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Investigation of the processes and mechanism of electrodeposition of copper
from ammonium nitrate electrolyte by the method of cyclic voltamperometry
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This article reports results, obtained by the method of cyclic voltamperometry, applied to study the processes and
mechanism of deposition of copper from ammonium nitrate electrolyte. The effect of the initial potential has been
studied as well as that of the potential sweeping rate and the nature of the cathode substrate (copper or silver) in regard
to the course of the voltamperograms. It has been established that the deposition of copper on a copper substrate is
proceeding via two-step mechanism, whereupon the elemental copper is obtained by reduction of cuprous ammonium
ions. Upon applying the diagnosis criteria of the method it was confirmed that the mechanism corresponds to the
Electrochemical-Chemical-Electrochemical (EChE) type i.e. two consecutive reversible electrochemical steps
(cupric/cuprous ammonium complexes and cuprous ammonium complexes/elemental copper), with an intermediate
chemical step of copper disproportionation. In case of silver substrate, only the mechanism of the anodic process is
relatively the same. The ascertained difference in the mechanisms of copper deposition is very important for the
combined deposition of copper and silver and for obtaining Ag-Cu alloyed coating, taking into account the fact that
silver is the more electropositive metal in the system. The obtained results are an essential part of an extensive study,
connected with preparing an alloyed finely dispersed Ag-Cu powder under stationary conditions and in impulse

potentiostatic regime.
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INTRODUCTION

The electrolysis is a method, enabling to prepare
directly alloyed metal powders of high purity and
compositions varying within wide limits [1-3]. The
applying of an impulse potentiostatic regime
enriches considerably the options in this respect. In
this case the investigation of the mechanism of the
processes of separate deposition of the metals in
detail is extremely important, as upon applying a
potentiostatic impulse there is a continuous transi-
tion from zero to very high values of the over-
potential. All the steps of the mechanism of the
occurring processes are reflected on the quality of
the final product [2-5].

The alloyed Ag—Cu powders are valuable in
view of their electroconductivity and thermal
conductivity properties. They are used mainly for
improving the electroconductivity of contacts in the
electronics and also for components of pastes for
depositing on metal surfaces before their soldering
[6, 7]. Nevertheless data on the conditions of
deposition are scarce. Our preliminary work [§]
concerns alloyed Ag-Cu powders.

After studying a series of electrolytes the
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ammonium electrolyte for copper deposition became
of fundamental interest, taking into account the fact
that the copper in it is available in two different
soluble forms: the cupric Cu** and cuprous Cu”
ammonium complexes. However only a few articles
[9 — 12] are devoted to this system. Some of them
investigate the influence of pH and that of some
anions like CI" [9-11] or NO; [10] at very low
concentrations of the copper. These are focused on
the mechanism of formation of nuclei of copper
crystals. It has been shown that the NO; ions can
dissolve partially the growing copper crystal nuclei.
Another investigation points out that the NO;™ ions
(e.g. originating from NH4NO;) not only promote
the electroconductivity of the solution but they can
also adsorb on the electrode surface thus facilitating
the electrodeposition of copper ions. In most of the
studies the copper is introduced in the form of
CuSO,4 [13-19]. The most detailed data on the
mechanism of electrodeposition are represented in
the article [12], where the application of the method
of cyclic chronovoltamperometry is combined with
physical methods and a specific mechanism of
copper deposition is proposed for the various pH
regions (pH =4, 6 and 8).

The complete analysis of the literature data
imposes the conclusion that the ammonium
electrolyte with an additive of ammonium nitrate is
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especially appropriate for the combined deposition
of copper and silver in the form of alloyed coating
or powder, especially when ammonia is in moderate
excess (pH about 8.5-9). In all the other electro-
lytes: sulfuric acid [12], pyrophosphate [20], fluoro-
borate [21], trionate [22], alkaline [23], etc. the
silver forms hardly soluble compounds and the
electrolytes on their basis are unstable.

On the basis of the above arguments a compo-
sition of the electrolyte was chosen, in which the
copper is in the form of Cu(NOs), and its concen-
tration was varied from 2.5 to 10 g-dm >, whereupon
ammonia is added to obtain pH = 8.5-9. The
method of cyclic voltamperometry was applied to
electrodes of copper and silver in view of the
purpose of this study. The method is especially
suitable for complex systems such as those, in
which there is a two-step transfer of electrons and
ions of changing valence, which form complexes
completely different in stability. The elaborated
diagnosis criteria of the method [24-26] allow a
strict and detailed evaluation of the occurring
processes. These criteria originate from the basic
equations of the method. They represent the depend-
ences of the deviation of the cathode potential E,°,
the relationship between the currents, corresponding
to the anode and cathode maxima (Z,"/1,°), as well as
the ratio of the cathode current in the position of the
peak and the square of the rate of sweeping the
potential v. It is obvious that depending on the
specific mechanism of the process, for which the
above parameters have been calculated, the values
will be quite different.

EXPERIMENTAL

The electrolyte, in which the studies have been
carried out, has the composition: 2.5 g-dm” Cu (in
the form of Cu(NOs),); 40 g-dm™ NH,NO; solution
and 25% NHj; solution to obtain pH = 8.5-9. The
salts are both added consecutively to the water and
as they are both well soluble in water, there are no
substantial peculiarities in this step of solution prepa-
ration. There follows a gradual addition of ammo-
nia, whereupon the solution becomes dark at pH =
7-8. The addition of ammonia to reach pH = 8.5 and
further pH = 9 makes the solution trans-parent, blue-
colored, which is an indication of the formation of
cupric ammonia complex [Cu(NH;)]*" [27].

The measurements have been carried out in a
three-electrode cell with working electrodes, made
of copper (99.97%) and silver (96.97%), in the form
of disks with working area 1 cm®. Platinum net was
used as anode, while the reference electrode was
saturated calomel electrode (SCE).
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The cyclic chronovoltamperograms have been
recorded by means of potentio-scanner of the type
“Wenking” (Germany) in the range of potentials
0.450 V + —0.800 V (versus SCE). The polarization
was always carried out starting from the chosen
initial potential and moving towards more negative
potentials. The curves, which are represented in the
figures in this article, have been obtained after
several cycles (4 to 5 cycles). The sweeping rate of
the potential was varied in the range from 10 to 150
mV-s'. The rate, at which the peculiarities of the
mechanism of copper deposition are best demon-
strated, was found to be v=20 mV-s .

RESULTS AND DISCUSSION

Values of the potentials of the electrochemical
reactions

In order to facilitate the analysis of the results all
the basic reactions, which could possibly occur in
the working electrolyte, as well as their standard
potentials versus NHE, are represented in Table 1.
The table lists also the calculated values of the
reversible potentials in the reactions with respect to
SCE [27].

An- assumption has been made, during the
calculation of the potentials of the reactions (1) and
(3), that the copper disproportionation reaction is
occurring according to the following equations:

Cu + [Cu(NH;),]*" = 2[Cu(NH;)]" + 2NH; ()

2[Cu(NH;)]" + 2NH; = 2[Cu(NH;),]”  (b)

Cu + [Cu(NH;),]*" = 2[Cu(NH3),]" + 2NH;

Another assumption is that the constant of
disproportionation, in accordance with the literature
data [28], is equal to:

_ [Cu(NH3 ), +]2

= =6.04107  (7)
[C”(NH 3 )4]

During the calculations it has been accepted for
the concentration of [Cu(NH;),]*" that the free
cupric ions are entirely bonded in an ammonia
complex i.e. it is 2.5 g-dm (or 0.0393 M).

Cyclic voltamperometry of copper—ammonium
nitrate electrolyte

Voltamperograms on copper electrode. Figure 1
represents the voltamperogramme of copper-
ammonium nitrate electrolyte in the interval of
potentials from £; =—-0.200 V to £.=-0.750 V.
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Table 1: Standard potentials of the basic reactions in ammonium nitrate electrolyte for the deposition of copper (E,)
with respect to SVE, as well as the values of the potential of these reactions (E) in regard to RCE, recalculated on the

basis of the equation of Nernst.

No. Reaction E°, V [NHE] Eaies V [SCE]
(1) [Cu(NH;)s*" + ¢ = [Cu(NH;),]" + 2NH; —-0.010 -0.115

(©) Cu + [Cu(NH3)]*" = 2[Cu(NHj),]" + 2NH;

Copper disproportionation reaction

3) [Cu(NH;),]*" + 2¢” = Cu + 4NH; —-0.050 -0.334

@ [Cu(NH;),]" + ¢ = Cu + 2NH; -0.120 —0.586

%) NO; + 5H,0 + 6" = NH,OH + 7 OH" -0.300 —-0.085

6) [Ag(NH;),]+ + ¢ = Ag + 2NH; 0.373 0.034

(for Ce,=2.5 g:dm > and Cpp = 2.5 g-dm™)

| | | | I
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Fig. 1. Voltamperogramme of copper-ammonia nitrate
electrolyte on copper electrode; 2.5 g:«dm > Cu in the form
of Cu(NO;),, (40 g-dm~ NH4NO- and 25% NH; until
pH =9 is reached); E; = +0.200 V, E.=-0.750 V,
v=20mV-s .

As it can be seen from the figure two consecutive
cathode peaks are observed on the voltampero-
gramme — Ic and llc and their corresponding anode
peaks Ila and Ia. The first cathode peak, as it
follows from the data represented in Table 1, is
associated with the reduction of cupric ammonium
jons [Cu(NH;),]*" into cuprous ammonium ions
[Cu(NH3),]" in accordance with the stoichiometric
Eqn. (1):

[Cu(NH;)s]*" + e =[Cu(NH3),]" +2NH; (1)

As our visual observations in this field of poten-
tials show, no elemental copper has been deposited.
When the equilibrium concentration is reached, the
obtained cuprous ammonium ions [Cu(NH;),]" are

immediately involved in the reaction of dispro-
portionation (2), which in this case is the following:

[Cu(NH3),]*" = 2[Cu(NH3),]" + 2NH;  (2)

This reaction does not lead to a peak in the cur-
rent, but it rather contributes to the preservation of
the current intensity value on a certain level. In the
region of the second cathode peak Ilc the cupric
ammonium ions [Cu(NH;),]*" are reduced to
elemental copper following the stoichiometric equa-
tion (3):

[Cu(NH3),]*" + 2¢” = Cu + 4NH; (3)

It is not probable that the deposition of elemental
copper could occur via reduction of cuprous ammo-
nium complexes [Cu(NH;),]" in the studied elec-
trolyte, containing a sufficient surplus of ammonia,
which forms stable complexes with the divalent
copper ions. In fact the calculations, which we
performed (Table 1), point to the fact that this reac-
tion is possible, but it occurs at higher cathodic
potentials, compared to reaction (3).

As it follows from Figure 1 the first anodic peak
(in the order of appearance upon returning the curve
to the initial potential) Ila appears at about —0.150 V
(SCE) and it is weakly dependent on the sweeping
rate of the potential. It is connected with oxidation
of the deposited copper coating via the reaction:

Cu + 4NH; = [Cu(NH;),]*" + 2¢” 4)

In the next step the cupric ammonia ions
[Cu(NH;),]*", located most closely to the electrode,
are reduced chemically via reaction (2) to cuprous
ammonia ions (the reaction of disproportionation).

The second anodic peak Ia appears at about
0.100 V (CE) and it is connected with the soluble
forms of the copper in solution, i.e. with the reaction
of oxidation of the cuprous ammonia complexes
into cupric ammonia complexes, described by the
stoichiometric equation:

[Cu(NH;),]" + 2NH; = [Cu(NH3), ] +e (5)
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Fig. 2 (a—c) shows three cyclic voltamperometric
dependences in an electrolyte of composition 2.5
g-dm” Cu; 40 g-dm > NH,NO;; NH; (until pH = 8.5
is reached) on copper electrode at three different
values of the initial potential: 0.000, 0.100, 0.200 V.
The course of the curves is an indication that the
variation of the initial potential in the studied
interval does not change substantially the mecha-
nism of the entire process.

Voltamperogrammes on silver electrode. A weak
initial cathodic peak is observed in the voltampero-

grammes, taken with a silver electrode in an
electrolyte, containing in advance cupric ammonia
jons [Cu(NH3),]*" (Fig. 3), at more positive poten-
tials and a stretching plateau at the more negative
potentials (—=0.100 V). In this case, no stepwise
deposition of copper is observed, as in the case with
copper electrode. It is not possible that the reaction
of disproportionation of the copper can occur on a
silver electrode and it has been demonstrated above
that it is exactly this reaction that lies in the basis of
the two-step copper deposition.

40 Cu 23g1 ‘r
(a) Ei=0mV {c) E;=200mWV
e
.5
h.': - I
=]
= 0
- L
IIa
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O 200 400 -s00 200 0 200 400 600 0 -200 400 -a00 -BOO
E / mV (5CE} E ml {5CE) E wV (3CE)}

Fig. 2. Voltamperogramme of copper—ammonia nitrate electrolyte at various values of the initial potential E; :
(a) E; = 0.000 V; (b) £;=0.100 V, (c) E; = 0.200 V; v=20 mV"s .

00 200 0 200 400 600 300 -1000

E ¢ mV (S3CE)

Fig. 3. Voltamperogramme of copper-ammonia nitrate
electrolyte on silver electrode; £;= 0.200 V, final
potential £, =—0.750 V, v=20 mV-s ' (curve 1).

Curve 2 is the basic electrolyte.

In the anodic region the character of the curves is
not different from that on a copper electrode — two
peaks Ila and la are observed. They are associated
with the consecutively occurring reactions (4) and
(5), i.e. the oxidation of the copper coating, depo-
sited in the cathodic region.
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It is obvious that on a silver electrode only the
reduction of copper is occurring by a mechanism
different from that on a copper substrate, which is
due to obstruction of the reaction of dispropor-
tionation (6). The fact that the deposition of copper,
in this case, is proceeding on a substrate of different
nature, is the reason for the registered comparatively
lower currents in the process of copper deposition,
compared to those on a copper electrode.

Cyclic voltamperometry of a basic electrolyte.
The voltamperogrammes of an electrolyte not-
containing any copper ions and having a compo-
sition 40 g-dm™> NH4NO; and NH; (until pH = 9 is
reached) represent some interest (Fig. 4). As it can
be seen from the comparison with the respective
dependence for solutions containing copper ions
(curve 1), there exists an analogy between the peaks
in the current in intensity, but those in the copper-
containing solutions are higher. It can be supposed
that their appearance in the basic electrolyte is
owing to processes, in which copper ions are parti-
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cipating. The same peaks are obtained upon cycling
in anodic direction (the represented dependence is
recorded after five cycles) or as a result of chemical
dissolution of the copper electrode in the ammonia
medium at the above-specified values of pH (8.5-9).

| | | ] |
-200 400 600 -BOO -1000
E / mV (3CE)

|
400 200 0

Fig. 4. Voltamperogramme of the basic electrolyte on
copper electrode (40 g-dm * NH,NO; and 25% NH until
pH =9 is reached) on copper electrode (curve 2); Curve 1

is the copper containing electrolyte.

When the initial potential has a value amounting
to E; = —0.295 V the only occurring process is the
evolution of hydrogen (Fig. 5) and no maxima in the
current intensity are observed.

I I | I
00 400 -600 800 -100
E / mV (3CE)
Fig. 5. Voltamperogramme of the basic electrolyte on
copper electrode at initial potential £; =—0.300 V.

The appearance of two consecutive cathodic
peaks in the curves and the respective anodic peaks

are observable in case of shifting of the initial
potential in positive direction (up to 0.300 V).

Evidence in favour of the statement that the
current peaks, obtained on copper electrode, are
connected with the copper ions, is given by the
voltamperogrammes, recorded with a silver elec-
trode in the basic electrolyte (Fig. 6 curve 1). No
current maxima are observed in the range of poten-
tials from 0 to —0.800 V i.e. no processes are occur-
ring in this electrolyte. Such peaks/processes are
observable both in the cathodic and in the anodic
direction but at potentials 0.00 — 0.400 V. These are
most probably associated with the processes of
formation and reduction of the silver ammonia
complexes [Ag(NH;),]" into Ag® — reaction (6) from
Table 1.
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Fig. 6. Voltamperogramme of the basic electrolyte on
silver electrode at initial potential E; = +0.450 V.

Influence of the rate of sweeping of the potential
(scan rate)

The voltamperogrammes were recorded in a
copper-containing electrolyte with a copper elec-
trode at different rates of sweeping of the potential
from 20 to 150 mV-s ' (Fig. 7). Both cathodic peaks
and the respective anodic peaks are growing up with
the increase of the rate of sweeping of the potential
and they have a comparatively symmetrical char-
acter, which indicates the fact that they are
connected with reversible processes.

The diagnosis criteria of the method of cyclic
chronovoltamperometry [17, 18] were applied to
each one of the two peaks separately (Table 2). The
following was established for the first cathodic peak
(Ic) and the respective anodic peak (Ila): A) The
potential in the region of the cathodic peak is
slightly shifted cathodically with the rate of
sweeping the potential; B) The ratio I°/I5, > 1
(varying from 1.32 to 1.07) and it is decreasing with

the increase of the square root of the rate \/; ; O)
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The function of the current Ipc/ \/; does not change

with the increase of /v . These dependences point
to the occurring of an Electrochemical-Chemical
(EC) mechanism, consisting of a reversible
electrochemical reaction, followed by a reversible
chemical reaction.

25g1 Cu
A0 y=/mVs? —-10
4 -3 —-3
0 -0
7 -
1= T T T l — i
400 200 0 200 400 600 1000

E /7 mV (3CE)

Fig. 7. Influence of the sweeping rate of the potential (v)
upon the course of the voltamperogrammes, recorded in
copper-containing electrolyte (2.5 g:«dm Cu in the form
of Cu(NO;),; 40 g-dm > NH;NO; and 25% NH; until
pH =9 is reached) on copper electrode in the range of
potentials from E; =0.300 V up to Eg, =—0.700 V,
1-v=20mV-s;2-v=50mV-s ;3-v=150mV-s "

The calculations, performed in this way in regard
to the second cathodic peak (IIc) and the respective
anodic peak (Ila) (Table 2) showed the following.
A) The potential in the region of the cathodic peak
is slightly shifted anodically with the sweeping rate
of the potential. B) The ratio I°,)/I°, > 1 (varying
from 1.13 to 2.05) and it is growing up with the

square root of the rate \/; (Fig. 7); The function of
the current Icp/\/; <1 (from 0.69 to 0.36) and it is

decreasing with the increase of \/; . These depend-
encies indicate that this is a CE mechanism,
consisting of a reversible electrochemical reaction,
preceded by a reversible chemical reaction.

The calculations carried out are an indication that
the entire mechanism of deposition of copper from
ammonium nitrate electrolyte can be denoted as
Electrochemical-Chemical-Electrochemical (EChE)
type, i.e. occurring of two consecutive reversible
electrochemical reactions (1) and (3) and an
intermediate reversible chemical reaction of
disproportionation of the copper (2).

CONCLUSIONS

The process of copper deposition from ammo-
nium nitrate electrolyte has been studied at pH =
8.5-9 by the method of cyclic voltamperometry. On
the basis of the criteria of this method it has been
ascertained that the deposition of copper is
proceeding in accordance with an ECE type of
mechanism i.e. a mechanism comprising two conse-
cutive reversible electrochemical reactions and an
intermediate chemical reaction — disproportionation
of the copper.

The experiments carried out form an early stage
of the investigation, associated with the process of
preparation of alloyed Ag-Cu powders from the
above-specified electrolyte.

Table 2. Values of the diagnosis parameters of the cyclic chronovoltamperometry: value (deviation) of the cathodic

potential E,%, the ratio I,/I, and the function of the current I*,/ v on the square root of sweeping of the potential v
for the two cathodic peaks (Ic and Ilc) and the respective anodic peaks (Ia and Ila).

UV, Ic(Ia) IIc (ITa)
(mV-s H'? ES, mV P I F,/UV ES, mV 1°Jr F,/UV
p> I iy P p> M iy p
4.47 -220 1.32 043 —465 1.13 0.69
7.07 -270 1.21 0.46 -440 1.64 0.52
12.25 -289 1.07 0.44 —435 2.05 0.36
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N3CJIEABAHE HA IMPOLIECUTE U MEXAHU3MA HA EJIEKTPOOTJIAI'AHE HA ME]J] OT
AMOHUWEBOHUTPATEH EJIEKTPOJIUT C METOA HA LHIMKIIMYHATA BOJITAMIIEPOMETPUA

JI. TletkoB*, K. Urnarosa

Xumuro-mexnonoeuuer u memanypeuder ynugepcumem, oyi. ,, Knumenm Oxpuocku“ Ne 8, 1756 Cogus
IocTpnuna Ha 21 mapt 2008; Ilpepaborena nHa 23 ampuin 2008

B crarusita ca JOKIaJBaHU pE3yITATHTE OT MPHUIArAHETO HA METOJa Ha MUKIMYHATA BOJITAMICPOMETpHsS 32
M3CNIeIBaHE Ha MPOIECUTE M MEXaHM3Ma Ha OTJIaraHe Ha Mejl OT aMOHHEBOHHTPATEH eleKkTpoiut. M3cienBaHo e
BIMSHUETO HA HAYaJlHHS MMOTEHIIMAN, Ha CKOPOCTTA Ha pa3rbBaHe Ha MOTEHIMAala, KAKTO U Ha MPHpOoJaTa Ha KaToHHS
MaTepual (Meq u cpedpo) BEPXY X0/a Ha BOITaMIIEpOrpaMHUTe. Y CTAaHOBEHO Oellle, e OTJIaraHeTO Ha MeJ BbPXY MEACH
€JIEKTPO/] MPOTHYA IO JBYCTAJAMEH MEXaHH3bM, KaTO 4Ype3 PeAyKlus Ha KylpOaMHSYHUTE HoHH. Upe3 mpuiaraHe Ha
JAAArHOCTUYHUTEC KPUTCPUU Ha MCETOHa 661].[8 NMOTBBPACHO, Y€ MEXAHU3MBT CBHOTBECTCTBYBA Ha ECE, TOECT ABa
HIOCJIC/IOBATENIHM  OOpaTUMM  €JIEKTPOXUMUYHHU CTanusl (KyNpH-/KYIPOAMOHSYHM KOMIUIEKCH M KYHNPOAaMOHSYHH
KOMILICKCH/CJIEMEHTapHA MeJl), ¢ MEeXIMHCH XUMHUYCH CTaJWH Ha JUCIPOINOPLUHMOHUpPaHE Ha MeaTa. Bupxy cpeObpeH
€JIEKTPOJ CaMO MEXaHWU3MbT Ha AHOJHUS IPOIEC € OTHOCHUTEIHO CHIIHS. Y CTAHOBCHOTO pa3jiMdyhe B MEXaHW3Ma Ha
oTJaraHe Ha MeJ € MHOTO Ba2)XKHO 3a CBBMECTHOTO OTJiaraHe Ha MeJa W cpedpo W moiydaBaHe Ha cruiaBHO Ag-Cu
MTOKPUTHE, KaTO CE MMa MPEABU Y& CPeOPOTO € MO-EIEKTPOITOIIOKUTEITHHAT METal B CUCTEMATa.

[Mony4eHure pe3yiraTd ca BaKHA YacT OT IMO-OOIIMPHO H3CIIE/IBaHe, CBBP3aHO C [MOJy4aBaHE Ha CILIABEH
¢unonucnepcen Ag-Cu npax B yCIOBHATA HA CTAIIMOHEPEH U UMITYJICEH MOTEHIIMOCTATUYCH PEIKHM.
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