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Study of the influence of nitrite anions on the electrode processes in ammonium
electrolyte for Ag-Cu deposition
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By means of the cyclic voltammetry (CV) the effect of nitrite anions (in the form of NaNO,) on the kinetics of
separate and of codeposition of Ag and Cu is examined. The effect of the electrode substrate and the proportion of the
basic components of the solution on the deposition kinetics and the powder formation of Ag-Cu alloys is also
established. It is found that the one step process of silver deposition in the absence of nitrite anions is fully reversible. In
presence of nitrite anions in the solution, the stage of reduction of the silver-ammonium complexes is preceded by
reversible chemical reaction of AgNO, formation. The copper in nitrite ions absence and presence is deposited by two-
stage mechanism — incomplete reduction of the cupri-ammonium ions to cupro-ammonium ions and the main process of
electrodeposition of cupri-ammonium ions to elementary copper. As a whole the presence of NO," ions and the decrease
of the Ag'/Cu®" - ratio in the electrolyte impedes the Ag and Cu electrodeposition and results in production of more

fine dispersion Ag—Cu alloy powders.
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INTRODUCTION

The alloyed Ag—Cu powders find application as
components most of all in solder creams in the
electronics [1] and in electro-conductive pastes in
many areas of the electrical engineering [2, 3].

The electrolysis is a method which allows direct
preparation of alloyed metal powders of high purity
and dispersibility, controlled phase and component
composition [4-6]. The application of non-
stationary (impulse) current modes [7, 8], the use of
complex electrolytes and the introduction of special
additives [6, 8], affecting the crystal growth are
becoming more and more frequently applied means
in order to meet the high requirements for
achievement of maximum dispersibility and
morphological homogeneity of the powders.

The thorough analysis of the publications has
shown that the ammonium electrolyte may be
successfully applied for deposition of finely
dispersed Ag—Cu powder [9]. It is well known that
these eclectrolytes are stable during continued
operation and permit easy removal of the powder
coating from the cathode [9]. In most of the other
complex electrolytes for Ag—Cu deposition [10, 11]
the silver forms difficult to dissolve compounds,
and the electrolytes on their base are unstable.
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The ammonium electrolytes are also of
theoretical interest for examination of the copper
reduction mechanism (the oxidation, respectively)
[12—16]. A previous publication of ours is related to
the study of this phenomenon in amino-nitrate
electrolyte [17]. There is no reference data about
the NO, effect on the kinetics and mechanism of
Ag and Cu deposition as well as on the structure of
Ag—Cu powders. Based on the arguments, pointed
out, the composition of the electrolyte, in which we
have carried out the present investigations, was
chosen.

The method of cyclic voltammetry with its
simple qualitative and quantitative criteria [18] is
particularly preferred for examination of the alloy
deposition. Thus, in the chosen electrolyte
composition, the kinetics of separate and co-
deposition of Ag and Cu on electrodes of copper
and silver is examined as well as the Ag—Cu
powder formation.

2. EXPERIMENTAL

The electrolyte in which the studies are carried
out has the following composition: Ag — from 2.5
to 7.5 g dm in the form of AgNOs; Cu — from 2.5
to 7.5 g dm™ in the form of Cu(NO3),; 20-40 g dm™
> NH,NOs; 0-15 g.dm™ NaNO, and 25% NH; up
to pH=9+9.5. Due to the high solubility of the salts,
the preparation of the solution does not give special
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problems. On addition of ammonium, initially at
pH 7+8, the solution becomes cloudy but reaching
pH values of 8.5-9 makes the solution transparent,
coloured in blue. According to [9, 19] in excess of
ammonia in the electrolyte, the silver and copper
are in the form of soluble ammonium complexes:
[Ag(NH;),]" and [Cu(NH;),]*", respectively .

The studies are performed in thermostated,
three-electrode cell with working electrodes made
of copper (99.97%) and silver (96.97%) in the
shape of disk with working area of 1 cm’. The
counter electrode is a platinum plate with surface
area 30 cm’, and the working electrode is polarized
to different, constant potentials E in reference to a
Hg/Hg,Cl,, sat. KCl electrode.

The cyclic voltammograms are recorded by
means of potentioscan of "Wenking" type
(Germany) in a potential range from 0.600 V + —
1.400 V. The polarization is always from the
chosen initial potential in the cathode direction. The

rate of potential scanning in the presented
voltammograms is varied in the range between 10
and 50 mV.s ™.

The investigation of the alloys morphology is
performed by SEM of Oxford Instruments series,
JSM-6390 of JEOL.

3. RESULTS AND DISCUSSION

3.1. Voltammograms in Ag electrolyte.

Figure 1(a-c) present the cyclic voltammograms,
recorded on silver electrode in an electrolyte which
contains 7.5 g dm’Ag in the presence of a
background electrolyte of 40 g dm” NH,NO,
(Figure 1a) and 15 g dm™ NaNO, (Figure 1b), as
well as in the parallel presence of both background
additives of 40 g dm~ NH,NO; and 15 g dm"
NaNO, (Figure 1c).
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Fig. 1. Voltammograms on Ag electrode in (a): 7,5 gdm > Agand 40 g dm > NH,NO;; (b): 7,5 gdm” Ag
and 15 g dm™> NaNO, and (c): 7,5 g dm > Ag; 40 g dm™> NH,NO; and 15 g dm > NaNO,,( pH=9,0).

In the presence of NH;NO; only as a
background (Figurela), observed in the curves are
cathode and the corresponding to it anode current
maximums that grow proportionally to the rate of
potential scanning and the silver ion concentration
in the solution.

The current peaks observed are most probably
connected with the reduction/oxidation of the forms
of silver in accordance with the following reaction:

[Ag(NH;).]" + e = Ag+2NH; (1

In the presence of NaNO, as a background, two
successive cathode maximums arise, and there is no
anode branch (Figure 1b). The detailed examination
of the processes in solutions, containing only

NaNO, (data not shown), shows that formation of
partially soluble product of AgNO, is possible at
more positive potentials than the steady one, on the
electrode surface in accordance with the following
reaction:

2Ag + NOy +2H,0 = Ag’ + AgNO, + 20H (2)

According to the data of Salt Lake Metals, USA
[20], the solubility product of AgNO, is kg, =
6,0.10* and it is close to that of the AgSO,, (ky, =
1,4.0.10°). Then the first of the maximums in
Figure 1b will be resultant from the reaction of
AgNO, reduction to silver:

AgNO, +1e =Ag+NO,  (3)
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In the electrolyte, containing 7.5 g dm~Ag, as
well as the background additives: NH4;NO; and
NaNO, (Figurelc), the patterns of relationship that
we found, for both background additives separately,
become apparent. In this case the electrode surface
is characterized by higher activity compared to the
electrolyte which contains only sodium nitrite
(Figure 1b), and therefore the observed current
maximums are higher.

The application of diagnostic criteria of the
method of cyclic chronovoltammetry [18]
demonstrates that in the electrolyte, containing
NaNO, together with NH4NO;, there is a CE-
mechanism observed, i.e. a reversible chemical
reaction (Reaction 3) occurs, which precedes the
reversible transition of a charge (Reaction 1). It was
established that in the electrolyte the potential
difference, corresponding with the cathode and the
anode currents maxima AE™", increases with the
speed of potential V" evolution; the function of the

current (/. / \/;) decreases with v, and the ratio 7,/I,

increases with the v increase. The same criteria
applied for an electrolyte, containing only NH4NO;
as background, testifying for the occurrence of one
single reversible electrode reaction, and namely that
of the reduction/oxidation of the silver complexes
to silver, and vice versa.

3.2. Voltammograms in Cu electrolyte
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Fig. 2.Voltammograms on Cu electrode in (1): 40 g dm
NH,NO; and in (2): 2,5 g dm™ Cuand 40 g dm™
NH,NO; pH=9.0 (v=30 mV s").

We reported in our previous publication [17] on
the results of the investigation of the processes of
Cu reduction/oxidation in an amino-nitrate
electrolyte. It is revealed that in the absence of
copper, when the initial potential is much more
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positive than the equilibrium, (£, = 0.273V) two
successive cathode peaks (peaks /. and 7I.) are
observed, along with the corresponding anode
peaks, peak /I, and I, (Figure 2, curve 1). This data
correspond to those, obtained by other authors in
ammonia electrolyte [12]. The first cathode peak
(Io), as it follows from the course of the curves, is
connected with the reduction of the copper cupri-
ammonium ions [Cu(NH;),]*" to cupro-ammonium
ions [Cu(NH;),]" in accordance with the reaction
below (4):

[Cu(NH3)4]*" + le = [Cu(NH;),]" + 2NH; (4)

On reaching the equilibrium concentration, the
obtained cupro-ammonium ions [Cu(NH;),]"
immediately enter in a disproportioning reaction
(%)

Cu + [Cu(NH;),]*" = 2[Cu(NH;),]" + 2NH; (5)

This does not lead to the current peak but rather
to its hold on certain level. The second cathode
peak (II.) is connected with the direct reduction of
the copper cupri-ammonium complexes to
elementary copper according to the reaction:

[Cu(NH3),]*" +2¢ = Cu+ 4NH, (6)

The anode peaks II, and I, are connected with a
run of reactions, opposite to reactions (6) and (4),
respectively. The entire mechanism of copper
deposition from amino-nitrate electrolyte is reduced
to ECE, running of two successive reversible
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Fig. 3. Voltammograms on Cu electrode in (1): 2,5 g
dm™ Cu and 40 g dm™ NH,NO; and in (2) 2,5 g dm™
Cu, 40 g dm™ NH,NO; and 15 g dm™ NaNO,, pH=9.0
(v=30mV s™.

electrochemical reactions (4) and (6), and of
intermediate reversible chemical reaction of copper
disproportioning (5) [12, 17].
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Fig. 3 presents a comparison between the
voltammograms, recorded on copper electrode in
2.5 gdm” Cuand 40 g dm> NH,NO; (Figure 3,
curve 1) and in the solution, containing 2.5 g dm™
Cu, 40 g dm™ NH,NO; and 15 g dm™ NaNO,
(Figure 3, curve 2). The comparison shows that the
addition of NaNO; in the solution results in current
increase which corresponds to the incomplete
reduction according to reaction (5). Besides, the
rate of the useful reaction, that of the cupri-
ammonium complexes reduction to copper (6),
decreases. An approachment of potentials,
corresponding to the two anode peaks, is observed
in the anode area. A probable shift of potentials,
corresponding to the origination and the respective
oxidation of the two complex forms of copper on
the anode area, takes place in the presence of
NaNO,. Figure 4 presents the voltammograms,
recorded in the presence of both background
additives and in the presence of copper ions as well,
at three different rates of potential scanning. The
rate increase of the potential scanning leads to the
increase of the current peaks to a different degree,
but for all of them the concentration polarization is
obviously determinative.
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Fig. 4. Voltammograms on Cu electrode in 2,5 g dm™
Cu, 40 g dm> NH,NO; and 15 g dm > NaNO,, pH=9.0
at scan rates ,,v: (1) 20 mV s'; (2) 30 mV s '; (3) 50
mVs .

3.3. Voltammograms in an electrolyte for Cu and
Ag co-deposition

The voltammograms, shown in Figure 5, are
recorded in an electrolyte for the codeposition of
copper and silver on copper electrodes (curve 1),
and on silver ones (curve 2) in the presence of a

background just of 40 g dm > NH,NOs. The change
of the electrode type leads to current decrease,
connected with difficulties in the deposition of
metal on an electrode, different in nature. Current
decrease is observed on the copper electrode which
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Fig. 5. Voltammograms on Cu electrode (1) and on Ag
electrode (2) in 2,5 gdm Cu; 2,5 g dm ™ Ag and 40 g
dm™ NH,NOs, pH=9,0 (v=30 mV s ).

Fig. 6. Voltammograms on Ag electrode in 2,5 g dm™
Cu, 2,5 g dm™ Ag, 40 g dm~ NH,NO; (1) and in the
same electrolyte whit 15 g dm > NaNO, (2) ; pH=9.0
(v=30mV s™).

is connected with the reduction of the silver
ammonium complexes to silver, and on the silver
electrode, connected with the reduction of the
copper complexes.

The NaNO, effect on the kinetics of the Ag and
Cu codeposition is shown in Figure 6. The
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introduction of NaNO, (Figure 6, curve 2) results in
current decrease, connected with the silver and
copper reduction — an effect that is established also
in the separate deposition of the metals. In the same
time, the two-stage mechanism of
reduction/oxidation of the copper forms is more
clearly visible in the curves, made in the presence
of NaNO, (Figure 6, curve 2) than the curves, made
in the absence of NaNO, (Figure 6, curve 1).
Besides, a decrease of the cathode peak and a
significant increase (and shift in potentials) of the
anode peak, related to the forms of silver, are
observed. Obviously, NaNO, has a significant
influence  on the joint mechanism  of
= 2 L rin P Y z 4 >

(a)
Fig. 7. EM of Ag-Cu powder, deposited in 5,0 g dm™ Cu; 5,0 g dm™ Ag; 40 g dm > NH,NO; , pH=9,0 (A) and
in the same composition with 15 g dm™ NaNO, (B), E=-0,850 V on Ag-electrode.

dispersity is not sufficiently high (Figure 7a). On
the contrary, in the presence of NaNO,, the formed
powders are much more finely dispersed (the
average size of the particles is approximately 20
pwm, more homogeneous in morphological respect
(Figure 7b).

4. CONCLUSIONS

It was found that the addition of NaNO, to the
aminonitrate electrolyte for Ag—Cu alloyed powder
deposition through its participation in adsorption
and chemical processes on the electrode surface
changes significantly the mechanisms of both, the
separate deposition and the codeposition of the two
metals, which results in formation of more finely
dispersed Ag—Cu powder.
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N3CJIEABAHE HA BIIMAHUETO HA HUTPUTHU AHMOHN B AMOHAYEH
EJIEKTPOJIUT 3A OTJIATAHE HA AG-CU

K. Urnaroga, /[. CtoiikoBa

D Xumuro-mexnonoauuen u memanypeuyer ynueepcumem, oyn. Ce. Kn. Oxpuocku, 8, 1756 Cogpus
Y Monemen dsop, Cogpus

[ocrpruna Ha 16 1ouu 2010 r.; npepaborena Ha 29 okTomBpu, 2010 .
(Pesrome)

C nomorira Ha MeTo/ia Ha HUKIMYHATa XpoHoBoaTammepomerpus (CV), e u3cClelBaHO BIMSHUETO Ha
HUTPUTHUTE aHUOHU (1ox popmaTta Ha NaNO,) BEpXy KHHETHKATa Ha CaMOCTOSITENTHO M ChBMECTHO OTJaraHe Ha Ag H
Cu. UscnenBan e cbuio M edekra Ha MPUPOAATa Ha eJeKTpoxaa (cpedpo M Mel) W CHOTHOLICHHETO Ha OCHOBHHTE
KOMITOHEHTH B pa3TBOpa BbpPXY KMHETHKATa Ha OTJIaraHe U Ha rpaxooOpa3yBaHe Ha Ag-Cu cruias.

VYcranoseHo, 4e B orchberBue Ha NO,™ ioHH, CpeOpOTO ce OoTiiara eAHOCTAUIHO, KaTO MPOLECHT € HAMBIHO
obpatuM. B mpucectBue Ha NaNO, B pa3rBopa, €TambT Ha peayKuus Ha CpeObPHOAMOHAYHHUTE KOMIUIEKCH ce
npejecTsa oT odpaTuMa XMMH4YHA peakius Ha oOpa3zyBaHe Ha AgNO,, KOWTO ce peaynupa NpH MO-OTPULATEITHH
MOTEHLIUAIIH.

Menra B otcbeTBHE U B IpucheTBre Ha NO, ™ HOHU ce oTJiara 1o JBYCTaJUeH MEXaHU3bM — HEIIbJIHA PeNyKLIUsA
Ha KYIPUAMOHAYHUTE /10 KYIPOAMOHSYHHU HOHHM U OCHOBHUST MPOLIEC HA €IEKTPOOTIIaraHe Ha MeJl OT KylPpHaMOHSIYHU
vionn. Karo 1o mpucwerBuero Ha NO, M HaMaleHHETO Ha CHOTHOIICHHUETO Ag+/Cu2+ B EJIEKTPOJINTA TMOJITHCKA
enekTpooTiaraHero Ha Ag u Cu u uMa 3a pesynrar Gpopmupane Ha no-¢punoaucnepcu Ag-Cu clulaBHU IIPpaxoBe.
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