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Electrodeposition of copper from aqueous ammonia solu-
tions onto steel substrates has been studied. This investi-
gation includes detailed studies on the influence of bath
composition, as well as the operating conditions for pro-
ducing good quality copper deposits. It was found that the
optimum conditions for producing bright copper depos-
its are: CuSO4· 5H2O 80 g/L, NH3 100 g/L, (NH4)2SO4 50
g/L, KOH 15 g/L and 3.0 x 10-5 mol/L SDBS (as an anionic
surfactant) at i = 2.7 A/dm2, pH 10.5, and at 25 °C.
Moreover, the study includes potentiostatic current- time
and cyclic voltammetry measurements carried out on a
rotating carbon disc electrode. The surface morphology
of the as-deposited copper was investigated by using
scanning electron microscopy (SEM).

Plating of steel parts with copper before nickel and chromium
plating is of commercial importance. Another large scale use
of copper plating is in the electronic industry where, because
of its conductivity, it is used to produce the millions of square
feet of printed circuit boards used each year.1 In addition,
copper is an important metal in contributing to improved
corrosion resistance of plated zinc die cast parts.2

Electrodeposition of copper is normally performed using
cyanide-based baths. These baths have the disadvantage of
being strong pollutants, however, because the cyanide ion is
among the products obtained. For this reason, alternative
baths have been extensively studied.3-9 Attempts have been
made to electrodeposit copper and other metals from an
electrolytic bath containing ammonium salt.7,10,11 The ammo-
nia bath seems to be a good non-polluting alternative for
copper electrodeposition from cyanide baths. Moreover, the

presence of ammonia or an ammonium salt not only offers
homogeneity and brightness,12 but also decreases the anodic
corrosion.13

The aim of this study is to develop baths from which copper
metal can be electrodeposited from ammonia solutions with
good characteristics; also having the advantage of being
more environmentally friendly than traditional cyanide baths.
In addition, the study aims to throw light on the mechanism
of copper electrocrystallization from the copper amine com-
plex baths.

Experimental Procedure
All the plating bath constituents were reagent grade, using
doubly distilled water. The composition of the baths used for
copper electrodeposition is given in Table 1. For electrodepo-
sition, a steel cathode and a platinum sheet anode, each of
dimensions (2.5 x 3.0 cm) were used. The plating cell used
was a  rectangular Perspex trough (10 x 3.0 cm  and 2.5 cm
in height) provided with vertical grooves on each of the side
walls to fix the electrodes. Before each run, the steel cathode
was mechanically polished with different grade emery papers
(600, 800, 1000 and 1500), then washed with distilled water,
rinsed with ethanol, and weighed. The cathodic current
efficiencies (CCE) were determined with the help of a cou-
lometer, (CCE = Wtexp/Wttheo) where Wtexp is the weight of the
deposit obtained experimentally, and Wttheo is the weight of
the deposit calculated theoretically according to Faraday’s
law. Most of the experiments were carried out at 25 ±2 °C.
The plating duration was 10 min. The loss of ammonia was
kept to a minimum by making the measurements within 20
min. after the solutions were prepared.
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Fig. 1—Polarization curves during Cu electrodeposition from different
solutions: curve a, bath No. 6; curve b, bath No. 5; curve c, bath No. 3; curve
d, bath No. 4.

Fig. 2—Polarization curves during Cu electrodeposition from different
ammonia solution concentrations: curve a, 190 g/L NH3: curve b, 100 g/L;
curve c, 80 g/L.
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Potentiodynamic cathodic polarization measurements were
performed in the rectangular cell. A potentiostat/galvanostat
controlled by a PC was used for the potentiodynamic mea-
surements. All potentials were measured relative to a satu-
rated calomel electrode (SCE). To avoid contamination, the
reference electrode was connected to the working steel cath-
ode via a bridge provided with Luggin-Haber tip and filled
with the solution under test. The tip was placed very close to
the electrode surface.

The classic three-electrode cell was used for cyclic
voltammetry measurements as well as for the current-poten-
tial curves measurements. The working electrode was a
glassy carbon (area: 0.1963 cm2) rod embedded in a PVC
cylinder. The carbon electrode was polished before each run
with diamond paste (0.25 µm) until a mirror surface was
obtained, then washed several times with doubly distilled
water. The counter electrode was a small piece of platinum
(area: 1.0 cm2). All the potentials were recorded with respect
to a saturated calomel electrode placed in a Luggin capillary.
Current transient measurements were performed in the usual
manner with single potential steps.

The surface morphology of the copper electrodeposit was
examined using scanning electron microscopy (SEM).

The microhardness of the copper deposit was measured by
means of a microhardness tester. In this test, a 25 gf load was
employed and the hardness was expressed as Vickers (HV) in
kg-force/mm2.

Results & Discussion
Preliminary experiments were carried out to achieve suitable
concentrations as well as suitable operating conditions for
each of the bath constituents, as depicted in Table 1, to
produce sound and satisfactory copper deposits. For ex-
ample, electrodeposition of copper from a solution contain-
ing copper sulfate and ammonia solutions alone (Cu #1 bath),
contains many bare areas (i.e., the cathode surface is not
completely covered by copper crystallites). Addition of am-
monium sulfate (Cu #2 bath), however, to the previous
solution greatly improves the compactness of the deposit.

On the other hand, decreasing ammonia concentration
below 100 g/L (Cu #3 bath) results in the formation of a dull
brick-red colored deposit at low current densities. This dull
brick-red deposit phenomenon was previously obtained for
the other baths but only at high current densities (> 4 A/dm2).
Similar behavior is also well known for copper deposition
from cyanide baths at high current densities.1

KOH is normally added to increase the electrical conduc-
tivity of the bath.14 The quality of the deposit was rather
improved by the addition of 3.0 x 10-5 M SDBS (sodium
dodecyl benzene sulfonate) into the (Cu #8) bath. The deposit
obtained from this bath was chosen as the optimum bath for
producing sound and satisfactory copper deposits.

Potentiodynamic Cathodic Polarization Curves
In general, copper deposition from copper ions can be de-
scribed by the following reaction:

Cu+2 + 2e-  ↔  Cu0 (1)

Ammonium ions form soluble complexes with copper ions.
The complex formed depends on the pH values. In the
interval 7.7 < pH < 11.9, Cu+2 ions predominate as
Cu(NH3)4

+2.15,16 Copper complexation in the ammonia bath,
therefore, is:

      Cu+2 + 4NH3  ↔  Cu(NH3)4
+2 (2)

      [Cu(NH3)4
+2]

       kf = ——————— = 1015.7 (3)
         [Cu+2][NH3]

4

where kf is the stability constant.17

Copper deposition from the ammonia bath can therefore be
described as:

Cu(NH3)4
+2   +  2e-   ↔  Cu0   +   4NH3 (4)

Fig. 3—Polarization curves during Cu electrodeposition from bath No. 8 at
different temperatures.

Fig. 4—Polarization curves during Cu electrodeposition with and without
SDBS: curve a, 0.00; curve b, 1.5 x 10-5 M; curve c, 3.0 x 10-5 M; curve d,
7.5 x 10-5 M.



July 2000 6 9

Reduction of the copper amine complex is not as easy as the
reduction of the free Cu2+ ions. This is the reason for the high
polarization observed during Cu-electrodeposition from baths
containing ammonia as shown in Figs–1-4. Moreover, the
polarization curves show that the current tends to attain a
limited value, especially at low Cu2+ ion concentration (Fig.1),
that results from the deposition limitation by the diffusion of
Cu+2 ions.

On the other hand, the copper solution
contains (NH4)2SO4 in addition to NH3,
because H+ can be produced according to
the following equation:

     NH4
+  ↔   NH3   +   H+ (5)

At sufficiently high negative potential
values, therefore, further increase of the
current density is observed as a result of
the simultaneous hydrogen evolution. This
reaction could produce a change in growth
morphology of the deposit from an adher-
ent deposit to a non-adherent, dull, brick-
red deposit.18

Increasing the Cu+2 content in the bath,
as shown in Fig. 1, greatly shifts the depo-
sition potential toward the less negative
values and enhances the limiting current
values. These results could be attributed to
the increase in the relative concentration
of Cu+2, particularly in the cathode diffu-
sion layer, and this is reflected in a de-
crease in concentration polarization asso-
ciated with copper deposition.

In contrast, increasing concentration of
the ammonia solution shifts the cathodic
polarization curves toward the more nega-
tive values (Fig. 2). This effect could be
assigned to the decrease in the concentra-

tion of free Cu+2 as a result of
complexation. On the other hand,
addition of either KOH or ammo-
nium sulfate has a very slight ef-
fect on the cathodic polarization
curves (data are not included here).

The influence of temperature
on the cathodic polarization curves
during copper electrodeposition
from Cu #8 bath was examined;
the results are shown in Fig. 3. The
data reveal that an increase in bath
temperature shifts the polarization
to the less negative values and
enhances the limiting current val-
ues. This behavior could be re-
lated to the decrease in the activa-
tion overpotential of both hydro-
gen evolution and copper deposi-
tion reactions.19 Moreover, increas-
ing temperature enhances the con-
centration of the reducible species
in the diffusion layer as a result of
increasing their diffusion rates.

Figure 4 shows the cathodic
polarization curves for copper
deposition, with and without addi-

tion of different SDBS concentrations. It can be seen that the
presence of SDBS results in a marked shift in the cathodic
polarization toward more negative potential values and de-
creases the limiting current value. The inhibitory effect of
SDBS could be a result of its adsorption on the metal surface,
blocking the sites available for Cu deposition.

Fig. 5—Cyclic voltammetry recorded at glassy carbon electrode for Cu #8 bath with different scan rate.
Inset is the plot of cathodic peak current (ipc) vs. square root of the scan rate (ν1/2).

Fig. 6—Plots of current vs. potential at various rotation speeds for Cu #8 baths on glassy
carbon disc electrode, scan rate 5 mV/sec. Inset is the plot of cathodic limiting current iL vs.
square root of the angular rotation ω1/2.
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Cathodic Current Efficiency
The acid copper sulfate, copper fluoborate and copper pyro-
phosphate solutions have a CCE of 100 percent. On the other
hand, cyanide-type copper plating solutions having CCE
ranging from 50-90 percent depends upon the solution com-
position.1 In our present baths, the behavior is similar to that
of cyanide baths (i.e., the CCE depends greatly upon the
solution composition and the applied current density, as
shown in Table 2). Inspection of the data in this table shows
that addition of ammonium sulfate to Cu #1 bath increases the

CCE only at low current density (1.33 A/
dm2). With further increase in current den-
sity, CCE decreases gradually in comparison
with those free from ammonium sulfate. Such
a decrease has been observed as a result of
(NH4)2SO4 addition to a copper solution con-
taining 1 M NH4Cl.7 Moreover, inspection of
the data in Table 2 indicates that increasing
concentration of Cu+2 content in the bath
decreases CCE in all the current density
ranges studied. These results contradict re-
sults found for copper deposition from other
baths.20,21 This could be attributed to the fact
that increasing Cu+2 in a copper amine bath
increases the stability of the complex formed
(because of the presence of excess ammonia
in the bath). As mentioned above, reduction
from the complex species is not as easy as
that for the free Cu+2 ions. On the other hand,
addition of KOH (Cu #7 bath) greatly im-
proves the CCE.

In an attempt to improve the brightness of
the copper deposit, SDBS was added (Cu #8
bath). The presence of SDBS in this bath had
a slight decreasing effect on the CCE (see
Table 2).

The effect of adding different concentra-
tions of SDBS (3.0 x 10-5 to 4.5 x 10-4 M) on
the CCE is given in Table 3, at i = 2.7 A/dm2,
pH 10.5, and 25 °C. It is obvious that only at

low concentrations range (3.0 x 10-5 to 4.5 x 10-5 M), the CCE
is slightly increased with
increasing SDBS con-
centration, then de-
creases to 79 percent, and
finally levels off at about
76.7 percent.

Table 4 lists the effect
of pH (range 9.5-12.5)
on the CCE of copper
electrodeposited from the
Cu #8 bath. The pH was
raised by using KOH so-
lution. The data show that
the CCE for copper de-
posits increases as the pH
of the bath is increased
from pH 9.5 to 10.5, and
then levels off with fur-
ther increase of pH.

Table 5 shows the ef-
fect of temperature on the
CCE of copper electrode-
posited from Cu #8 bath.
Increasing temperature
from 25 to 40 °C greatly
decreases the CCE from
83.8 to 53 percent. It
should be noted that at
temperature ≥ 50 °C, no
deposition of copper
takes place from these
baths.

From these results, it
is found that the optimum

Table 1
Composition of Copper Plating Solutions

 Bath CuSO
4
·5H

2
O NH

3
(NH

4
)

2
SO

4
KOH SDBS C

 No. g/L g/L g/L g/L mol/L ( Ω ·cm)-1 pH
  1 80 100 — — — 29.0 11.2
  2 80 100 50 — — 81.8 9.9
  3 80 75 50 — — 79.3 10.5
  4 100 100 50 — — 85.6 8.9
  5 60 100 50 — — 75.6 10.0
  6 40 100 50 — — 70.3 10.8
  7 80 100 50 15 — 73.6 10.1
  8 80 100 50 15 3 x 10-5 74.0 10.5

Table 2
Cathodic Current Efficiency

Percent

Current Bath No.
A/dm2 1 2 3 4 5 6 7 8
1.3 11.1 42.0 — 26.8 61.9 64.3 58.2 47.0
2.0 63.2 42.9 44.3 55.0 73.6 74.6 83.3 81.0
2.7 66.0 60.0 63.3 55.0 72.2 50.0 83.0 83.0
3.3 67.0 65.2 77.0 63.5 69.0 41.2 81.2 80.5
4.0 98.0 78.4 80.3 73 53.4 33.3 80.2 76.0

Fig. 7—Potentiostatic current-time transients from Cu #8 bath at various cathodic potentials.
Inset is the plot of log i vs. log t.

Table 3
Effect of SDBS on Cathodic

Current Efficiency
Cu #8 Bath

SDBS, mol/L CCE, %
0.0 80.8

3.0 x 10-5 83.8
4.5 x 10-5 84.0
6.0 x 10-5 79.0
7.5 x 10-5 76.7
9.0 x 10-5 76.7
4.5 x 10-5 76.7

Table 4
Effect of pH on Cathodic

Current Efficiency
Cu #8 Bath

pH CCE, %
9.5 72.9
10.5 83.0
11.5 82.3
12.5 84.3

Table 5
Effect of Temperature on

Cathodic Current Efficiency
Cu #8 Bath

Temp., °C CCE, %
25 83.0
35 58.0
40 53.3
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conditions for producing sound and satisfactory copper de-
posits are: CuSO4 · 5H2O, 80 g/L, NH3 solution, 100 g/L,
(NH4)2SO4, 50 g/L, KOH, 15 g/L and 3.0 x 10-5 mol/L SDBS
(Cu #8 bath) at i = 2.7 A/dm2, pH 10.5 and 25 °C. Although
the CCE of the present alkaline bath is not 100 percent, it is
still higher (83.0 percent) than those reported for other copper
alkaline baths, such as pyrophosphate3 and cyanide baths.2

Cyclic Voltammetry
A typical cyclic voltammogram of copper recorded at a
glassy carbon electrode using the optimum Cu #8 bath under
the influence of increasing scan rate (10-100 mV/sec), is
shown in Fig. 5. The voltammetric studies were consistently
performed in the potential range of 0.5 to 0.9 V. The sweep
potential was initiated at 0.5 V and proceeded in the negative
direction. The cyclic voltammogram exhibits two distinct
voltammetric peaks (I and II). Peak (I) is associated with the
Cu+2 reduction process (deposition), whereas peak (II) repre-

sents the dissolution of Cu deposited on the substrate.
The relationship between the cathodic current peak (ipc)

and the square root of the scan rate (ν1/2) (Fig.5) was found to
be linear, indicating diffusion control; the rate of growth is
controlled by mass transfer of copper ions to the growing
center.6

Determination of the Diffusion Coefficient
To determine the diffusion coefficient for Cu(NH3)4

+2 spe-
cies, the rotating disc electrode has been found to provide the
most accurate method,22,23 using the Levich equation:

iL = (0.62) nFAD2/3ω1/2v-1/6c (6)

where ω is the angular rotation rate of the electrode (rad/sec),
v is the kinematic viscosity (9.85 x 10-3 cm2/sec) and c is the
concentration of the electroactive species in the bulk of the
solution. The dependence of the limiting current on the
rotation speeds used in this study is shown in Fig. 6; the
corresponding Levich plot with the limiting current iL (mea-
sured at -1.2 V) is also shown in  Fig. 6. The slope of the
straight line obtained determines the value: 2.19 x 10-7

cm2/sec for the diffusion coefficient. Most of the values
recorded for the diffusion coefficient of Cu+2 in the literature
are determined from aqueous acidic solutions.22,23

Potentiostatic Current-Time Transients
A series of i-t transients for various values of the potentiostatic
potential were performed for the Cu #8 bath on a glassy
carbon electrode; the results are shown in Fig. 7. The decrease
of the current in the first stage of the transient is related to the
charge of the double layer.24 The transients are characterized
by the presence of a maximum current, imax, which occurs at
time tmax. Tmax is related to the time at which full coalescence
of the crystallites occurs.25  The most interesting part of the i-
t transients is the rising portion of the peak, which corre-
sponds to the density before overlapping of the first mono-
layer of the growth nuclei and therefore can be used to
determine the kinetics of nuclei growth.26 The data show that
as the potential is made more negative, imax increases while
tmax decreases. In principle, the dependence of imax and tmax on
the potential suggests that the rate of growth of nuclei is
controlled by mass transfer. These results are in good agree-
ment with those obtained by cyclic voltammetric technique
(Fig. 5). By plotting log i vs log t for the rising part of the
transient, therefore, the value of the measured slope is a
constant depending primarily on the geometry and type of
nucleation. An example of plotting log i against log t is also
given in Fig. 7 (the curve corresponding to -1.20 V in Fig. 7).
The straight line has a slope of 0.45, which is close to 0.5,
indicating instantaneous nucleation.27 This means that the
formation of fresh nuclei is arrested at a very early stage. The
same conclusion is also found during copper deposition from
other, different baths.5,21,28

Surface Morphology
Visual observation showed that the Cu deposits from the Cu
#8 bath is bright, smooth, and red in color. The surface
morphology of the as-deposited Cu was examined by scan-
ning electron microscopy (SEM). Some of the SEM micro-
graphs of the as-deposited copper under different operating
conditions are shown in Fig. 8. The microscopic examina-
tions of the as-deposited copper from the Cu #8 bath (Fig. 8a)
at i = 2.7 A/dm2, pH 10.5 at 25 °C, composed of compact, non-
porous and very fine grains covering the whole surface of the

Fig. 8—Photomicrographs of deposited copper from various solutions:
a. CuSO4 · 5H2O 80 g/L, NH3 100 g/L, (NH4)2SO4 50 g/L, KOH 15 g/L, and
3.0 x 10-5 mol/L SDBS, at i = 2.7 A/dm2, pH 10.5, 25 °C. 2000X.
b. CuSO4 · 5H2O 80 g/L, NH3 100 g/L, (NH4)2SO4 50 g/L, KOH 15 g/L, at i
= 2.7 A/dm2, pH 10.5, 25 °C. 2000X.
c. CuSO4 · 5H2O 80 g/L, NH3 100 g/L, (NH4)2SO4 50 g/L, KOH 15 g/L, and
3.0 x 10-5 mol/L SDBS at i = 2.7 A/dm2, pH 9.5, 25 °C. 2000X.
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cathode. Fig. 8b, however, shows that the absence of SDBS
in the bath results in an increase in grain size. The great
improvement in the uniformity and leveling in the Cu-deposit
in the presence of SDBS (Fig. 8a) could be attributed to the
increase in cathodic polarization (see Fig. 4). It is probable
that the formation of fine grains is enhanced by any factor that
increases the cathodic polarization.29

On the other hand, it was observed that the surface mor-
phology of the deposits varied from a fine grain structure
(Fig. 8a) to a coarse grain structure as the pH of the bath was
decreased from 10.5 to 9.5 (Fig. 8c).

Microhardness
Copper deposited from the optimum Cu #8 bath at i = 2.7 A/
dm2 and pH 10.5 show a microhardness of 140 (kg/mm2),
while decreasing pH from 10.5 to 9.5 shows a decrease in the
microhardness to 90 kg/mm2. This result is in good agree-
ment with the result of the photomicrograph that shows
relatively coarse-grained copper deposits at pH 9.5. This
could be attributed to the fact that fine-grained deposits are
harder than coarse-grained deposits.30 Similar decrease of
microhardness with lowering of pH was recorded for other
metals.31,32 It is worthwhile to mention here that copper
deposited from pyrophosphate shows hardness ranging from
83 to 250 (kg/mm2), while copper deposited from acidic
solutions show hardness ranging from 48-159 (kg/mm2).
This means that the hardness of the as-deposited copper at the
optimum composition and at pH 10.5 is comparable to those
of copper deposited from pyrophosphate, as well as from
acidic solutions.

Summary
Fine-grained, highly adherent copper plates of red color can
be deposited using the optimum bath: CuSO4 · 5H2O, 80 g/L;
NH3, 100 g/L; (NH4)2SO4, 50 g/L; KOH, 15 g/L; and 3.0 x 10-

5 mol/L SDBS at i = 2.7 A/dm2; pH 10.5 at 25 °C and duration
10 min. Under these conditions, the cathodic current effi-
ciency was found to be strongly dependent on bath composi-
tion, as well as on the operating conditions such as pH,
current density and temperature. The polarization curves
show a remarkable polarization during copper deposition as
a result of the formation of a stable Cu-amine complex. A
value of 2.19 x 10-7 cm2/sec was calculated for the diffusion
coefficient of Cu(NH3)4

+2 by using a rotating disc electrode.
Potentiostatic i-t, as well as cyclic voltammetry measure-
ments confirmed that the deposition process takes place
under diffusion control. The microhardness of the copper
deposit under the optimum conditions has a value of 140 kg/
mm2. The surface morphology of the as-deposited copper
was investigated by SEM, with the results revealing that the
copper deposits from the optimum conditions are composed
of compact, non-porous, fine grains covering the whole
surface of the cathode.

Editor’s note: Manuscript received, October 1999. Revision
received, January 2000.
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