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Abstract: The morphologies of the copper deposits obtained by pulsating over-
potential regime with prolonged pulse and pause durations from the solution of
0.15 M CuSOy in 0.50 M H,SO, at overpotentials lower, higher and belonging
to the plateau of limiting diffusion current density were compared with those
obtained by the same electrodeposition regime from solutions of 0.075 and
0.30 M CuSOy in 0.50 M H,SO, and 0.15 M CuSOy, in 0.25 and 1.00 M H,SO,
at overpotentials outside the plateau of limiting diffusion current density. These
samples were characterized by scanning electron microscopic (SEM) analysis
and the cathodic polarization characteristics from solutions compared. Inc-
reasing the Cu(II) concentration led to an increase in the limiting diffusion cur-
rent density. Decreasing the H,SO,4 concentration shifts both beginning and the
end of the plateau of the limiting diffusion current density towards higher elec-
trodeposition overpotentials. Also, electrodeposition in solutions of 0.15 M
CuSOQOy in 0.25 and 1.00 M H,SOy led to the formation of morphological forms
of copper deposits characteristic for electrodeposition of copper from higher
CuSOy, or lower H,SO, in solution at some higher overpotentials.
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INTRODUCTION

The open porous structures with the extremely high surface area are ideally
suited for many electrochemical devices, such as batteries, fuel cells, sensors,
capacitors as well as for catalytic purpose and can be formed by a very suitable
way named electrodeposition.!=7 Morphological characteristic are probably the
most important property of the electrodeposited metal. It depends mainly on the
kinetic parameters of the deposition process, current density, overpotential which
affect the grain size, nucleation and growth rate of the deposit.8 In the real con-
dition, the size and shape of powder particles depend on electrolysis regime,
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solution composition, deposition time, temperature, hydrodynamic regime, cath-
odic material and etc.?

During the electrodeposition, the hydrogen gas evolution is a troublesome
process and can adversely affect the metal coating quality.!0 These H, bubbles
are used as a dynamic template to create a wide range of porous metal films.>
Templating mechanism and hydrogen bubble behavior on the morphology of
porous copper foams have been reported.!!-12 Open and porous copper deposits
formation by the regimes of the pulsating current,!3-15 pulsating overpotential,16
electrodeposition at galvanostatic!” and potentiostatic!5:18 modes have been the
subject of many investigations. In pulsating electrodeposition, the potential or
current is alternated between two different values and cause the ions easier pas-
sage through negatively charged layer around the cathode.!?

The most often employed electrolytes for the electrodeposition of copper are
those based on aqueous solutions of sulfuric acid and cupric sulfate.20 Tonic
equilibrium calculation of copper electrodeposition electrolytes species over a
wide range of concentrations and temperatures was shown by Pinter’s model.
Increasing the copper concentration produces a sharp decrease in the hydrogen
ion concentration while increasing the concentration of sulfuric acid produces an
increase in the hydrogen ion concentration.2! The effect of different concentrat-
ions of copper (II) ions and overpotentials on the critical conditions for the form-
ation of the honey-comb structure were determined in the copper electrodepo-
sition processes.22 The copper deposits obtained by different square-waves
pulsating overpotential from 0.15 M CuSOg4 in 0.50 M H>SO4 were compared
with those obtained by potentiostatic electrodeposition (1000 mV) from both
0.075 and 0.30 M CuSOy4 in 0.50 M H,SOy4. It was shown that the effect of
decreasing deposition pulse was equivalent to the increasing CuSOg4 concentrat-
ion while the effect of the decreasing pause duration was equivalent to increase
of H»SOy4 concentration in the constant regime.!® Morphology of deposits
obtained by constant overpotential electrodeposition in the hydrogen co-depo-
sition range from six solutions with different concentration of CuSO4 and HySO4
were compared with those formed by the square-waves pulsating current with
different pause to pulse ratio.!4 It was found that with increasing the hydrogen
ion and copper concentration, the nuclei size increased while the nuclei popul-
ation density decreased. An increase in the deposition potential produced smaller
nuclei size and higher nuclei population density.23

However, in spite of investigation of copper deposits structures obtained at
high overpotentials in the constant regime and pulsating overpotential regime
with prolonged pause duration,!8 the effect of prolonged pulse and pause dur-
ations in pulsating overpotential regime on copper electrodeposition from the sol-
utions with different concentrations of sulfuric acid and cupric sulfate is not
explored. For this reason, our investigation aimed to examine copper deposited
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morphologies by utilizing SEM to provide the correlation between the morpho-
logical information and H,SO4 and CuSO4 concentrations on the prolonged both
pulse and pause in pulsating electrodeposition of copper at cathodic overpot-
entials outside the plateau of the limiting diffusion current density.

EXPERIMENTAL

The cathodic polarization curves for electrodeposition of copper were recorded poten-
tiostatically by changing the overpotential in 5 mV steps from the following solutions:

a) 0.15 M CuSOy4 + 0.50 M H,SOy; solution (1)

b) 0.075 M CuSOy4 + 0.50 M H,SOy; solution (II)

¢) 0.30 M CuSOy4 + 0.50 M H,SOy; solution (II)

d) 0.15 M CuSO, + 0.25 M H,SOy; solution (IV) and

e) 0.15 M CuSOy4 + 1.00 M H,SOy; solution (V)

Square-wave pulsating overpotential technique was used for copper film electrodepo-
sition from these solutions on the high purity copper (99.8% Cu) foil as the working electrode.
Electrodeposition was performed in a three-electrode experimental open cell with Pt grid aux-
iliary electrode and Ag/AgCl (3 M KCl) as reference electrode at a temperature of 18.0+1.0
°C. The geometric surface area of the working electrodes was 4.7 cm?. The distance between
the working and the counter electrode was 1 cm. In all experiments, constant pulse and pause
durations were 30 and 100 ms, respectively. The deposition time was 480 s and the overpot-
ential amplitudes at which copper was electrodeposited from all solutions were: 1100, 1250,
1400 and 2000 mV. The overpotential amplitude values for deposition from solution (I) were
selected to be 200, 500 and 800 mV. After electrodeposition, copper deposits were immedi-
ately rinsed in distilled water and acetone then dried by the warm air flow. SEM microphoto-
graphs corresponding to morphologies of copper deposits obtained at desired overpotential
amplitudes were characterized using a Tescan Digital microscopy. Energy dispersive micro-
analysis (EDS) of deposits at desired overpotential amplitudes were performed during SEM
measurements. Double distilled water and analytical grade chemicals were used for the pre-
paration of the solutions for polarization curve record and electrodeposition of copper. All
experiments were performed by Autolab (GTSTAT101).

RESULTS AND DISCUSSION

The polarization curves for the electrodeposition of copper from all solutions
with well-defined plateaus of the limiting diffusion current density as the typical
representatives of the group of intermediate metals are given in Fig. 1. Each
curve was swept from the zero potential into more negative potentials with the
scan rate of 5 mV s~1.

The polarization curves consisted of three parts. The first linear part of the
dependence of the current density on overpotential is the activation control. After
the inflection point, the end of the plateau is determined as the overpotential at
which current density started to grow with the increasing overpotential.2? This
rapid grow is due to the hydrogen evolution as a parallel reaction.24:25 As can be
seen from Fig. 1, decreasing the Cu(Il) concentration leads to the decrease of the
limiting diffusion current density, as well as shifting of both the beginning and
the end of the plateau of the limiting diffusion current density towards lower
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deposition overpotentials. This can be explained by Nernst limiting current
density:
jL =nFDcy/o (D)
where j is the limiting diffusion current density, D is the diffusion coefficient,
nF is the number of Faradays per mole of consumed ions, ¢q is the concentration
of Cu(Il) ions and 9 is the thickness of the diffusion layer. Therefore, a change of
the Cu(Il) concentration of the solution affects the limiting diffusion current den-
sity. Increasing the depositable Cu(Il) ions in the cathode diffusion layer leads to
decrease the concentration type of polarization.26 As can be seen from Fig. 1,
with the decreasing concentration of HySOy4, the beginning of the plateau of the
limiting diffusion current density was slightly shifted to higher electrodeposition
overpotentials. The small shifting of the end of the plateau of the limiting diffus-
ion current density to lower overpotentials can be neglected.25 Morphologies of
copper deposited by pulsating overpotential regime from solutions (I) and (II) at
overpotential amplitudes of 1100, 1250, 1400 and 2000 mV are presented in
Figs. 2 and 3, respectively.
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Copper dendrites obtained at the overpotential amplitude of 1400 mV (Figs.
2d and 3d) were more highly branched structures than the ones obtained at the
overpotential amplitudes of 1100 and 1250 mV (Figs. 2a and b, and 3a and b). It
is well known that the increase in overpotential amplitude leads to the decrease in
time needed for the initiation of dendritic growth.!® Then, further branched den-
drites are formed.

Analysis of the copper deposits obtained at the overpotential amplitude of
2000 mV (Fig. 2d—e) shows two types of holes formed due to attached hydrogen
bubbles. One type of holes are very similar to those named honeycomb-like
structure and the other with a larger diameter are dish-like holes. This structure is
very similar to that obtained from 0.30 M CuSQOy4 in 0.50 M H>SO4 during poten-
tiostatic deposition at the overpotential of 1000 mV.8 Fig. 2f shows copper
dendrite formed at the dish-like shoulders.
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Fig. 2. Morphologies of copper deposits obtained by pulsating overpotential regime from 0.15
M CuSOy4 + 0.50 M H,S0y, (solution (1)) at overpotential amplitudes of: a) 1100, b) 1250, c)
1400 and d—f) 2000 mV. Pulse duration: 30 ms. Pause duration: 100 ms.
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Nikolic et al. explained the dish-like hole structures formation. The initial
stage of the formation of dish-like holes and the honeycomb-like structure is the
same. The number of formed “nuclei” of hydrogen bubbles at active sites on the
electrode surface was smaller than the number which led to the formation of the
honeycomb-like structure.® In the growth process, they have enough space to
develop into large bubbles, making holes with a dish-like shape at the surface of
the electrode.

The copper morphologies consisted of dendrites, degenerate dendrites and
channels (Fig. 3d) obtained by pulsating overpotential at overpotential amplitude
of 2000 mV from solution (II), proves that there is no hydrogen evolution or
evolved hydrogen is not sufficient to form holes.
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Fig. 3. Morphologies of copper deposits obtained by pulsating overpotential regime from
0.075 M CuSOy4 + 0.50 M H,SOy (solution (II)) at overpotential amplitudes of: a) 1100,
b) 1250, ¢) 1400 and d) 2000 mV. Pulse duration: 30 ms. Pause duration: 100 ms.

The change of copper deposit structures during the electrodeposition from
solutions (I) and (II) with the increase of electrodeposition overpotential ampli-
tude from 1100 to 2000 mV can be observed in Fig. 4 with further magnification.
SEM images show that some grains grow from pyramid-like precursors of den-
drites (Fig. 4a) to dendrites (Fig. 4b) and very branchy dendrites (Fig. 4c) or
degenerate dendrites (Fig. 4d) by electrodeposition at overpotential amplitudes of
1100, 1250 and 1400 and 2000 mV, respectively.

The deposits size and the optimal value of the dendrite tip decrease with inc-
reasing the applied overpotential amplitude.® The uniform distribution of mor-
phological forms of copper grains obtained at the overpotential amplitudes of
1100, 1250 and 1400 mV from solutions (III) and (IV) are shown in Fig. 5a—c
and 6a—c. The type of electrolyte has a strong effect on the surface morphology.

It can be noticed that a big increase in the copper concentration (solution
(III)) or decrease of the sulfuric acid concentration (solution (IV)) lead to a big
change in copper deposit morphologies. There is hardly hydrogen evolution as
evident from the morphologies in Figs. 5 and 6a—c.

The activity and available sites of hydrogen ions significantly decreased?’
and the obtained copper structures consisted of copper grains. The grains grown
by electrodeposition on the initially formed nuclei practically touch each other
and there is no new nucleation on already existing grains.20 The difference in
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size between grains can also be observed. This is due to the fact that the nuc-
leation does not occur simultaneously over the whole cathode surface. It is a
process extended in time, therefore crystals generated earlier may be consider-
ably larger in the size than ones generated later (Fig. 5a and c).18.25

Fig. 4. Deposit structures obtained by pulsating overpotential regime from solutions (I) and
(II): a) top view of the pyramid-like precursors of dendrites at 1100 mV, b) dendrites at 1250
mV, c) branchy dendrites at 1400 mV and d) degenerate dendrites at 2000 mV. Pulse
duration: 30 ms. Pause duration: 100 ms.

Fig. 5d shows the cauliflower-like agglomerates of grains formed at the pot-
ential amplitude of 2000 mV. As shown in Fig. Se, energy-dispersive spectro-
scopy (EDS) analysis demonstrated that the foil was successfully covered with
pure copper electrodeposited from solution (II1) at 1250 mV (Fig. 5b).

Top view of the morphology of copper deposited at an overpotential ampli-
tude of 2000 mV with lower magnification shows a semi dish-like hole, com-
pacted dendritic agglomerates and small dendrites on them (degenerate dendrite)
(Fig. 6d).

Morphologies of copper deposits obtained from solution (I) at the lower
overpotential amplitudes of (200 mV), inside (500 and 800 mV) the plateau of
the limiting diffusion current density is presented in Fig. 7. The careful analysis
of the morphologies of the copper deposits shown in Figs. 5-7 indicated that the
electrodeposition from solutions (III) and s (IV) at overpotential amplitudes
outside the plateau of the limiting diffusion current density (1100, 1250 and 1400
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mV) led to the formation of regular, compact and well-dispersed deposits with
small grain size (Figs. S5a—c and 6a—c) which are very similar to the deposits formed
at overpotential amplitudes at lower and inside the plateau of the limiting diffus-
ion current density (200, 500 and 800 mV) from the solution (I) (Figs. 7a—c).
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Fig. 5. Morphologies of copper deposits obtained by pulsating overpotential regime from 0.30
M CuSOy4 + 0.50 M H,SOy4 (solution (II1)) at overpotential amplitudes of: a) 1100, b) 1250,
¢) 1400 and d) 2000 mV; e) EDS analysis of the obtained typical copper grain microstructure.
Pulse duration: 30 ms. Pause duration: 100 ms.

Fig. 8 shows the copper deposits obtained at overpotential amplitudes of
1100, 1250, 1400 and 2000 mV from solution (V). For the solutions with the
concentration of 0.15 M CuSOQOy, by increasing the acid concentration from 0.25
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¢

Fig. 6. Morphologies of copper deposits obtained by pulsating overpotential regime from
solution 0.15 M CuSOy4 + 0.25 M H,SOy (solution (IV)) at overpotential amplitudes of:
a) 1100, b) 1250 c) 1400 and 2000 mV. Pulse duration: 30 ms. Pause duration: 100 ms.

Fig. 7. Morphologies of copper deposits obtained by pulsating overpotential regime from 0.15
M CuSOy4 + 0.50 M H,SOy (solution (I)) at overpotential amplitudes of: a) 200, b) 500 and c)
800 mV. Pulse duration: 30 ms. Pause duration: 100 ms.
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Fig. 8. Morphologies of copper deposits by pulsating overpotential regime from 0.15 M
CuSOy4 + 1.00 M H,SO4 ( (V)) at overpotential amplitudes of: a) 1100, b) 1250 and c) 1400
and 2000 mV. Pulse duration: 30 ms. Pause duration: 100 ms.

(solution (IV)) to 0.50 (solution (1)) and 1.00 M (solution (V)), the morphology
changes from compact grains (Fig. 6) and dendrite (Fig. 2) to dendrite and hole
structure (Fig. 8a, b and d). Increasing the acid concentration led to a higher rate
of hydrogen evolution and consequently to hydrogen bubbles production. Ads-
orption of the hydrogen bubbles on the surface generates the holes.

The appearance of dendritic forms indicates a decreased effectiveness of the
stirring of the copper solution by the evolved hydrogen with prolonged pause
duration.?8 The prolongation of deposition pulse duration led to the increase of
both the rate of hydrogen evolution and copper electrodeposition. The number of
hydrogen bubbles formed depends on the overpotential amplitude. Even though
the overpotential amplitudes of 1100, 1250 and 1400 and 2000 mV correspond-
ing to the outside the plateau of the limiting diffusion current density were used,
holes originating from the attached hydrogen bubbles were not formed.2%

The low number or absence of holes indicated that the deposition pause of
100 ms is too long to produce sufficient hydrogen to change the hydrodynamic
conditions in the near-electrode layer which led to the formation of open and
porous honeycomb-like structures. The proof of this are branched dendrites (Fig.
8c) and rare holes (Fig. 8a,b and d) formed on the electrode surface.3? Hydrogen
bubbles detachment formed the individual holes.3! Dendritic copper agglomer-
ates are well- dispersed and surrounded by irregular channels as shown in Fig. 8d
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as well as in Figs. 6d and 3d, show the typical cauliflower-like agglomerates of
copper dendrites obtained by the square-wave pulsating overpotential at overpot-
ential amplitude of 2000 mV with the prolonged deposition pulse and pause of 30
and 100 ms, respectively.

CONCLUSION

The effect of concentrations of copper sulfate and sulfuric acid on the copper
electrodeposited by pulsating overpotential regime with a prolonged pulse and
pause durations at overpotentials outside the plateau of the limiting diffusion
current density was examined. By analyzing the morphological characteristics of
the copper deposits the results were obtained on the pulsating electrodeposition.

The copper grains obtained from the copper solutions containing 0.30 M
CuSOy4 in 0.50 M H3SOy4 (solution(Il)) and 0.15 M CuSQOy4 in 0.25 M H,SO4
(solution (IV)) at overpotentials amplitudes values outside the plateau of the
limiting diffusion current density (1100, 1250 and 1400 mV) are very similar to
the deposits obtained from the solution containing 0.15 M CuSO4 in 0.50 M
H»>SO4 (solution (I)) at overpotential amplitudes belonging to the plateau of the
limiting diffusion current density and lower (200, 500 and 800 mV).

A very long pause duration suppresses the hydrogen evolution reaction. Only
in two cases dish-like holes were obtained: from 0.15 M CuSO4 in 0.50 M
H>SOg4 (solution (I)) and 0.15 M CuSOy4 in 1.00 M H3SO4 (solution (II1)) at high
overpotential amplitude of 2000 mV. Although the potentials outside the plateau
of the limiting diffusion current density were used, no honeycomb structure was
created in any of the solutions.

Acknowledgement. The authors are grateful to Dr. N. D. Nikolic (ICTM — Department of
Electrochemistry, University of Belgrade) for his encouragement and helpful discussions
during the preparation of this paper.

H3BOJ
TAJIO3U BAKPA IOBUJEHHU U3 CYJIGATHUX PACTBOPA Y PEXXVMY ITYJICUPAJYRE
MMPEHAIIETOCTH CA IYTOM ITAY30M U OYTUM ITYJICOM

FATEMEH K. T. SHAFIEI', KOUROSH JAFARZADEH' u ALI REZA MADRAM®

"Faculty of Materials Engineering. Malek-Ashtar University of Technology, Tehran, Iran u Faculty of
Chemical Engineering. Malek-Ashtar University of Technology, Tehran, Iran

HampasmeHo je nopehewe Mopdosoryja tanora dakpa modujeHux us pacrsopa 0,15 M
CuSO: y 0,50 M H2SO0. y pexumy myncupajyhe npeHaneTocTw ca MPOLYXEHHUM Tpajamem
myJica W Tay3e Ha MTPeHaNeTOCTHMa KOje OAroBapajy TPaHuyHOj ZU(QY3UOHO] CTPYjH, Kao U
BUIIMM W HIKUM Y OJHOCY Ha Ty BPEJHOCT, Ca Tajo3uMa JodujeHuM u3 pactsopa 0,075 u
0,30 M CuSO4y 0,50 M H,SO4 u pactBopa 0,15 M CuSO4 y 0,25 u 1,00 M H2SO4 y uctom
PEeXHUMY TaJloKekha Ha IPeHaleTocTIMa U3BaH IIaToa rpaHuyHe Judy3HoHe TYCTHHE CTpyje.
Y30puu Ccy KapakTepUCaHU CKeHHpajyhoM eleKTPOHCKOM MHUKpOCKONHUjoM. YropeheHe cy u
noslapu3aliioHe KpHUBe Tajokema Dakpa M3 HaBeJeHUX pacTBopa. IToBehamwe KoHLIeHTpalyje
jona Cu(II) je noseno fo nosehama rpaHUYHE AUQY3HOHE I'yCTHHE CTpyje. CMamemne KOHLEH-
tpauuje H2SOs nomepuiio je moyerak M 3aBplLIeTak IulaToa 'paHU4YHe OUdYy3HOHE CTpyje Ka
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BUIIUM MpeHarneTrocTiMa. Takohe, eneKTpoxXxeMHjCKUM TajnoxemeM H3 pactBopa 0,15 M
CuS04y 0,25 u 1,00 M H2S04 dopmupanu cy Tanos3u yvja je Mopdosioruja kKapakTepuCTUYHa
3a Taymokemwe U3 pacTBopa Behe koHueHnTpanuje CuSO4 win Mame KoHUeHTpanuje H.SO4 mpu
BUILIMM NTPEHANETOCTHMA.

(ITpummseno 12. jyna, pesuaupano 18. okrodpa, npuxsaheno 12. HoBem&pa 2019)

REFERENCES

1. H.-C. Shin, J. Dong, M. Liu, Adv. Mater. 15 (19) (2003) 1610
(http//doi.org/10.1002/adma.20030516)

2. D.H.Nam, R. H. Kim, D. W. Han, H. S. Kwon, Electrochim. Acta 66 (2012) 126
(https://dx.doi.org/10.1016/j.electacta.2012.01.084)

3.  S. Eugenio, T. M. Silva, M. J. Carmezim, R. G. Duarte, M. F. Montemor, J. Appl.
Electrochem. 44 (2014) 455 (https://dx.doi.org/10.1007/s10800-013-0646-y)

4. T.N. Huan, Ph. Simon, G. Rousse, I. Genois, V. Artero, M. Fontecave, Chem. Sci. 8
(2017) 742 (https://dx.doi.org/10.1039/c6sc03194c¢)

5. B.J. Plowman, L. A. Jones, S. K. Bhargava, Chem. Commun. 51 (2015) 4331
(https://dx.doi.org/10.1039/c4cc06638c¢)

6. H. Singh, P. B. Dheeraj, Y. P. Singh, G. Rathore, M. Bhardwaj, J. Electroanal. Chem.
785 (2017) 1 (https://dx.doi.org/10.1016/j.jelechem.2016.12.013)

7. Y.Li, W-Z. Jia, Y-Y. Song, X-H. Xia, Chem. Mater. 19 (2007) 5758
(https://dx.doi.org/10.1021/cm071738j)

8. N. D. Nikolic, Lj. J. Pavolic, M. G. Pavolic, K. I. Popov, Electrochem. Acta 52 (2007)
8096 (https://dx.doi.org/10.1016/].electacta.2007.07.008)

9. K. I Popov, S. S. Djokic, N. D. Nikolic, V. D. Jovic, Electrodeposited Alloy Powders,
Morphology of Electrochemically and Chemically Deposited Metals, Springer, Basel,
2016, p. 291 (https://dx.doi.org/10.1007/978-3-319-26073-0_8)

10. W. L. Tasi, P. C. Hsu, Y. Hwu, C. H. Chen, L. W. Chang, J. H. Je, H. M. Lins, A. Groso,
G. Margaritondo, Nature 417 (2002) 139 (https://dx.doi.org/10.1038/417139a)

11. H. Zhang, Y. Ye, R. Shen, C. Ru, Y. Hu, J. Electrochem. Soc. 160 (2013) D441
(https://doi.org/10.1149/2.019310jes)

12. W. Zhang, C. Ding, A. Wang, Y. Zeng, J. Electrochem. Soc. 162 (2015) D365
(https://dx.doi.org/10.1149/2.05915081es)

13. N. D. Nikolic, G. Brankovic, K. 1. Popova, Mater. Chem. Phys. 125 (2011) 587
(https://doi.org/10.1016/j.elecom.2010.03.021)

14. N. D. Nikolic, G. Brankovic, Electrochem. Commun. 12 (2010) 740
(https://dx.doi.org/10.1016/j.elecom.2010.03.021)

15. N. D. Nikolic, Lj. J. Pavlovic, S. B. Kristic, M. G. Pavlovic, K. I. Popov, Chem. Eng. Sci.
63 (2008) 2824 (https://dx.doi.org/10.1016/j.ces.2008.02.022)

16. N. D. Nikolic, G. Brankovic, M. G. Pavlovic, Powder Techol. 221 (2012)
271(https://dx.doi.org/10.1016/j.powtec.2012.01.014)

17. N. D. Nikolic, G. Brankovic, Mater. Lett. 70 (2012) 11
(https://dx.doi.org/10.1016/j.matlet.2011.11.081)

18. N. D. Nikolic, K. I. Popov, Lj. J. Pavlovic, M. G. Pavlovic, Surface Coat. Technol. 201
(2006) 560 (https://dx.doi.org/10.1016/j.surfcoat.2005.12.004)

19. M. S. Chandrasekar, M. Pushpavanam, Electrochim. Acta 53 (2008) 3313
(https://dx.doi.org/10.1016/j.electacta.2007.11.054)

20. F. A. Lowenheim, Electroplating, McGraw-Hill Book Company, New York, 1978

21. N.D. Nikolic, , Zastita materijala 51 (2010) 197

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

PULSATING OVERPOTENTIAL COPPER ELECTRODEPOSITION 807

N. D. Nikolic, K. I. Popov, Lj. J. Pavlovic, M. G. Pavlovic, Sensors 7 (2007) 1
(https://dx.doi.org/10.3390/s7010001)

D. Grujicic, B. Pesic, Electrochim. Acta 47 (2002) 2901
(https://dx.doi.org/10.1016/s0013-4686(02)00161-5)

K. I. Popov, P. M. Zivkovic, B. Jokic, N. D. Nikolic, J. Serb. Chem. Soc. 81 (2016) 291
(https://dx.doi.org/10.2298/jsc150717076p)

N. D. Nikolic, K. I. Popov, Hydrogen co-deposition effects on the structure of
electrodeposited copper, Modern Aspects of Electrochemistry, S. S. Djokic, Ed.,
Springer-Verlag, New York, 2010, p. 1 (https://dx.doi.org/10.1007/978-1-4419-5589-
0_1)

M. M. Kamel, A. A. El-Moemen, S. M. Rashwan, A. M. Bolbol, Metals 6 (2017) 179
J. M. Casas, F. Alvarez, L. Cifuentes, Chem. Eng. Sci. 55 (2000) 6223
(https://dx.doi.org/10.1016/s0009-2509(00)00421-8)

N. D. Nikolic, V. M. Maksimovic, M. G. Pavlovic, K. Popov, J. Serb. Chem. Soc. 74
(2009) 689 (https://dx.doi.org/10.2298/jsc0906689n)

N. D. Nikolic, G. Brankovic, V. Maksimovic, J. Electoanal. Chem. 635 (2009) 111
(https://dx.doi.org/10.1016/.jelechem.2009.08.005)

L. Avramovic, V. M. Maksimovic, Z. Bascarevic, N. Ignjatovic, M. Bugarin, R.
Markovic, N. D. Nikolic, Metals 9 (2019) 2 (https://dx.doi.org/10.3390/met9010056)
N. D. Nikolic, P. M. Zivkovic, B. Jokic, M. G. Pavlovi, J. S. Stevanovci, Maced. J.
Chem. Chem. Eng. 33 (2014)169 (https://dx.doi.org/10.20450/mjcce.2014.509).

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




