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Abstract: In metal electrodeposition in the limiting diffusion current density range, the deposition
current density remains constant regardless of the deposition overpotential used. At the same
time, the larger the deposition overpotential is the more disperse is the formed deposit, which is
characterised by an increased specific surface. The difference in the specific surface of disperse
deposits obtained at two different overpotentials in the limiting diffusion current density range is
correlated with the difference between the deposition overpotentials. A method for the estimation
of the surface tension of solid copper in copper sulfate solutions is also proposed.

Keywords: interfacial energy copper-copper sulfate solution, specific surface of copper powder.

INTRODUCTION

It is well known that the surface coarseness during potentiostatic electrodeposition under
mixed activation/diffusion control increases with increasing deposition current density. -2 It also
increases during potentiostatic electrodeposition at the limiting diffusion current density with
increasing overpotential, 34 resulting in the formation of disperse deposits. The last effect can be
easily explained. In the limiting diffusion current density range, the deposition current density is
practically the same, being independent of the deposition overpotential.

The deposition overpotential, 77, in the region of mixed activation — diffusion control is
given by:

nzﬁlni+ﬁln ! - (1)
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where b, in the cathodic Tafel slope and j, j and j; are the deposition, the exchange and the
limiting current density, respectively. The activation part of the deposition overpotential re-
quired for the charge transfer, 77,, given by Eq. (2):

*  Corresponding author. Fax: +381 11 337 03 87, e-mail: kosta@elab.tmf.bg.ac.yu.

#  Serbian Chemical Society active member.

769



770 POPOV, NIKOLIC and RAKOCEVIC
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and the rest of the overpotential, 4, given by Eq. (3):
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is due to mass transfer limitations. In the limiting diffusion current density range, Eq. (1)
can be rewritten in the form
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Hence, if j — ji,
Na= be 1, Q (6)

23 Jo

being equal to the critical overpotential for the initiation of dendritic growth* and equal for all
the overpotentials on the limiting diffusion current density plateau. At the same time, forj — ji

Ndiff—> °© ()

It is obvious that a very small increase in the current density, which can be neglected
relative to the current density close to the limiting diffusion current density, causes a large
increase in deposition overpotential. Hence, the charge transfer overpotential and the
ohmic drop in the solution remain the same for all overpotentials belonging to the limiting
diffusion current density plateau, regardless of the deposition overpotential. This is because
both of them depend on the current density only. On the other hand, an increase of the de-
position overpotential in the limiting diffusion current density range causes a strong in-
crease of the dispersity and an increase of the specific surface area of metal deposits.
Hence, it seems reasonable to assume that the difference in deposition overpotential can be
related to the increase of the specific surface of the deposited metal by the relation:>

t
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where [/ is the deposition current, # is the deposition time, 77, and #; are the deposition
overpotentials being within the limiting diffusion current density range, S, and S; are the
surface areas of electrodeposits obtained by quantity of electricity Q:



COPPER SURFACE TENSION 771
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at the overpotentials 7, and 71, respectively, and v is the surface tension of solid copper.
Eq. (8) can be rewritten in the form:

t
(g =) Tdt (10)
0

(S2-81)

for the direct determination of the surface tension of solid copper in sulfate solutions.

y:

EXPERIMENTAL

The electrodepositions of copper were performed potentiostatically from: 0.10 M CuSO, + 0.50 M H,SOy,
0.15M CuSO,4 +0.50 M H,SO, and 0.20 CuSO, + 0.50 M H,SO, onto a stationary platinum wire electrode (S, =
0.45 cm?) in an open cell at room temperature (18.0 = 1.0) °C. The polarization curve was determined and different
quantities of copper were deposited at different overpotentials by the following procedure.

The platinum substrate was covered with a thin copper film by deposition at an overpotential of 300 mV
for 2 min, and after allowing the diffusion layer to relax for 15 min, the current at an overpotential of 50 mV
I5 o was recorded, being proportional to the surface layer of the electrode (0.45 cm?). The overpotential was
then adjusted to the desired value and deposition was carried out. After the required quantity of electricity had
been reached, the overpotential was decreased to 50 mV and, after relaxation of the diffusion layer for 15 min,
the current, /s ,, corresponding to the surface S generated during the deposition, /5, ,, was determined as well
as the surface area S from:

150
§=S¢ " (11)
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During the depositions / — ¢ dependences were recorder and the quantity of electricity was determined
by graphical integration.

RESULTS AND DISCUSSION

The polarization curves for copper deposition are presented in Fig. 1, from which the
positions of the deposition overpotentials on the limiting diffusion current density plateaus
can be seen, the results of the surface tension estimations are given in Table I for copper
electrodeposition from 0.10 M CuSO4 + 0.50 M H,SO4. Table II for copper electro-
deposition from 0.15 M CuSO4 + 0.50 M H,SO,4 and Table III for copper electro-
deposition from 0.20 M CuSO,4 + 0.50 M H,SOy4.

It can be seen from Table I-III that the agreement between the results of different de-
terminations is good. The calculated average values of the surface tensions were (2.8 £0.4)
Jem for 0.10 M CuSO4 +0.50 M H,SOy, (2.7£0.3) J cm 2 for 0.15 M CuSOy4 +0.50 M
H,SO04 and (2.9 +0.5) J em2 for 0.20 M CuSO4 + 0.50 M H,SO4.
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TABLE I. Estimated values of the surface tension: 0.10 M CuSO, + 0.50 M H,SO4

rII:]eggzl?‘Zin%Elt It/A's no/mV n/mV S,/cm? S)/em? y/J cm2

L. 8.64 650 400 1.69 0.576 1.94
2. 8.64 600 400 135 0.576 2.23
3. 8.64 650 400 138 0.519 2.51
4. 8.64 600 400 1.23 0.519 243
5. 8.64 650 400 1.28 0.589 3.12
6. 8.64 600 400 122 0.589 2.74
7. 12.96 650 400 1.64 0.543 2.95
8. 12.96 600 400 1.48 0.543 2.77
9. 12.96 650 400 1.53 0.532 3.25
10. 12.96 600 400 1.49 0.532 271
1. 12.96 650 400 1.69 0.589 2.94
12. 12.96 600 400 1.54 0.589 272
13. 17.28 650 400 1.95 0.630 3.27
14. 17.28 600 400 1.52 0.630 3.88
15. 17.28 650 400 2.07 0.459 2.68
16. 17.28 600 400 1.92 0.459 237
17. 17.28 650 400 2.01 0.658 3.20
18. 17.28 600 400 1.77 0.658 3.11
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Fig. 1. Polarization curve for the cathodic process of copper deposition from: 0.05 M CuSO,4 in 0.50 M

H,SO4 (O), 0.10 M CuSOy in 0.50 M H,SOy4 (0), 0.15 M CuSOy4 in 0.5 M H,SO4 (A) and 0.20 M CuSOy4
+0.50 M H,SO4 (V), onto platinum electrode at room temperature.
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TABLE II. Estimated values of the surface tension: 0.15 M CuSO,4 + 0.50 M H,SO,
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Number of

measurement IiAs m/mV m/mv Sylem? Sy/em? y/J em?

1. 8.64 600 400 1.03 0.450 2.98

2. 8.64 600 400 1.30 0.450 2.40

3. 8.64 650 400 1.54 0.450 2.40

4. 8.64 600 400 1.11 0.450 2.62

5. 8.64 650 400 1.41 0.450 2.25

6. 8.64 650 300 141 0.480 3.25

7. 8.64 600 450 1.11 0.540 2.27

8. 8.64 650 400 1.30 0.550 2.88

9. 8.64 600 400 1.19 0.550 2.70

10. 4.32 650 400 0.970 0.540 2.51

11. 4.32 650 400 0.95 0.510 2.46

12. 12.96 650 400 1.80 0.770 3.15

13. 12.96 600 400 1.69 0.770 2.82

14. 12.96 650 400 1.875 0.814 3.05

TABLE I1I. Estimated values of the surface tension: 0.20 M CuSO,4 + 0.50 M H,SO,
Number of 2 2 2

measurement IH/A s 7,/mV ny/mV Sy/ems S)/em y/J cm
1. 8.64 650 400 1.55 0.490 2.04

2. 8.64 600 400 1.27 0.450 2.22

3. 8.64 650 400 1.49 0.500 2.18

4. 8.64 600 400 1.62 0.500 2.61

5. 8.64 650 400 1.41 0.525 2.44

6. 8.64 600 400 1.08 0.525 3.11

7. 12.96 650 400 1.80 0.712 2.98

8. 12.96 600 400 1.50 0.713 3.29

9. 12.96 650 400 1.73 0.571 2.80
10. 12.96 600 400 1.56 0.571 2.62
11. 12.96 650 400 1.61 0.612 3.24
12. 12.96 600 400 1.48 0.612 2.99
13. 17.28 650 400 1.93 0.727 3.59
14. 17.28 600 400 1.65 0.727 3.75
15. 17.28 650 400 1.91 0.467 2.99
16. 17.28 600 400 1.64 0.467 2.95
17. 17.28 650 400 1.80 0.658 3.78
18. 17.28 600 400 1.72 0.658 3.25
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The results obtained can by verified in the following way. It is well known that at de-
position overpotentials larger than some critical value the formed deposit is not compact,
but powdery and characterised by a very large surface area.

Hence, for S, >> §;

t
(ny —nyp)[ Zde
0

Sy = (12)
Y
On the other hand, the quantity of electrodeposited metal, 7z, is given by
t
m="L [ 1dr (13)
nkF 0

assuming a current efficiency equal to 1, where A4 is the atomic mass of the deposited metal,
n is the number of electrons in metal deposition reaction and F is the Faraday constant.
From Egs. (12) and (13), the specific powder surface Sg, is obviously:

Sy _(ng —mpnF

S =
Tm vA

(14)

According to Calusaru,® the specific surface of copper powder is 500 — 3000 cm? g1
depending on the deposition conditions. Using the difference in the actual deposition
overpotential and the overpotential of the beginning of the limiting diffusion density pla-
teau as 0.80 V, y determined in this way as 2.7 J cm™2, atomic mass of copper, number of
electrons 2 and F' = 96 485 C mol ™1, it is easy to calculate using Eq. (14)

Sep=1100 cm? g1

which is in fair agreement with the findings of Calusaru.®

It is obvious that using this value of the surface tension and Eq. (14), the specific sur-
face of cupper powder can be calculated for each deposition conditions, if the deposition
overpotential and the overpotential of dendritic growth initiation from the electrolyte under
consideration are known. In this way, one of the most important characteristics of copper
powder is related to the deposition overpotential and hence to the deposition conditions. It
can be seen from Tables I-111 that there is no remarkable difference in the values of the cop-
per surface tension determined from different solutions.

However, it seems that the lower limit of the concentration which can be used is 0.05
M CuSQOy and the copper limit 0.20 M CuSOy, because of the slopes of the plateaus of the
polarization curves.

The results obtained are also in accordance with data concerning the energy require-
ments for electrolytic copper powder deposition.’

On the other hand, a change of the value of the surface tension with changing
overpotential can be expected. For example, in the case of liquid mercury, the surface ten-
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sion changes from 350 erg cm2 at + 0.5 V to more than 400 erg cm2 at 0 V and again to
350 erg cm2 at — 1.0 V versus the hydrogen electrode,® which amounts to a difference of
about 20 % between the minimum and mazimum values. In the case of solid electrodes, a
number of interfacial properties change with changing potential, permitting the determina-
tion of the zero charge potential®-10 but without a direct relation with the surface tension of
solid metal. Regardless of this, it is reasonable to assume that the differences in the surface
tension of solid copper at different electrode potentials should be considerably lower than
in the case of liquid mercury and that the values of surface tension determined by the pro-
cedure described in this paper can be taken as good estimations.
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U3BOJI

ITPOLHEHA BPEITHOCTHU ITIOBPIIMHCKOI' HAITOHA YBPCTOI' BAKPA Y
PACTBOPUMA BAKAP-CYJI®PATA

K. W. TIONOBL, H. . HUKONWRZ u 3. PAKOUEBU RS

1 Texnoaowko-meimiarypuku paxyaiiit, Yruusepsuiieii y beozpaoy, Kaprezujesa 4, ui. up. 3503, 11001 Beozpao,
UXTM-1enitiap 3a enexitipoxemujy, Fbezowesa 12, ii. iip. 473, 11001 beozpao u > Uncitiuitiyili 3a HykaeapHe HayKe
"Bunua", ii. up. 522, 11001 Beozpao

I'pannuna audpy3noHa cTpyja Kof elneKTPOXeMHjCKOT TalloXKeHha MeTalla He 3aBHCH Off TIpH-
MeHEHE IIPEHANeTOCTH Y 0OJIacTH IyHe AUY3HOHE KOHTpOIle Ipoueca. Y UCTO BpeMe nosehame
NPEHANEeTOCTH TaJlOXKeha JOBOIM JI0 HacTajamba Tanora Behe crenudguiHe oBpimHe. Paznmika
crierprIHe TOBPIIMHE Tanora foOMjeHe Ha JIBe NMPEHareTOCTH y OOJacTH MyHe Au(y3hOHe
KOHTpOJIE TIpolieca je IOBe3aHa ca ofiroBapajyhoM pa3irKoM IPEeHaNeTOCTU U IPEJIOKEH je METOR
OlICHE MOBPIIMHCKOT HAIIOHA YBPCTOr Gakpa y pacTBOprMa Gakap-cyidara.

(ITpumsbeno 1. jyma 2002)

REFERENCES

1. K. L. Popov, Lj. J. Pavlovi¢, M. G. Pavlovi¢, M. L Cekerevac, Surf. Coat. Technol. 35 (1988) 39

2. K. 1. Popov, M. G. Pavlovi¢, Lj. J. Pavlovié, M. 1. Cekerevac, G. Z. Removié, Surf. Coat. Technol. 34
(1988) 355

3. K. L. Popov, M. D. Maksimovi¢, M. G. Pavlovi¢, D. T. Luki¢, J. Appl. Electrochem. 10 (1980) 299

4. K. L. Popov, M. D. Maksimovi¢, J. D. Trjavéev, M. G. Pavlovi¢, J. Appl. Electrochem. 11 (1981) 239

5. K. L. Popov, N. D. Nikoli¢, Z. Rakocevi¢, J. Serb. Chem. Soc., 67 (2002) 635

6. A. Calusaru, Electrodeposition of Metal Powders, Elsevier, Amsterdam—Oxford-New York, 1979, p. 296

7. E. Peissker, The International Journal of Powder Metallurgy and Powder Technology, 20 (1984) 27

8. K. Vetter, Electrochemical Kinetics (in Russian), Khimiya, Moscow, 1967, p. 107

9. L. Antropov, Theoretical Electrochemistry, Mir Publishers, Moscow, 1977, p. 282

10. R. S. Perkins, T. N. Anders, Potentials of Zero Charge of Electrodes, in Modern Aspects of Electrochemis-

try, J. O’M. Bockris and B. E. Conway Eds., Vol. 5, Chapter 3, Plenum Press, New York, 1969, pp.
203-290.



