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Electrodeposition of Ag and Ag-Ni powders in potentiostatic and pulse potential
modes
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The kinetics of electrodeposition and the microstructure of pure Ag and alloyed Ag-Ni powders were investigated
depending on the type of electrolyte and conditions for deposition. It was found out that in acid nitrate electrolyte the
Ag powders are white after deposition and have a more determined crystal structure. In complex ammonia-nitrate
electrolyte grey Ag powders with irregularly shaped particles and higher dispersion are formed. In ammonia-citrate
electrolyte the deposited Ag powders are dark grey to black in color, with typical dendrite structure of particles and
susceptible to agglomeration. Each type of Ag powder consists of a single phase, i.e. silver phase with cubic face-
centered lattice (fcc). The advantages of ammonia-citrate electrolyte compared to ammonia-nitrate one for obtaining
fine dispersed Ag-Ni powders are proved. The use of higher cathode potentials in potentiostatic mode and pulse
frequency up to 1000 Hz in pulse potential mode in the ammonia-citrate electrolyte results in decreasing the average

size of particles to approximately 1 pm and increasing the content of nickel up to 12-18%.
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1. INTRODUCTION

Silver powder and alloyed silver-based powders
are used in many industrial areas, e.g., in
electronics for preparation of electroconductive
pastes and solders [1, 2], in silicone solar cells [22],
as well as in storage battery manufacturing as
active mass in silver-nickel batteries [2]. Silver-
nickel powder may be used as a substitute for silver
powder, which prolongs its operational life and
results in some savings [3].

Electrolysis is a method allowing direct
preparation of alloyed metal powders of high purity
and  dispersibility, controlled phase and
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
maximum dispersity  and morphological
homogeneity of the powders. Moreover,
electrolysis is the only possible method for
obtaining some alloyed metal powders [9].

It is known that Ag is one of the metals easily
obtained in powder form [10-13], unlike Ni that
belongs to the group of metals that are most
difficult to obtain in powder form through
electrolysis [9, 23]. The Ag powder precipitates
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from acid nitrate electrolyte [12, 13]; there are
evidences, however, that very fine powders can be
obtained from ammonia solutions of some silver
salts [10, 14]. Depending on the conditions for
deposition, Ag powders of various morphologies
and colors from white to black can be obtained. In
solutions free of organic additives the Ag powder is
usually black in the beginning and changes its color
to white when the current is turned off [14-16].
Additives like gelatin or composition of gelatin and
sodium thiosulphate in a ratio of 1:10 [14-16] either
impede or partially prevent this transformation. In
some sources [16, 17] the change of color upon
turning off the current is explained with re-
crystallization from hexagonal to cubic singonia
with simultaneous aggregation of micro-crystals
into larger ones.

Ag-Ni powders can be deposited from ammonia
electrolyte [21] and from sulphamin acid electrolyte
[24]. The investigations carried out point that in the
first case powders with high nickel content (up to
30%) can be obtained, while in the second case the
content of Ni in the Ag-Ni powders does not exceed
5%.

This paper aims at studying the effect of three
different electrolyte compositions (acid nitrate,
ammonia-nitrate and ammonia-citrate) on the
kinetics of deposition, morphology and phase
structure of pure Ag powder in potentiostatic mode,
as well as to examine the kinetics of deposition,
morphology and elemental composition of Ag-Ni
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powder in ammonia-nitrate and ammonia-citrate
electrolyte upon application of potentiostatic and

2. EXPERIMENTAL CONDITIONS

The experiments were carried out at ambient
temperature (t=20°C) in a three-electrode cell with
a total volume of 150 ml. Platinum was used as
counter-electrode, silver as cathode (1 cm? disk
surface), and saturated calomel electrode
(Esce=0.241+ 0.244 V) as reference electrode.

The investigation of the kinetics of processes
and electrodeposition of Ag powder was carried out
in three different compositions of electrolytes, as
follows:

Electrolyte Nol — acid nitrate: 8 g dm AgNO3;
15 g dm NaNOs; 64%HNO; up to pH=4.5;

Electrolyte No2 — ammonia-nitrate: 8 g dm Ag
(as AgNOs3); 15 g dm® NH4NOs; 25%NH; up to
pH=10.0;

Electrolyte No3 — ammonia-citrate: 8 g dm™ Ag
(as AgNOs); 50 g dm Na citrate (from citric acid,
CeHgO~ and NaHCO3); 25%NH;3 up to pH=10.0.

The investigation of the Kinetics of processes
and electrodeposition of Ag-Ni powders was
carried out by adding 20 g dm= Ni(NOs)2.2H:0 to
compositions No2 and No3 (the resulting
compositions are designated as Electrolytes No2*
and 3*, respectively).

The kinetics of deposition of Ag and Ag-Ni was
studied by the method of potentiodynamic
polarization dependencies (v=30 mV s?); the rate
of powder formation was determined by the method
of chronoamperometry with potentioscan Wenking
(Germany).

The pulse electrodeposition of the coatings was
carried out using rectangular pulses of potential
generated by a pulse generator connected to the
input of a specially designed for the purpose
potentiostat connected to the three-electrode cell.
The average values of polarization, AE, (calculated
as a difference between the potential at the current
and the equilibrium potential) and the average
current, lay, were measured using a digital voltmeter
with high input resistance and milliammeter. The
amplitude values of the polarization, AE,, were
measured using an oscilloscope.

The relation between the average (AE) and
amplitude  (AE,)  polarization  values  at
potentiostatic rectangular pulse conditions is: AE =
OAE,, where © = 1y/( 15+ 1), Tp- pulse time, and t,
— time between the pulses. At each pulse frequency
(f=UT,Hz; T=1+1),and © = 0,5 the relations
AE - loy and AE, - la were calculated. The
investigation of morphology and elemental
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composition is carried out using SEM and Energy
Dispersive Spectral Analysis (EDSA), respectively,
on an equipment of Oxford Instruments, JSM-6390-
Jeol.

The phase and crystal structure of the deposited
coatings were studied using automatic Philips PW
1050 X-Ray diffractometer, equipped with a
secondary graphite monochromator for Cu Ka
radiation, and scintillation counter. The
diffractograms were recorded in the 2-theta range
from 10° to 100° with a step of 0.04° and a
counting time of 1s per step.

3. RESULTS AND DISCUSSION

3.1. Electrodeposition kinetics of Ag and Ag-Ni
3.1.1. Electrodeposition of Ag from electrolytes No
1to3
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Fig.1. Comparison of the curves of Ag deposition in
electrolytes No1 (1); No2 (2); No3 (3), v=30 mV s,

In Fig. 1 the potentio-dynamically taken
polarization dependencies in the three electrolyte
compositions for deposition of Ag powder are
compared. In electrolyte Nol (acid nitrate) the
equilibrium potential of the silver electrode is the
most positive one (Eeq = 0.360V in relation to SCE)
compared to the two other electrolytes, i.e.
ammonia-nitrate (Fig.1, curve 2) and ammonia-
citrate (Fig.1, curve 3), with values of -0.173 V and
-0.035V  (SCE), respectively. In all three
electrolytes (No 1 to 3) the deposition of Ag
proceeds with reaching a plateau of the limiting
diffusion current, the plateau being shifted to the
most negative potentials and covering the widest
potential area in the case of ammonia-citrate
electrolyte (Fig. 1, curve 3). Obviously, in the
presence of Na citrate, deposition of Ag is
associated with greatest difficulties.
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3.1.2. Co-deposition of Ag and Ni in electrolytes No

2* and 3*.
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Fig. 2. Comparison of the curves of individual
deposition (v = 30 mV s? ) of Ag (1), Ni (2) and co-
deposition of Ag-Ni (3) in ammonia-nitrate electrolyte
(No 2%).
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Fig. 3. Comparison of the curves of individual
deposition (v = 30 mV s?) of Ag (1), Ni (2) and co-
deposition of Ag-Ni (3) in ammonia-citrate electrolyte
(No 3%).

In Figs. 2 and 3 potentio-dynamically taken
polarization dependencies of independent and joint
deposition of Ag and Ni in ammonia-nitrate (Fig. 2)
and in ammonia-citrate (Fig. 3) electrolytes
(compositions No 2* and No 3*) are presented. In
both electrolytes the deposition of Ni is
characterized with high initial polarization and
absence of plateau, indicating a predominant
activation nature of the polarization (curve 2 in
Figs. 2 and 3), unlike the deposition of silver
discussed above. Silver is always deposited at more
positive potentials, i.e. it is the first deposited metal
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Fig. 4. Comparison of I-t dependencies at potentials
corresponding to I=5lq for Ag powders (curves 1-3) in
electrolytes Nol, No2 and No3, resp. and for Ag-Ni
powders (curves 2*, 3*) in electrolytes No2* and No3*,
resp.

of the Ag-Ni alloy in the electrolyte
investigated. In simultaneous presence of nickel
and silver in the electrolyte, the total polarization
decreases in comparison to the polarization of each
metal in electrolyte No 2* (Fig. 2), while in
electrolyte No 3* (Fig. 3) it approaches that for
silver deposition.

The strong shift of potential for deposition of
nickel to the negative range of potentials in
ammonia-citrate electrolyte (Fig. 3) compared to
the potentials of its deposition in ammonia-nitrate
electrolyte, allows assuming formation of citrate or
mixed citrate-ammonia complexes of nickel, which
have higher stability than pure ammonia ones [25].

It can be concluded from Figs. 2 and 3 that
under the examined conditions the joint deposition
of Ag and Ni as Ag-Ni powder is completely
possible but it will proceed with less difficulties in
ammonia-nitrate electrolyte (Fig. 2).

3.2. Conditions for powder formation of Ag and Ag-
Ni

The current-time dependencies taken in
electrolytes No 1, 2, and 3 for Ag powder and in No
2* and 3* for Ag-Ni powder at different potentials,
are indicative of the growth of the surface area of
the electrodes as a result of powder formation. In
Fig. 4 the curves taken are compared in such a way
that the current corresponds to the same position on
the polarization curve (as 1=5lq4 for all electrolytes
selected for the purpose). Through this selection of
conditions it is possible to obtain data for the
influence of composition on the rate of powder
formation from the curves in Fig. 4.
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It follows from the data obtained that the
powder formation for deposition of Ag powder
proceeds at the highest rate in acid nitrate
electrolyte (Fig. 4, dashed curve 1), which well
agrees with the kinetic data from Fig. 1. In the
complex electrolytes 2 and 3 the deposition of pure
Ag powder (Fig. 4, dashed curves 2 and 3) proceeds
at a lower rate, as the difficulties in citrate-
ammonia electrolyte are the greatest. The presence
of nickel in the electrolyte results in further
decrease of the rate of powder formation (Fig. 4,
solid lines 2*, 3*).

3.3. Electrodeposition of Ag-Ni from electrolytes
No 2* and 3* in pulse potential mode.

In accordance with the method described in the
experimental part, the polarization dependencies in
electrolytes 2* and 3* (AE-1a) and (AE-la) were
taken at different frequencies of pulses in the range
from 100 Hz to 1000 Hz. These curves are similar
by type to the polarization dependencies for joint
deposition of metals in c.p.m., but differ for
different frequencies. For a more clear comparison
based on the data obtained, the dependencies of
both average and amplitude polarization on
frequency (Fig. 5) were built for the same average
value of current 1=5.1d for electrolytes 2* and 3*.
The same comparison could be made for each other
value of I/lg and it will be analogous to the one
presented in Fig. 5.
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Fig. 5. Comparison between dependencies of the average
(2*a; 3*a) and the amplitude values of polarization (2*b;
3*b) on the frequencies of pulses (recorded for average
current I1=5Id) in ammonia-nitrate (2*a,2*b) and
ammonia-citrate electrolytes (3*a,3*b); the values of
polarization for 1=5 Id in constant potential potentiostatic
mode (c.p.m.) are also indicated.

As seen in Fig. 5, with the increase in pulse
frequency from 100 Hz to 1000 Hz, both the
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average and the amplitude value of polarization in
the two electrolytes increase. The possibility for
relaxation of the concentration gradient in the
pauses between pulses explains why the average
polarization in impulse conditions is lower than that
in stationary mode. The increase in frequency of
pulses reduces the time of pause, which results in
approximating the average polarization pulse to that
in c.p.m. (curves 2*a and 3*a). At the same time, as
seen from Fig. 5, the values of amplitude
polarization remain almost twice as high as the
average value for the given frequency, at frequency
1000 Hz the amplitude polarization reaching 1.8-
20 V (curves 2*b and 3*b). At all pulse
frequencies, in ammonia-citrate electrolyte both the
average and the amplitude value of polarization are
higher than those in ammonia-nitrate electrolyte
(curves 3*a, 3b).

3.4. Morphology and phase structure of Ag powder
in potentiostatic mode.

As seen from the SEM images of Ag powders

(Fig. 6a to 6d), Ag powders deposited from acid
nitrate electrolyte (Fig. 6a) have round-shaped
crystals, as the average size of particles varies in a
wide range from 0.5 um to 3.5 um. These powders
have white color and metallic luster after
deposition. In ammonia-nitrate electrolyte all
powders have grey color after deposition and no
luster, with much smaller average size of particles
(@bout 0.5-1.0 pum), which witnesses for heavier
difficulties during deposition (Fig. 6b). The Ag
powders  deposited from  ammonia-citrate
electrolyte remain dark grey to black, as the
particles have a typical branched dendrite structure
and are susceptible to agglomeration (Fig. 6¢). The
X-ray diffractogram of the same powders (Fig. 7c)
also proves that the “black” Ag powders deposited
from electrolyte No 3 (ammonia-citrate) have the
greatest dispersion and the dendrites observed
consist of agglomerated powder particles.
In Fig. 7a to 7c the X-ray diffractograms of white
(Fig. 7a), dark grey (Fig. 7b) and black (Fig. 7c) Ag
powders obtained from acid nitrate, ammonia-
nitrate and ammonia-citrate electrolyte are
compared. The reflexes are closest in the acid
nitrate electrolyte (Fig. 7a) and are gradually
widening with the increasing dispersion, being
widest and of lowest intensity in the ammonia-
citrate electrolyte (Fig. 7c). It is seen from the X-
ray diffractograms that regardless of the
composition of solution, the deposited Ag powders
contain a single crystal phase, i.e. that of Ag
with face-centered cubic lattice (fcc).
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Fig. 6. SEM images of Ag powders, deposited at potentials corresponding to 1=5l4 in polarization curves for electrolytes
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Fig. 8. SEM images of Ag-Ni powders deposited at potentials corresponding to 1=5l4 in polarization curves for
electrolyte No2* in potentiostatic (a) and in pulse potential mode at frequency of pulses =500 Hz (b). Elemental
content (from EDSA): (a) 83%Ag-12%Ni-5%0; (b) 89%Ag-5%Ni-6%0.
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3.5. Morphology and elemental composition of Ag-
Ni powders in potentiostatic and pulse potential
modes.

10 29 SEI

In Fig. 8 SEM images and elemental content of
Ag-Ni powder deposited (in figure caption) in
potentiostatic and pulse potential modes from
ammonia-nitrate electrolyte (composition No 2*)
are presented. In potentiostatic mode powders
enriched in silver (up to 95%Ag) with typical
dendrite structure were formed (Fig. 8a), unlike the
irregular rounded shape of the particles of pure Ag
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Fig. 9. SEM images of Ag-Ni powders deposited from
electrolyte No3* in potentiostatic mode at different
potentials E (SCE): -1,0V (a); -1,3V (b) and -1,5V (c).
Elemental content: (2)95%Ag-5%Ni ; (b) 87%Ag-9%Ni-

4%0; (C)76%Ag-18%Ni-6%0.

powder deposited from the same composition (Fig.
7b). The application of pulse mode results in strong
changes in the morphology of the powders. The
particles are strongly shortened, of irregular shape
and very small average diameter (less than 1 um).
In Fig. 9 SEM images and elemental content (in
figure caption) of Ag-Ni powder deposited from
ammonia-citrate electrolyte (composition No3*) at
different cathode potentials in potentiostatic mode
are presented. The higher cathode potential applied
leads to powders enriched in nickel (up to
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Fig. 10. SEM images of Ag-Ni powders deposited from
electrolyte No3* in pulse potential mode with different
frequencies of pulses: 100 Hz (a); 500 Hz (b) and 1000
Hz (c); the potential values correspond to I=5lg in
polarization curves for each frequency; elemental

content: (a) 92%Ag-8%Ni; (b)
()83%Ag-12%Ni-5%0.
maximum 12 % Ni), whilst a decrease of the
average size of particles is observed.

Agglomerates of small particles less than 1 pm
are observed on the images at the highest cathode
potential (Fig. 9c).

91%Ag-9%Ni;

The comparison between the morphology of
powders from the two electrolytes (No 2* and No
3*) in potentiostatic mode that is seen in Figs. 8a
and 9a-c proves the advantages of the ammonia-
citrate electrolyte (composition No 3*) for
obtaining more finely dispersed Ag-Ni powders.
That is why the influence of pulse frequency on the
change of morphology and elemental content of
Ag-Ni powders was precisely studied (Fig.10, a-c)
in ammonia-citrate electrolyte (No 3*).

The susceptibility to formation of dendrite
structure decreases with the increase of pulse
frequency from 100 Hz to 1000 Hz (Fig.10a-c).
The Ag-Ni powders obtained at frequencies 500-
1000 Hz have either needle-like particles or
irregular shaped particles with small lateral
branching and average size of particles about or
less than 1 um (Fig.10, b and c).

It follows from the data for the elemental
content of Ag-Ni powders given in the figure
captions that achieving a higher content of Ni up to
18% in ammonia-citrate electrolyte (composition
No 2*) and up to 12% in ammonia-citrate
electrolyte (composition No 3*) is possible solely
in potentiostatic mode at higher cathode potentials.
At higher potentials in both electrolytes and at
higher frequencies in ammonia-citrate electrolyte,
oxides are present in the powders accounted for
through the content of oxygen. The most probable
reason for oxide formation is that the solution close
to the electrode becomes alkaline because of
hydrogen evolution at high amplitude values of the
polarization at these conditions. The presence of Ni
that cannot be found out through regular X-ray
analysis is proved through the EDSA spectra of Ag-
Ni powders (Fig. 11).

4. CONCLUSIONS

It is found out that the transition from a regular
acid electrolyte to complex electrolytes leads to
increased dispersion of Ag powders and the
deposited powders have different colors — white,
dark grey, and black. This is due to the transition
from round to dendrite shape of the particles and
not to the occurrence of a new structure different
from cubic crystal structure (fcc). The advantages
of ammonia-citrate electrolyte towards the
ammonia-nitrate one are proved, as well as those of
pulse potential mode towards the potentiostatic
mode for obtaining more finely dispersed Ag-Ni
powders of average size of particles about or less
than 1 um. The maximum content of Ni in Ag-Ni
powders 12-18% is achieved in potentiostatic
mode.

363



K. Ignatova: Electrodeposition of Ag and Ag-Ni powders in potentiostatic and pulse potential modes

48

Ag
AN
T T T o=t el f i 7
2 3 4 5 g 7 ] 9 10 11
Full Scale 463 cts Cursor: 4 456 (9 cts) ket
(a)
A 108
Al
i i
i
T T T T T T T T T T T T T mew
1 2 3 4 E -] 7 g 9 10 1 12

Full Scale 392 cts Cursor; 8,203 (22 ctz) ket

Fig. 11. EDSA spectra of Ag-Ni powder deposited from electrolyte No2* at E=-1,0V (a) and from electrolyte No3* at
E=-1,3V (b) in potentiostatic mode.
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EJIEKTPOOTJIATAHE HA Ag U HA Ag-Ni ITPAXOBE B CTALIMOHAPEH 1 B UMITYJICEH
PEXKM

K. UrnaroBa

Xumuxomexnonoeuuen u memanypeuven ynugepcumem, Coghus 1756, bvicapus

TlocTenmna Ha 24 ronu, 2012 r.; kopurupana Ha 30 cenremspy, 2013 r.
(Pesrome)

W3scnenBanu ca KMHETHKAaTa Ha OTiarane, Mopdosorusra u chcraBa Ha yucT AgQ npax u Ha AgNi npax B
3aBHCHUMOCT OT BHJIa Ha €ICKTPOIUTA M yCIOBUATA Ha OTJaraHe. Y CTAaHOBEHO €, Y€ B KHCEJ HUTPATEH eNEeKTPOIHT AJ
MpaxoBe ca OemM clel OTIaraHe, ¢ MO-ACHO ITPOSBEHA KPHCTAllHA CTPYKTypa. B KOMIUIEKCEH aMUHOHHTPATEH
SIIEKTPOJIUT ce (opmupar cuUBH A(Q IMpaxoBe C HENMpaBWIHA (OopMa Ha YAaCTHUIUTE M IO-BHCOKA TUCIIEPCHOCT. B
[IUTPATHOAMOHSYEH EJIEKTPOJIUT OTJIOKeHHTe AQ MpaxoBe ca ThMHOCHUBH JI0 YEPHHU Ha LBAT, C TUIMYHO JIEHAPUTHA,
CKIIOHHA KbM arjioMepupaHe CTpyKTypa Ha yacTunure. Beeku oT Tunosetre Ag MpaxoBe ce ChbCTOM OT €Ha €TMHCTBEHA
¢dasza — Tasu Ha cpebpo ¢ KyOwuHa creHHOueHTpupaHa pemerka (fcc). Jlokasanm ca npeaumcTBaTa Ha
[UTPATHOAMOHSYHUS EJIEKTPOJIUT B CPABHEHHE ¢ aMHHOHUTPATHUS 3a ToyyyaBane Ha puHoaucnepcuu AgNI mpaxose.
[Ipunaranero Ha MO-BHUCOKH KaTOJHU TMOTEHIMAIW B CTAIIMOHAPEH PEXHM W MPHIATaHETO HAa WUMITYJICEH PEXHUM C
yectoTa Ha ummysicure 10 1000 Hz B nuTpaTHOAMOHSYHUS €JIEKTPOJIUT BOAM JI0 MOHW)KEHHE Ha CPEeIHUS pa3Mep Ha
YaCTHUINTE JI0 OKOJIO U 1o | LM ¥ HapacTBaHE HA CHABPXKAHUETO Ha HUKeN 10 12-18%.
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