) E°(T) 
(K) (kJ mol ') (mVvs. In) 

273.16 -3.535 12.21 
298.16 -3.725 12.87 
303.16 -3.763 13.00 
313.16 3.838 13.26 
323.16 -3.914 13.52 
333.16 -3.990 13.78 
343.16 4.066 14.04 

the values of 32.8 kJ mo1-1 and 3.7 x 10 10 m 2 s ~ for 
the activation energy and the frequency factor respec- 
tively. 

The very small value of the activation energy 
(usually about 100 to 400 kJ mo1-1 for many materials 
of interest) is certainly at the origin of the high 
diffusion coefficient we found for In in InBi, notwith- 
standing the exceptionally small frequency factor (the 
theoretically predic ted--and experimentally ob- 
s e rved -va lues  are between 10 -5 and 10 -7 m 2 s 
[12]). 

account, and assuming the value at room temperature 
(i.e. 9.012 g c m  -3 [11]) as the density for InBi, we 
estimated the average In diffusion coefficient from 30 
to 70°C (Table 1). 

Unusually high values (around 10 -~5 me s I) were 
obtained, in comparison with those for many metals 
and semiconductors (and their alloys) which range 
from 10 -20 to 10 50 m 2 s -1, at room temperature [12]. 
With the exception of In in InSb, whose diffusion 
coefficient is around 10 -16 m 2 s 1 at 100°C [13], 
values comparable with that for In in InBi are only 
observed when very small atoms are diffusing (e.g. 
around 10 -15 m 2 s -1 for Li in Ge and Si, and 10 -17 m 2 

-1 s for C in b.c.c. Fe at 70°C) or at high temperatures 
(e.g. around 10 -t5 m 2 s 1 for Zn and Cu in Cu and 
10 17 m 2 s-~ for Fe in Fe at 727°C) [12]. 

The Arrhenius plot log Dl,(InBi ) as a function of 
1/T is shown in Fig. 3, where the error bars are also 
reported. Such temperature dependence appears to be 
true in our case, so, from the slope and the y-axis 
intercept of the observed straight line, we estimated 

4. Conclusions 

Indium electrodeposition on Bi electrodes at current 
densities from 5.0 to 21.6 A m -2 and at temperatures 
from 30 to 70°C has been investigated and the time 
evolution of the deposit composition also considered. 
The results show the predominant formation of InBi 
over that of the two other intermetallic compounds: 
InsBi ~ and In2Bi. Furthermore,  a regular increase of 
the rate of In diffusion and reaction inside InBi is 
observed both with temperature and current density. 
This last phenomenon has tentatively been explained 
on the basis of a change in the crystal size of the 
deposits with current density bringing about an in- 
crease of the effective area for diffusion. Instead, the 
structure defectiveness increases with current density 
and, therefore, the diffusion process is hindered. Very 
high values were obtained for the diffusion coefficient 
(from 0 .79x  10 -~5 to 3 .77x 10 -15 m 2 s -1) while the 
activation energy was 32.8 kJ mol-~ and the frequency 
factor 3.7 x 10 -J° m 2 s 1 
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Fig. 3. Logarithm of the average In diffusion coefficient as a function 
of the reverse of the absolute temperature. The standard deviation 
from the mean value is also indicated. 
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