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62.1 Introduction

7Asmentioned in other chapters, metal powders obtained by electrolytic

8processes are mainly dendrites which can spontaneously fall off or

9can be removed from the electrode by tapping or other similar

10techniques [1]. Also, powder particles can have other morphological

11forms, such as flakes or needles, fibrous or spongy, and needle or
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Stojan S. Djokić (ed.), Electrochemical Production of Metal Powders,
Modern Aspects of Electrochemistry 54, DOI 10.1007/978-1-4614-2380-5_2,
# Springer Science+Business Media, LLC 2012



12 cauliflower-like ones, and the shape of powder particles depends on the

13 electrodeposition conditions and the nature of the metal.

14 Some technologically and academically important metal powders,

15 such as copper, silver, nickel, cobalt, lead, and cadmium, are obtained

16 by electrolysis of aqueous solutions.

17 According to Winand [2], metals can be classified into three

18 groups:

19 (a) Normal metals (Cd, Zn, Sn, Ag (silver nitrate solutions), Pb AU2)

20 which have low melting points, Tm, and high exchange current

21 densities, j0
22 (b) Intermediate metals [Au, Cu, Ag (silver ammonia complex)],

23 which have moderate Tm and medium j0
24 (c) Inert metals (Fe, Ni, Co, Pt, Cr,Mn), which have high Tm and low j0

25 The aim of this chapter is morphological analysis of some of the

26 powders from these groups. Metal powders obtained by the constant

27 and periodically changing regimes of electrolysis are analyzed in detail.

28 2.2 Silver

29 2.2.1 Effect of Exchange Current Density
30 on the Morphology of Silver Powder Particles

31 Electrodeposition of silver from nitrate solutions is characterized by

32 the high exchange current densities, j0 (j0 � jL, jL is the limiting

33 diffusion current density) [3, 4] and the typical polarization curve

34 obtained from 0.06 M AgNO3, 1.2 M NaNO3, and 0.05 M HNO3

35 solution is shown in Fig. 2.1 (denoted by “o”). The plateau of the

36 limiting diffusion current density corresponds to the range of over-

37 potentials between 75 and 175 mV. On the other hand, electrodepo-

38 sition of silver from ammonium solutions is characterized by the

39 relation j0 < jL [4, 5], and the polarization curve for silver electrode-
40 position obtained from a solution containing 0.1 M AgNO3, 0.5 M

41 (NH4)2SO4, and 0.5 M NH3 is also shown in Fig. 2.1 (denoted by

42 “□”). The plateau of the limiting diffusion current density was

V.D. Jović et al.



43considerably wider, corresponding to the range of overpotentials

44between 250 and 700 mV. For both the examined solutions, electro-

45deposition of silver was performed at the room temperature using

46vertical cylindrical graphite electrodes [4]. The processes of silver

47electrodeposition from these solutions were not accompanied with

48hydrogen evolution reaction.

49Due to the large exchange current density in silver nitrate solutions

50[3], which is significantly higher than in the case of silver ammonium

51solution [5], an instantaneous growth of dendrites starts at relatively

52low overpotential [6]. The silver powder electrodeposited from nitrate

53electrolyte at an overpotential of 150 mV is shown in Fig. 2.2a. Silver

54particles obtained by tapping the silver deposit from electrode surface

55represent a mixture of different morphological forms, as illustrated in

56Fig. 2.2b–d. Some of the particles had the shape of two-dimensional

57(2D) dendrites (Fig. 2.2b). The presence of other morphological

58forms, such as crystals of irregular shape and needle-like particles

59(Fig. 2.2c, d), was also noticed.
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0.1 M AgNO3 + 0.5 M (NH4)3SO4 + 0.5 NH3

0.06 M AgNO3 + 1.2 M NaNO3 + 0.05 M HNO3

Fig. 2.1 Polarization curves for silver electrodepositions from both 0.1 M

AgNO3 + 0.5 M (NH4)2SO4 + 0.5 MNH3 and 0.06 MAgNO3 + 1.2 MNaNO3 +

0.05 M HNO3 (Reprinted from [4] with permission from Electrochemical

Society.)
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60 A typical silver deposit obtained from the ammonium solution

61 at an overpotential of 650 mV is shown in Fig. 2.3a. From Fig. 2.3a,

62 it can be seen that very branchy dendrites are produced at this over-

63 potential. Silver particles obtained by tapping the silver deposit

64 (Fig. 2.3a) are shown in Fig. 2.3b. The dendritic character of this

65 particle is made of the corncob-like elements as presented by the

66 images in Fig. 2.3c, d. A further analysis of the corncob-like elements

67 at the microlevel showed that they are composed of small agg-

68 lomerates of silver grains (Fig. 2.3d). Anyway, morphologies of

69 silver particles electrodeposited from ammonium solution were

70 completely different than those formed during silver electrodeposi-

71 tion from nitrate electrolyte.

Fig. 2.2 (a) Macrostructure and (b–d) typical morphological forms of silver

obtained by electrodeposition from 0.06 M AgNO3 in both 1.2 M NaNO3 and

0.05 M HNO3 at an overpotential of 150 mV (Reprinted from [4] with permission

from Electrochemical Society.)
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72It is necessary to note that the shape of the polarization curve for

73silver electrodeposition from ammonium solution (Fig. 2.1) and

74morphologies of silver particles (Fig. 2.3) were very similar to

75those obtained by copper electrodeposition from sulfate solutions at

76overpotentials corresponding to the plateaus of the limiting diffusion

77current density [4, 7–11] (see also other chapters). The similarity of

78silver and copper dendrites was observed at both macro- and micro-

79levels, because both copper and silver dendrites were composed of

80corncob-like forms, while the corncob-like forms were built of small

81agglomerates of metal grains [4].

82Also, the sudden increase of the current density with the increas-

83ing overpotential above 700 mV is the common characteristic of

Fig. 2.3 (a) Macrostructure of silver powdered deposits electrodeposited at an

overpotential of 650 mV from 0.1 M AgNO3 in both 0.5 M (NH4)2SO4 and 0.5 M

NH3; (b) dendritic particles obtained by tapping this silver deposit; (c) and (d) the

corncob-like elements of which dendrites are composed (Reprinted from [4] with

permission from Electrochemical Society.)
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84 both copper electrodeposition from sulfate solution and silver

85 electrodeposition from ammonium solution. Silver powdered deposit

86 obtained from the ammonium solution at an overpotential of

87 1,000 mV is shown in Fig. 2.4a. At the first sight, spongy-like

88 structure can be noticed from this figure. An analysis of silver deposit

89 produced at the overpotential of 1,000 mV with a higher magnifica-

90 tion (Fig. 2.4b) showed that this material is dendritic in shape. Hence,

91 the macrostructure of silver powder formed at an overpotential of

92 1,000 mV is similar to that of copper and silver deposited at 650 mV.

93 The only difference is in the size of dendrites; silver dendrites

94 electrodeposited at an overpotential of 1,000 mV were considerably

95 smaller than those formed at overpotential of 650 mV, which is

96 attributed to higher nucleation rate at 1,000 mV than at 650 mV [4].

97 Meanwhile, the macrostructure of the silver deposit produced at

98 an overpotential of 1,000 mV was completely different than that of

99 the copper electrodeposited at the same overpotential. As already

100 mentioned, holes formed by attached hydrogen bubbles surrounded

101 by cauliflower-like agglomerates of copper grains (the honeycomb-

102 like structure; see other chapters) were formed by copper electrode-

103 position at an overpotential of 1,000 mV [7, 8, 10–13]. The copper

104 powder obtained by tapping the powdered deposit consists of an

105 aggregate of small cauliflower-like particles [14]. Similar copper

106 structures were also observed by electrodeposition at periodically

107 changing rate [15–20].

Fig. 2.4 (a) Macrostructure of silver powdered deposits electrodeposited at an

overpotential of 1,000 mV from 0.1 M AgNO3 in both 0.5 M (NH4)2SO4 and

0.5 M NH3 and (b) dendritic particles obtained by tapping silver deposit

(Reprinted from [4] with permission from Electrochemical Society.)
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108The observed difference in the morphology of silver and copper

109deposits produced at an overpotential of 1,000 mV can be ascribed to

110the simultaneous hydrogen evolution reaction during copper electro-

111deposition at high overpotentials. In the case of copper, hydrogen

112evolution commences at some overpotential belonging to the plateau

113of the limiting diffusion current density, and the increasing over-

114potential intensifies this reaction [7, 11]. At some overpotential

115outside the plateau of the limiting diffusion current density, hydrogen

116evolution becomes vigorous enough to cause a strong stirring of the

117solution leading to a change of the hydrodynamic conditions in

118the near-electrode layer. Copper dendrites were formed without and

119with the quantity of evolved hydrogen which was insufficient to lead

120to the change of hydrodynamic conditions in the near-electrode layer,

121while cauliflower-like particles (formed around holes) were obtained

122with the quantity of evolved hydrogen which was enough to lead to

123the change of the hydrodynamic conditions in the near-electrode

124layer [7, 11]. The growth of the current with the increasing over-

125potential was just a result of parallel hydrogen evolution reaction to

126copper electrodeposition.

127In the case of silver, there is no hydrogen evolution, and the

128increase in the current with the rising overpotential above 700 mV

129can be ascribed to the instantaneous dendrite growth. The absence of

130hydrogen evolution during silver electrodeposition is explained by

131the fact that the equilibrium potential of silver electrode in silver

132ammonium solution is slightly more positive than the one of copper

133electrode in copper sulfate solution [21]. On the other hand, it is well

134known that the hydrogen evolution reaction on copper electrode is

135somewhat faster than on silver electrode [22]. Consequently, hydro-

136gen evolution does not occur on silver electrode even at an over-

137potential of 1,000 mV vs. Ag reference electrode.

1382.2.2 Effect of Regime of Pulsating Overpotential
139on the Shape of Silver Powder Particles

140Typical deposits obtained in electrodeposition by constant

141overpotential are shown in Fig. 2.5. Disperse or irregular deposits
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142 were obtained at all overpotentials used. In this section, all presented

143 morphologies of silver particles were obtained by electrodepositions

144 from solution containing 0.06 M AgNO3 and 1.2 M NaNO3 in 0.05 M

145 HNO3 at the room temperature using platinum as the working

146 electrode [23].

147 Single, nonbranched dendrites were obtained at 50 mV (Fig. 2.5a).

148 Dendrites obtained at 100mVwere occasionally branched (Fig. 2.5b),

149 and some interweaving of the growing dendrites started producing

150 spongy-like agglomerates at 150 mV (Fig. 2.5c). The spongy-like

151 agglomerates obtained at an overpotential of 200 mV were also

152 dendritic, but dendrites are more than ten times shorter than those

153 obtained at lower overpotentials (Fig. 2.6).

154 The shape of powder particles strongly depends on the type of

155 working electrode used [23]. Agglomeration of silver powder

Fig. 2.5 Disperse electrodeposits of silver obtained in constant overpotential

deposition at different overpotentials: (a) 50 mV, magnification: �50;
(b) 100 mV; (c) 150 mV; and (d) 200 mV; Magnification: �100 (Reprinted

from [23] with permission from the Serbian Chemical Society.)
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156particles was not observed when electrodeposition of silver was

157performed from the same solution in the overpotential range between

158140 and 200 mV onto graphite electrodes [24].

159The elimination of agglomerates of powder particles obtained at

160high overpotentials and the formation of single particles can be

161realized by treating the powder in an ultrasonic bath [23]. Figure 2.7a

162shows the single particles obtained by destroying the agglomerates

163obtained at an overpotential of 200 mV (Fig. 2.5d) in an ultrasonic

164bath. The detail from Fig. 2.7a is shown in Fig. 2.7b. A similar

165situation was observed with powder agglomerates formed at over-

166potentials of 250 and 300 mV [23].

167The prevention of formation of agglomerates of particles and the

168formation of individual particles can be realized by the application of

169periodically changing regimes of electrolysis [23]. This can be

Fig. 2.6 Same as in Fig. 2.5 but (a) 200 mV,�2000; (b) 250 mV,�3500; and (c)
300 mV,�5000 (Reprinted from [23] with permission from the Serbian Chemical

Society and copied by permission from the “Electrochemistry Encyclopedia”

(http://electrochem.cwru.edu/ed/encycl/) on 04/25/2007. The original material

is subject to periodical changes and updates.)
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170 explained by the fact that the reversible potential of a surface with a

171 radius of curvature rwould depart from that of a planar surface by the

172 quantity [25]:

DE ¼ 2sV
Fr

; (2.1)

173 where s is the interfacial energy between the metal and solution, F is

174 the Faraday constant, V is the molar volume, and r is the protrusion
175 tip radius. For example, this makes the equilibrium potential of

176 spongy zinc deposits 7–10 mV more cathodic than that of zinc foil

177 [26–28]. Obviously, the tips of dendrites characterized by small tip

178 radii will dissolve faster than the flat surface in electrodeposition by

179 all current or overpotential waveforms that are characterized by some

180 anodic current flow [26–30]. In this way, the branching of dendrites is

181 decreased and powder particles become less dendritic and more

182 compact.

183 Typical deposits obtained by square-wave pulsating overpotential

184 (PO) are shown in Figs. 2.8–2.10. It can be noticed by the analysis

185 of these figures the decrease of both agglomeration and dendritic

186 character of powder particles with the increasing “off” period and

187 decreasing overpotential amplitude.

188 This effect was quantitatively discussed for the regime of the

189 square-wave pulsating overpotential [23, 31].

Fig. 2.7 (a) Same as in Fig. 2.5d but after treatment in ultrasonic bath:�100 and
(b) detail from Fig. 2.7a; �5000 (Reprinted from [23] with permission from the

Serbian Chemical Society.)
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190Square-wave pulsating overpotential is described by [23, 32]

@C

@t
¼ D

@2C

@x2
; (2.2)

C x; 0ð Þ ¼ C0; (2.3)

Cðd; tÞ ¼ C0; (2.4)

@Cð0; tÞ
@x

¼ j0
nFD

Cð0; tÞ
C0

exp
2:3�

bc

� �
� exp � 2:3�

ba

� �� �
; (2.5)

Fig. 2.8 Silver powder particles obtained by square-wave pulsating

overpotential. Overpotential amplitude: 300 mV. Pulse duration: 5 ms. (a)

Pause to pulse ratio: 1, �100; (b) pause to pulse ratio: 1, �1000; (c) pause to

pulse ratio: 3, �100; and (d) pause to pulse ratio: 3, �1000 (Reprinted from [23]

with permission from the Serbian Chemical Society.)
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191 where j0 is the exchange current density, n is the number of trans-

192 ferred electrons, D is the diffusion coefficient, bc and ba are the

193 cathodic and anodic Tafel slopes, � is the overpotential, C is

194 the concentration, C0 is the bulk concentration, t is the time, and x
195 is the coordinate in horizontal direction. � is given by

� ¼
�A for mTp < t � mþ 1

pþ 1

� �
Tp

0 for mþ 1

pþ 1

� �
Tp < t � ðmþ 1ÞTp

8>>><
>>>:

(2.6)

m ¼ 0; 1; 2; . . . ;

196 where �A is the overpotential amplitude, Tp is the period of pulsation,
197 and p is the pause to pulse ratio.

Fig. 2.9 Same as in Fig. 2.8. Overpotential amplitude: 100 mV. Pulse duration:

0.5 s. Pause to pulse ratio: 1: (a) �100, (b) �100; and (c) �500 (Reprinted from

[23] with permission from the Serbian Chemical Society.)
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198Assuming that the surface concentration in pulsating overpotential

199deposition does not vary with time, at sufficiently high frequencies it

200is easy to show the response of the current density, j, to the input

201overpotential:

j ¼
j0 1� jav

jL

� �
exp

2:3�A
bc

� �
� j0 exp � 2:3�A

ba

� �
for mTp < t � mþ 1

pþ1
� �

Tp ða)
�jav j0

jL
for mþ 1

pþ1
� �

Tp < t � ðmþ 1ÞTp ðb)

8>>><
>>>:

(2.7)

202where jav is the average current density and jL is the limiting diffusion

203current density.

204Equations (2.2)–(2.7) are valid for the flat electrode surfaces or

205protrusions with sufficiently large tip radii where the surface energy

Fig. 2.10 Same as in Fig. 2.8. Overpotential amplitude: 250 mV. Pulse duration:

0.5 s. (a) Pause to pulse ratio: 1, �100; (b) pause to pulse ratio: 1, �1000; (c)
pause to pulse ratio: 2, �100; and (d) pause to pulse ratio: 2, �1000 (Reprinted

from [23] with permission from the Serbian Chemical Society.)
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206 term [25] can be neglected. If it cannot be neglected, then the surface

207 energy term affects the reaction rate [33], and for one electron

208 transfer process, it is valid Eq. (2.8):

@C

@x
¼ j0

nFD
1� jav

jL

� �
exp � 2bsV

RTr

� �
exp

2:3�

bc

� ��

� exp
2ð1� bÞsV

RTr

� �
exp � 2:3�

ba

� ��
; (2.8)

209 where b is a symmetry factor, T is the temperature and R is the gas

210 constant.

211 The right-hand side of Eq. (2.5) should be transformed by taking

212 Eq. (2.8) into account. The output current during pauses (� ¼ 0)

213 becomes

j ¼ �j0 exp 2ð1� bÞsV
RTr

� �
; (2.9)

214 if r ! 0.

215 It is easy to show that the difference between the current density

216 on the flat surface and at the tip of the dendrites during the “off”

217 period:

Dj ¼ j0 � j0 exp
2ð1� bÞsV

RTr

� �
; (2.10)

218 if jav � jL, which leads to

h ¼ h0 þ Vj0
F

1� exp
2ð1� bÞsV

RTr

� �� �
t (2.11)

219 because of

dh

dt
¼ VDj

F
; (2.12)
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220where h is the height of protrusion and h0 is the initial height of

221protrusion, and taking Eq. (2.10) into account,

dh

dt
¼ Vj0

F
1� exp

2ð1� bÞsV
RTr

� �� �
: (2.13)

222Equation (2.11) represents the change of the height of the protru-

223sion with tip radius r relative to the flat surface or the protrusion with
224sufficiently large r. In square-wave PO electrodeposition [29, 34], the

225filaments on the growing grains formed in spongy electrodeposition

226can be completely dissolved during the pause leading to the forma-

227tion of compact deposit. In powder electrodeposition by the same

228regime, the dissolution of branches on the dendrite stalk is also

229expected.

230Hence, the larger the “off” period, the less dendritic particles are

231obtained. On the other hand, the current density during the “on”

232period on the tip of dendrites growing inside the diffusion layer is

233given by:

j ¼ j0
h

d
exp

2:3�A
bc

� �
; (2.14)

234which is a somewhat modified Eq. (2.7) [35], where d is the thickness
235of diffusion layer. For the same “on” period the particles will be more

236dendritic with increasing overpotential amplitude. In the millisecond

237range the ratio between the overpotential corresponding to bulk

238diffusion control and the activation overpotential can be reduced to

239the value corresponding to electrodeposition at lower overpotentials

240in the constant overpotential regime. Hence, deposits obtained in the

241PO regimes (at the same �A and with different p used) are more

242similar to those obtained in the constant overpotential regime (p ¼ 0)

243at lower overpotentials than the one corresponding to �A in the PO

244regimes. The degree of diffusion control decreases with increasing p,
245even at the limiting diffusion current density, and it can become

246sufficient to produce the quality of deposits corresponding to

247mixed, activation, or surface energy control. This will be discussed

248in more detail in the case of lead electrodeposition.
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249 The above discussion well explains the morphologies of silver

250 deposits obtained in the millisecond range (Fig. 2.8), as well as to

251 some extent in the second range (Figs. 2.9 and 2.10). In the latter

252 case, the anodic current decreases during the “off” period, and this

253 effect is also observed in electrodeposition by the regime of pulsating

254 current (PC). In these cases, the dissolution of disperse metal occurs

255 by the mechanism of galvanic microcells at the higher pause to pulse

256 ratios [36–39]. Obviously, the agglomerate formation cannot be

257 completely prevented in this way except at very low overpotential

258 amplitude.

259 The second effect of the application of periodically changing

260 regimes of electrolysis on the morphology of powder particles is that

261 the metal adatoms on the surface, which are not in stable positions,

262 dissolve easier than the atoms from the crystal lattice, permitting the

263 formation of ideal crystal planes on powder particles. Powder particles

264 of silver obtained by pulsating and polarity-reversing techniques are

265 almost small monocrystals [1, 24].

266 2.3 Lead

267 Electrodeposition of lead belongs to the fast electrochemical

268 processes because it is characterized by a large exchange current

269 density, j0 [40]. Figure 2.11 shows the polarization curve for lead

270 electrodeposition from solution containing 0.50 M Pb(NO3)2 in

271 2.0 M NaNO3. All experiments presented here were performed at

272 the room temperature using cylindrical copper wires as the working

273 electrodes [41]. The reference and counter electrodes were of a pure

274 lead. The polarization curve obtained from this solution consisted of

275 two parts. The characteristic of the first part is linear dependence

276 of the current density on the overpotential. After an overpotential of

277 about 100 mV, the current density increased quickly, and this rapid

278 increase of the current with the overpotential is the characteristic of

279 the second part of the polarization curve.

280 The linear dependence of the current density on overpotential

281 corresponds to ohmic-controlled electrodeposition [42, 43]. The mech-

282 anism of the ohmic-controlled electrodeposition of metals is presented

V.D. Jović et al.



283in Chap. 1. As already mentioned, for sufficiently fast electrode

284processes (j0/jL � 100), there is no activation or diffusion polarization

285before the limiting diffusion current density is reached. At current

286densities lower than the limiting diffusion ones, the measured

287overpotential is due to the ohmic voltage drop between the electrode

288and the tip of Lugin capillary [44]. When the limiting diffusion current

289density is reached, the process of electrochemical deposition is under

290complete diffusion control. Meanwhile, as seen from Fig. 2.11, instead

291of the plateau of the limiting current density the inflection point on the

292polarization curve was observed. This inflection point on the polariza-

293tion curve corresponds to an overpotential of about 100mV.The survey

294of lead surface morphologies obtained at different overpotentials was

295the most suitable way to analyze this polarization curve and hence the

296lead electrodeposition system.

297Figures 2.12–2.14 show morphologies of lead deposits obtained in

298the ohmic-controlled deposition (Fig. 2.12), in the transitional zone

299corresponding to the end of the ohmic-controlled electrodeposition

300(Fig. 2.13) and to the zone of rapid increase of the current of

301electrodeposition (Fig. 2.14).
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Fig. 2.11 Polarization curve for lead electrodeposition from 0.50 M Pb(NO3)2 in

2.0 M NaNO3
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302 The single lead crystals were obtained in ohmic-controlled

303 electrodeposition at an overpotential of 50 mV (Fig. 2.12). The forma-

304 tion of these single crystals was accompanied by a slight increase in the

305 current during the electrodeposition process. Figure 2.13 shows that

306 the mixture of different regular geometric forms from single crystals to

307 those given in Fig. 2.13b was obtained at an overpotential of 100 mV

Fig. 2.12 Lead deposits obtained at an overpotential of 50 mV. Time of electrol-

ysis: 180 s

Fig. 2.13 Lead deposits obtained at an overpotential of 100 mV. Time of

electrolysis: 60 s

V.D. Jović et al.



308corresponding to the inflection point. The formation of these

309morphological forms was accompanied by an increase in the current

310of electrodeposition of about 50% in relation to the initial current of

311electrodeposition. Finally, the increase of the current during electrode-

312position processes at overpotentials higher than 100mVwas very quick

313and the morphology of electrodeposited lead obtained at an

314overpotential of 150 mV after double increase of current in relation to

315the initial electrodeposition current is shown in Fig. 2.14. From

316Fig. 2.14, it can be clearly seen that the single and two-dimensional

317(2D) lead dendrites were dominant morphological forms obtained at

318this overpotential (Fig. 2.14).

319To better clarify the formed morphological forms (especially

320those obtained at an overpotential of 100 mV), these lead deposits

321were compared with those obtained in the galvanostatic regime.

322In the galvanostatic regime, lead electrodeposition was performed

323at current densities of 100 and 160 mA/cm2. These current densities

324corresponded to the final currents during electrodeposition in the

325potentiostatic regime of electrolysis at overpotentials of 100 and

326150 mV, respectively. Figures 2.15 and 2.16 show lead deposits

327obtained at current densities of 100 mA/cm2 (Fig. 2.15) and

328160 mA/cm2 (Fig. 2.16). The single and 2D (two-dimensional)

329dendrites were the dominant morphological forms obtained at the

Fig. 2.14 Lead deposits obtained at an overpotential of 150 mV. Time of

electrolysis: 20 s
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330 both current densities. The shape of 2D dendrites obtained at a current

331 density of 100 mA/cm2 clearly indicates that the regular geometric

332 forms obtained at an overpotential of 100 mV (Fig. 2.13b) represents

333 the precursors of dendrites.

334 It is necessary to note that dendrites obtained in the galvanostatic

335 regime were more branchy structures than those obtained in the

Fig. 2.15 Lead deposits obtained at a current density of 100 mA/cm2. Time of

electrolysis: 60 s

Fig. 2.16 Lead deposits obtained at a current density of 160 mA/cm2. Time of

electrolysis: 20 s
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336potentiostatic regime. One of the reasons for it is the fact that during

337electrodeposition in the galvanostatic regime at the current density of

338160 mA/cm2, the initial overpotential was about 220 mV, and the

339overpotential of about 110 mV was attained after electrodeposition

340with an electrolysis time of 20 s. A similar situation was also

341observed during lead electrodeposition at 100 mA/cm2.

342The shape of lead dendrites falls under the classical Wranglen’s

343definition of a dendrite. According to Wranglen [45], dendrites con-

344sist of stalk and primary and secondary branches. FromFigs. 2.14–2.16,

345these elements of dendrites are clearly visible. From the electrochemi-

346cal point of view, a dendrite is defined as an electrode surface protrusion

347that grows under activation control, while electrodeposition to the

348macroelectrode is predominantly under diffusion control [6, 33, 46,

34947]. For very fast electrodeposition processes, the critical overpotential

350for dendritic growth initiation, �I, and the critical overpotential for

351instantaneous dendritic growth, �c, depend on the metal surface energy

352and they are of the order of a few millivolts [6]. The initiation of the

353dendritic growth is followed by the strong increase of the apparent

354current density because the current density on the tips of formed

355dendrites is under mixed activation–diffusion or complete activation

356control.Hence, the strong increase of current with overpotentials higher

357than 100mVcorresponds to the activation-controlled electrodeposition

358on the tips of formed dendrites. On the other hand, the inflection

359point estimated to be at an overpotential of 100 mV corresponds to

360the transition between ohmic and activation-controlled electrodeposi-

361tion process.

362The two-dimensional forms were only obtained during lead elec-

363trodeposition. The two-dimensional nucleation was also a character-

364istic of silver electrodeposition from nitrate solution (Fig. 2.2) [4].

365The polarization curve with an inflection point was also obtained in

366the case of silver electrodeposition from nitrate solution when the

367strong increase of current density was accompanied by the formation

368of dendrites [42, 43]. The common characteristic of these metal

369electrodeposition processes is affiliation to the same group of metals,

370i.e., to group of normal metals [Cd, Zn, Pb, Sn, Ag (silver nitrate

371solutions)] [2] which are characterized by a low melting point, Tm,
372and high exchange current density, j0. This indicates a strong rela-

373tionship between nucleation type and the type of metal.
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374 2.3.1 The Effect of the Regime of Pulsating
375 Overpotential on Morphology of Powder
376 Particles

377 Figure 2.17a shows the lead dendrite obtained in the constant

378 potentiostatic regime at an overpotential of 75 mV with an electrol-

379 ysis time of 50 s. In all experiments for which results are presented

380 in this section, the processes of electrodeposition were performed

381 from solution containing 0.1 M Pb(CH3COO)2, 1.5 M NaCH3COO,

382 and 0.15 M CH3COOH [48]. The other experimental conditions

383 were same as for the previously analyzed solution. It is clearly

384 visible that this dendrite possesses well-developed primary and

385 secondary (indicated by S in Fig. 2.17a) dendrite arms as well as

386 sharp crystallographic morphology. Figure 2.17b shows dendrites

387 formed under the same conditions as those shown in Fig. 2.17a but

388 obtained after a treatment at an overpotential of 0 mV with a time of

389 350 s. The dissolution of secondary dendrite arms occurs due to the

390 difference in equilibrium potential between points with the different

391 radii of curvature and the degree of dissolution varies from full

392 dissolution (indicated by F in Fig. 2.17b) to the presence of

Fig. 2.17 Lead deposit obtained at constant overpotential deposition: (a) after

50 s at 75 mV, magnification: �500 and (b) the same as in (a) but after 350 s at

0 mV, magnification: �750 (Reprinted from [48] with permission from Elsevier

and [6] with permission from Springer.)
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393secondary arm debris (indicated by D in Fig. 2.17b). Selective

394dissolution of dendrite arms during the “off” period due to their

395different tip radii is also seen from Figs. 2.18–2.20. So, increasing

396the pause-to-pulse ratio p enhanced the formation of more compact

397and less branched particles.

398In addition to dissolution of dendrites, another phenomenon is

399observed. The sharp crystallographic forms (Figs. 2.18a, 2.19a,

4002.20a, c) are absent with increasing p. Also, the sharp crystallo-

401graphic edges present in the deposited dendrites become partially or

402well rounded after dissolution.

403Of course, the formation of more compact and less branchy

404powder particles in the PO electrodepositions with the increasing

405p (at the one and the same �A) can be ascribed to the fact that

Fig. 2.18 Lead deposit obtained by square-wave pulsating overpotential at an

overpotential amplitude of 75 mV with a pulse duration of 5 s and a deposition

time of 120 s: (a) pause-to-pulse ratio: 1, �500; (b) pause-to-pulse ratio: 3,

�1500, and (c) pause-to-pulse ratio 5, �1000 (Reprinted from [48] with permis-

sion from Elsevier.)
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406 particles with lower tip radii are dissolved faster than those with

407 larger ones [25]. This selective dissolution is a result of the anodic

408 current density during “off” periods, and although this current

409 density can be neglected in relation to the cathodic one during

410 “on” periods, its effect on the morphology of powder particles is

411 very high. Aside from already observed the effect of the anodic

412 current density on the morphology of silver particles, this effect was

413 also observed during the formation of powder particles of some

414 other metals, such as Sn [35].

415 This phenomenon can be qualitatively treated and Eqs. (2.2)–(2.7)

416 are also valid for this case. Equations (2.2)–(2.7) are valid for flat

417 electrode surfaces or protrusions with sufficiently large tip radii,

418 where the surface energy term [25] can be neglected. If it cannot be

Fig. 2.19 Lead deposit obtained by square-wave pulsating overpotential at an

overpotential amplitude of 75 mV with a pulse duration of 0.5 s and a deposition

time of 120 s: (a) pause-to-pulse ratio: 1, �500; (b) pause-to-pulse ratio: 3,

�1000, and (c) pause-to-pulse ratio: 5, �1000 (Reprinted from [48] with permis-

sion from Elsevier and [6] with permission from Springer.)
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419neglected, the effect of the surface energy term on the reaction rate

420[33] for two electron reaction steps is described by Eq. (2.15) [31]:

@Cð0; tÞ
@x

¼ j0
nFD

1� jav
jL

� �
exp

2:3�

bc

� �
� exp

2sV
RTr

� �
exp �2:3�

ba

� �� �
:

(2.15)

421The output current density, j, during pauses (� ¼ 0) at the tip of

422the dendrite is presented by Eq. (2.16):

j ¼ j0 1� jav
jL

� �
� j0 exp

2sV
RTr

� �
: (2.16)

Fig. 2.20 Lead deposit obtained by square-wave pulsating overpotential at an

overpotential amplitude of 75 mV with a deposition time of 120 s: (a) pulse

duration: 0.05 s, pause-to-pulse ratio: 1, �500; (b) pulse duration: 0.05 s, pause-

to-pulse ratio: 3,�1000; (c) pulse duration: 0.1 ms, pause-to-pulse ratio: 1,�500;
and (d) pulse duration 0.1 ms, pause-to-pulse ratio: 3, �1000 (Reprinted from

[48] with permission from Elsevier.)
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423 The corresponding output current density on the flat surface is

424 given by Eq. (2.7b). The difference between the current density at the

425 tip of the dendrite and on the flat surface during the “off” period is

426 given by Eq. (2.17):

Dj ¼ j0 � j0 exp
2sV
RTr

� �
; (2.17)

427 if jav � jL, which is satisfied in most cases of dendrite growth.

428 Then, the change of height of surface protrusions with tip radius

429 r relative to the flat surface is given by Eq. (2.18) [34]:

dh

dt
¼ VDj

nF
; (2.18)

430 and finally, for the two electron reaction steps:

h ¼ h0 þ Vj0
2F

1� exp
2sV
RTr

� �� �
t; (2.19)

431 where

mþ 1

pþ 1

� �
Tp < t � ðmþ 1ÞTp: (2.20)

432 Equation (2.19) represents the height of the dendrite with tip

433 radius r as a function of time, relative to the flat surface or to the

434 protrusion with sufficiently large r. It is obvious that dendrites with
435 very low tip radii can be completely dissolved during the pause. This

436 means that the branching of dendrites can be prevented in square-

437 wave pulsating overpotential deposition. Obviously, the larger p,
438 the greater the degree of dissolution, as follows from Eq. (2.20).

439 The effect is more pronounced if �A remains constant and p increases,
440 as seen from Figs. 2.18–2.20.

441 The effect of the “off” period on the micromorphology of metal

442 powder particles can also be seen by the following analysis of lead

443 surface morphology. The lead dendrites obtained in the PO
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444electrodeposition using overpotential amplitude of 75 mV and p ¼ 1

445at frequencies of 10 and 5,000 Hz (Fig. 2.20a, c) are more similar

446to those obtained at constant overpotential of 30 mV (Fig. 2.21) than

447those obtained at 75 mV (Fig. 2.17a), what can be explained as

448follows.

449The average current density in the pulsating overpotential deposi-

450tion can be obtained from [34]

jav ¼ j0
pþ 1

1� jav
jL

� �
exp

2:3�A
bc

� �
� p

jav
jL

� �
; (2.21)

451if the anodic current density is neglected during overpotential pulses,

452and the overpotential amplitude can then be obtained in the form

�A ¼
bc
2:3

ln
jav
j0
þ bc
2:3

ln pþ 1þ pj0
jL

� �
þ bc
2:3

ln
1

1� jav jL=

� �
:

(2.22)

Fig. 2.21 Lead deposit obtained in constant overpotential deposition at 30 mV

with a deposition time of 120 s. Magnification: �750 (Reprinted from [48] with

permission from Elsevier.)
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453 The third term in Eq. (2.22) corresponds to bulk diffusion control.

454 It remains constant for a determined average current density regard-

455 less of the pause-to-pulse ratio, whereas the second term, which with

456 the first one represents the activation part of the overpotential, increases

457 with increasing p. In this way the ratio between overpotential corres-

458 ponding to bulk diffusion control and activation overpotential can be

459 reduced to the value corresponding to the deposition at lower over-

460 potentials in the constant overpotential regime. So, it can be expected

461 that deposits obtained at �A in pulsating regimes (p > 0) are more

462 similar to those obtained at lower overpotentials than at �A in the

463 constant overpotential regime (p ¼ 0).

464 On the other hand [32], the overpotential and current density on

465 the tips of growing dendrites inside the diffusion layer are related by:

jd ¼ j0
h

d
exp

2:3�A
bc

� �
(2.14)

466 and

jd;av ¼ j0
h

dðpþ 1Þ exp
2:3�A
bc

� �
(2.23)

467 in the constant and pulsating overpotential regimes, respectively.

468 This means that dendritic growth is reduced in pulsating overpotential

469 deposition. This is the second reason why dendrites, or powder

470 particles, obtained in pulsating overpotential deposition are more simi-

471 lar to those obtained at lower overpotentials than to those obtained at

472 overpotential amplitude in constant overpotential deposition.

473 The effect of the frequency of pulsation on the morphology is also

474 illustrated by Figs. 2.18–2.20. It seems that under deposition at high

475 frequencies (Fig. 2.20) more pronounced anodic dissolution during the

476 pause occurs compared with the deposition at lower frequencies

477 (Figs. 2.18 and2.19),which leads to a formation of less dendritic deposit.

478 The difference between the morphologies obtained at lower and

479 higher frequencies can be explained as follows. At sufficiently high

480 frequencies the current response to the input overpotential is given by

481 Eq. (2.7), while at lower frequencies it is given by
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j ¼

j0
Cð0; tÞ
C0

exp
2:3�A
bc

� �
� j0 exp � 2:3�A

ba

� �

for mTp < t � mþ 1

pþ 1

� �
Tp ðaÞ

j0
Cð0; tÞ
C0

� 1

� �
for mþ 1

pþ 1

� �
Tp < t � ðmþ 1ÞTp ðbÞ

:

8>>>>>>><
>>>>>>>:

(2.24)

482The anodic current during the “off” period is constant and can

483have significant value at sufficiently high frequencies [Eq. (2.7b)].

484At lower frequencies [Eq. (2.24b)], when C(0,t) becomes equal to C0

485the anodic current is zero and the average anodic current during the

486“off” period can be considerably lower than in the previous case.

487Hence, the change of morphology of the deposit can be the indica-

488tor of the frequency at which the surface concentration becomes

489independent of time in pulsating overpotential deposition. This

490happens at a frequency of 10 Hz as seen from Figs. 2.19 and 2.20.

491The formation of silver and lead powdered deposits from nitrate

492solutionswas accompanied by the absence of hydrogen evolution as the

493second reaction. In the case of silver, the reason for it is the fact that the

494reversible potential of silver electrode is sufficiently positive to avoid

495hydrogen evolution reaction. In the case of lead, hydrogen evolution is

496extremely slow process, and then, hydrogen evolution is negligible at

497overpotentials at which lead was electrodeposited. The extremely high

498exchange current densities of these metals permit the formation of

499dendrites at low overpotentials, and very pronounced effect of selective

500dissolution during the “off” periods in the pulsating overpotential

501regime in both the millisecond and second range was observed.

5022.4 Cadmium

503Cadmium also belongs to the group of normal metals which are

504characterized by the large exchange current densities. In the case

505of cadmium, hydrogen evolution is also a slow process and this fact

506enables the analysis of the formation of cadmium dendrites without

507the effect of any parallel process.

2 Morphology of Different Electrodeposited Pure Metal Powders



508 Precursors of cadmium dendrites [47] obtained by the processes of

509 electrochemical deposition from 0.1 M CdSO4 in 0.50 M H2SO4 onto

510 cadmium wire electrodes at different overpotentials are shown in

511 Fig. 2.22. It is obvious that further growth of the dendrite precursors

512 shown in Fig. 2.22 leads to the formation of 2D dendrites (Fig. 2.23).

513 Around the tips of dendrite precursors, as well as around the tips

514 of dendrites, spherical or cylindrical diffusion control can occur,

515 which is in good agreement with the requirements of the mathe-

516 matical model.

517 There is an induction period before initiation of dendritic growth

518 [25, 33, 49, 50]. During this induction period, dendrite precursors are

519 formed by the growth of suitable nuclei. According to Pangarov and

520 Vitkova [51, 52] the orientation of nuclei is related to the over-

521 potential used. The effect of overpotential of electrodeposition on

522 the shape of cadmium dendrites is illustrated in Fig. 2.23.

Fig. 2.22 Precursors of cadmium dendrites obtained by electrochemical

depositions at overpotentials, �, of: (a) � ¼ 50 mV; deposition time, t ¼ 2 min;

magnification:�5000; (b) � ¼ 110 mV; t ¼ 2 min;�3000; and (c) � ¼ 130 mV;

t ¼ 3 min; �9000 (Reprinted from [53] and [54] with permission from Elsevier

and [6] and [47] with permission from Springer.)
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523Mostof the data concerningCo,Fe andNipowders electrode- position

524are summarized in Chapter XVIII of the book “Electrodeposition of

525Powders from Solutions,” by Calusaru [55].

5262.5 The Iron-Group Metal Powders

527According to Calusaru [55] some information on electrodeposition of

528Co powder is available in patents [56] as well as in reviews [57].

529Unfortunately these references are from 1932 and there are no data

530about the morphology of powder particles, since then there are no

531published data about electrodeposition of Co powder. Only two

532micrographs of Co powder, showing that the particles are very fine

533agglomerates, are presented in the Metallographic Atlas of Powder

Fig. 2.23 Cadmium dendrites obtained at overpotentials, �, of: (a) � ¼ 50 mV;

t ¼ 10 min; �200; (b) � ¼ 110 mV; t ¼ 2 min; �400; and (c) � ¼ 130 mV;

t ¼ 3 min; �1000 (Reprinted from [53] with permission from Elsevier and [6]

and [47] with permission from Springer.)
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534 Metallurgy [58], but the procedure of their production is not

535 mentioned and it is stated that their typical application is for hard

536 metal production.

537 Contrary to the limited data for Co and Ni powders electrodeposi-

538 tion, the highest number of 71 references for Fe powder electrodepo-

539 sition exist in the book of Calusaru [55]. In this introduction only the

540 most important ones are cited.

541 Because of its application in the manufacturing of porous metallo-

542 ceramic bearings, of friction materials, parts for machinery, various

543 alloys, in chemical industry, in manufacture of rechargeable batteries,

544 etc., Fe powder is an important industrial product [55]. Significant

545 amount of Fe powder is produced by electrochemical technique and

546 20% of electrodeposited Fe powders have to be blended with Fe

547 powders produced by other procedures. The main advantage of

548 electrodeposited Fe powder is its volumetric mass (1.5–2.2 g cm�2)
549 and its suitability for pressing, due to dendritic particle shape.

550 Generally speaking, in most of the electrolytes for Fe powder

551 electrodeposition fragile deposits were obtained and transformed

552 into powders by removal from the cathode surface and subsequent

553 grinding [59–70]. Very few high purity Fe powders were obtained by

554 electrodeposition. Usually these powders contain certain amount of

555 oxides, mainly due to powder oxidation during the washing and

556 drying procedure.

557 Three types of electrolytes were used for Fe powder electrodepo-

558 sition (1) electrolytes based on sulfate salts [59–63]; (2) electrolytes

559 based on chloride salts [65–69]; and (3) alkaline electrolytes: reduc-

560 tion of Fe(OH)2 suspension in alkaline media [71]; formation of

561 Fe(OH)3, and its reduction from the suspension of Fe3O4 in alkaline

562 solution [70].

563 Because of the possibility for Fe(OH)2 or Fe(OH)3 formation the

564 suggested pH values for the electrolytes are pH < 3.

565 An interesting method for producing very fine Fe powder

566 by the electrolysis in a two-layer electrolytic bath using a hydrocar-

567 bon solvent from an oil refining fraction as an upper organic

568 layer has also been suggested [72]. It was also shown that in the

569 presence of chelating agents, fine, nondendritic Fe powders could

570 be obtained [73].
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571Two types of electrolytes for Ni powder electrodeposition were

572investigated: acid electrolytes [74–82] and ammoniacal electrolytes

573[74, 77, 83]. For acid electrolytes it is characteristic that the increase

574of current density and decrease of nickel ion concentration in solution

575cause a lowering of powder fragility. The powder is free from oxides

576and basic salts and dry powder could be stored in a dry place indefi-

577nitely without oxidation or structure change [74–82]. Characteristic

578of ammoniacal electrolytes is that the increase of ammonia concen-

579tration cause disperse and pure (without hydroxide impurities)

580deposit formation consisting of dark nickel particles of 4–10 mm
581and of larger particles of about 400 mm [74, 77, 83].

582The influence of pulsating and reversing current regime on the Ni

583powder electrodeposition was investigated in the paper of Pavlović

584et al. [84]. It is found that the increase of frequency of pulsating

585current induces a decrease in particle size, while in the case of

586reversing current regimes the size of powder particles increase with

587increasing average current density.

5882.5.1 Characterization of the Polarization Curves
589for Co, Fe, Ni Powders Electrodeposition

590It is well known that the electrodeposition of the iron group metals

591(Co, Fe, Ni) occurs with simultaneous hydrogen evolution [85–89].

592In such a case it is practically impossible to determine the diffusion

593limiting current density for their electrodeposition from the polari-

594zation curves (contrary to the case of the electrodeposition of Ag,

595Cu, Pd, etc) and define the beginning of powder formation

596expressed with the increase of current density over the diffusion

597limiting current density, corresponding to the process of simulta-

598neous hydrogen evolution. To obtain correct polarization curves for

599the electrodeposition of these systems it is necessary to apply IR

600drop compensation technique. In all our cases the current interrupt

601technique was used, while polarization curves were recorded onto

602glassy carbon electrode.
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603 Polarization curves were recorded in a three-compartment

604 standard electrochemical cell at the room temperature. The sweep

605 rate was 1 mV s�1 and current interrupt was applied at each 0.5 s.

606 The platinum foil counter electrode and the reference—saturated

607 silver/silver chloride, Ag|AgCl—electrode were placed in separate

608 compartments. The working electrode was glassy carbon disc

609 (d ¼ 0.3 cm) placed parallel to the counter electrode.

610 Typical polarization curves with (1) and without IR drop correc-

611 tion (2) are presented in Fig. 2.24. While recording polarization

612 curves with and without IR drop correction for all investigated

613 alloy powders electrodeposition, almost identical difference between

614 curves with (1) and without IR drop correction (2) for all supporting

615 electrolytes, as well as for all investigated systems is obtained.

616 In Fig. 2.24 is shown an example for Co electrodeposition from

617 ammonium sulfate containing supporting electrolyte [90, 91].

618 As can be seen after IR drop correction (dash-dot line—1) signifi-

619 cantly different current response is obtained than the one measured

Fig. 2.24 Typical polarization curves for the electrodeposition of Co powder

from ammonium sulfate–ammonium hydroxide supporting electrolyte with (1)

and without (2) IR drop correction. Polarization curves for hydrogen evolution in

different supporting electrolytes are also presented in the figure (curves 3 and 4)

(Reprinted from [90, 91] with the permission of Elsevier.)
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620without IR drop correction (solid line—2), being characterized by a

621sudden increase of current density at the commencement of the elec-

622trodeposition process. As far as the electrodeposition started, hydrogen

623evolution also started and the processes of all metal electrodeposition

624were accompanied by hydrogen evolution in the whole range of

625investigated potentials. As a consequence, extremely high current

626densities were recorded (since at the pH 9.2–9.5 hydrogen is evolving

627from water molecules) and accordingly correction for IR drop caused

628significant change in the shape of the polarization curves. At the same

629time it is important to note that because of intensive hydrogen evolution

630already at the commencement of the process of the electrodeposition,

631Co powder formation took place at current densities as low as

6320.3 A cm�2 (low in comparison with the maximum current density of

6333–6 A cm�2). The characteristic for all curves is that after sudden

634increase of current (in this case at about�1.17 V—point A) additional

635inflection point appeared on the polarization curves (B) at the potential

636of about�1.21 Vwith further change of current density showing linear

637increase with the potential.

6382.5.1.1 Polarization Curves for Hydrogen Evolution onto

639Glassy Carbon Electrode

640As shown in Fig. 2.24 in a pure supporting electrolytes (1 M

641(NH4)2SO4 + 0.7 NH4OH or 1 M NH4Cl + 0.7 NH4OH) polarization

642curves for hydrogen evolution, corrected for IR drop, are different

643than those for metal or alloy electrodeposition, and their shapes and

644positions on the potential scale depend on the anions present in a

645supporting electrolyte. In both electrolytes the increase of current

646density corresponding to the hydrogen evolution onto glassy carbon

647electrode (3 and 4) is seen to take place at more negative potentials

648than in the case of metal or alloy electrodeposition. It is interesting to

649note that the overpotential for hydrogen evolution in sulfate

650containing supporting electrolyte is for about 0.1 V higher than that

651in chloride containing supporting electrolyte. Such a behavior is a

652clear indication that the processes of Co electrodeposition catalyze

653the reaction of hydrogen evolution in both supporting electrolytes.
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654 Concerning the shape of both polarization curves for hydrogen

655 evolution it appears that such shape is a consequence of the so called

656 electrode effect [92–97]. This phenomenon is connected with the

657 hydrogen bubble formation at high current densities, so that at the

658 inflection point B the formation of bubbles becomes the rate limiting

659 step of the electrochemical process [96, 97]. Accordingly, the shape

660 of the polarization curves for iron group metal and their alloy elec-

661 trodeposition is also defined by the process of bubble formation since

662 the current density for hydrogen evolution in all cases amounts

663 to 70–85% of total current density.

664 2.5.1.2 Current Efficiency Determination

665 Taking into account that simultaneous hydrogen evolution occurs

666 in all cases, it was necessary to determine the current density for

667 hydrogen evolution (jH), subtract it from the measured (corrected

668 for IR drop) current density values (jtot) given in Fig. 2.25a to obtain

669 current densities for powders electrodeposition (in this case Co pow-

670 der, jCo). Hence, several values of current density on the polarization

671 curve for Co powder electrodeposition were chosen and the volume of

672 evolved hydrogen was determined in the burette. The current for

673 hydrogen evolution (○) was obtained using the equation [98]

IH2
¼ nFV

tVn

¼ nF

Vn

� V

tT
¼ 2:3522� 103 � V

tT
; (2.25)

674 where V—experimentally determined volume of the evolved hydro-

675 gen at Pat and T ¼ 298 K corrected to the normal conditions (PY and

676 T ¼ 273 K); t—time of hydrogen evolution under constant current;

677 Vn—volume of 1 mol of hydrogen at normal conditions

678 (22.4 dm3 mol�1); n—number of exchanged electrons, and F—
679 Faraday’s constant. Using this procedure polarization curve

680 corresponding to Co powders electrodeposition (△) was obtained.

681 The current efficiency (•) for the electrodeposition process was

682 obtained from the relation
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�j %ð Þ ¼
jCo�Ni
jtot
� 100 ¼ jtot � jH

jtot
� 100: (2.26)

683Corresponding values are presented in Fig. 2.25b.

684As can be seen already at the beginning of the deposition process

685significant amount of hydrogen is evolving, causing the value of the

686current efficiency of about 52%. At more negative potentials this

687value decreases to about 20–25%, with the sharp decrease taking

688place in the region of the sharp increase in current density.

689All powder samples for XRD analysis and morphology

690investigations were electrodeposited at the room temperature in the

691cylindrical glass cell of the total volume of 1 dm3 with cone-shaped

692bottom of the cell to collect powder particles in it. Working electrode

693was a glassy carbon rod of the diameter of 5 mm, with the total

694surface area of 7.5 cm2 immersed in the solution and placed in the

695middle of the cell. Cylindrical Pt–Ti mesh placed close to the cell

Fig. 2.25 (a) Polarization curve for the electrodeposition of Co powder after IR

drop correction (jtot), polarization curve for hydrogen evolution (jH), and polari-

zation curve for Co powder electrodeposition (jCo) after subtraction of the current
density for hydrogen evolution. (b) Polarization curve for Co powder electrode-

position (jCo) and corresponding current efficiency curve (�j) (Reprinted from

[90, 91] with the permission of Elsevier.)
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696 walls was used as a counter electrode providing excellent current

697 distribution in the cell.

698 In all cases certain, small amount of disperse deposit remained on

699 the glassy carbon electrode, while only powder particles that were

700 detached from the electrode surface and collected at the cone-shaped

701 bottom of the cell were analyzed.

702 2.5.2 Electrodeposition of Co Powder

703 Cobalt powder was electrodeposited from the solutions containing

704 either sulfate or chloride anions.

705 2.5.2.1 Electrodeposition of Co Powder from Sulfate

706 Electrolyte

707 The composition of the electrolyte was 1M (NH4)2SO4 + 0.7 M

708 NH4OH + 0.1 M CoSO4, pH 9.5. Polarization curves were recorded

709 on the glassy carbon disc by the procedure explained in Sect. 2.2.

710 The powders for SEM and XRD analyses were electrodeposited at

711 two constant current densities (see Fig. 2.25a): jpd(1) ¼ �0.50 A

712 cm�2 and jpd(2) ¼ �1.85 A cm�2.
713 The polarization curve and the corresponding current efficiency

714 potential dependence are presented in Fig. 2.25b. The process of Co

715 electrodeposition commences at about �1.10 V with the second

716 inflection point being placed at �1.20 V. The curve for Co powder

717 electrodeposition (jCo) is characterized with well-defined current

718 density plateau in the potential range between �1.20 V and �1.35 V,

719 indicating that at potentials more negative than �1.20 V diffusion

720 limiting current density for Co powder electrodeposition is reached in

721 Fig. 2.25a. The current efficiency (�j), obtained using equation (2.26), is
722 seen to decrease sharply from about 52% to about 20% in the potential

723 range of sharp increase of current density on the polarization curve jCo
724 vs. E in Fig. 2.25b. At potentials more negative than�1.20 V, �j vs. E
725 dependence slightly decreases from about 27% to about 20%.
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726X-ray diffraction pattern for Co powder samples electrodeposited

727either with jpd(1) or jpd(2), from sulfate or chloride electrolytes, is

728shown in Fig. 2.26. As can be seen the powder consists only of the

729hexagonal close-packed a-cobalt phase with the lattice parameters of

730a ¼ 2.5007 Å and c ¼ 4.0563 Å. No hydroxide or oxide impurities

731were detected [99].

732In the case of Co powder electrodeposition at lower current

733density (jpd(1) ¼ �0.50 A cm�2), generally two types of agglome-

734rates are detected [99]:

7351. Dendrite particles varying in the size from about 5 mm to about

73650 mm, as shown in Fig. 2.27a.

7372. Different types of agglomerates varying in the size from about

738100 mm to about 500 mm, as it is shown in Fig. 2.27b–d. These

739agglomerates can further be divided into three groups:

740(a) Compact agglomerates of the size of about 200 mm to about

741500 mm, composed of smaller agglomerates of the size of

742about 20 mm to about 50 mm, Fig. 2.27b. These agglomerates

743are characterized with the presence of deep cylindrical

Fig. 2.26 X-ray diffraction pattern of electrodeposited cobalt powders

(Reprinted from [99] with the permission of Springer-Verlag.)
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744 cavities and fern-like dendrites formed on the bottom of most

745 of the cavities.

746 (b) Spongy-like agglomerates of different shapes varying in size

747 from about 100 mm to about 200 mm with the fern-like

748 dendrites also formed on the bottom of most of the cavities,

749 Fig. 2.27c.

750 (c) Balls of the size of about 200 mm containing deep cavities with

751 the fern-like dendrites formed on the bottom of most of the

752 cavities and more or less dense cauliflower structure on the

753 surface of these balls, as shown in Fig. 2.27d.

754 In Figs. 2.28a–d and 2.29a, b cross sections of some of the

755 agglomerates detected in the Co powder deposit are shown.

756 As can be seen they are in good agreement with the SEM results:

757 Fig. 2.28b ball-like particles; Fig. 2.28c spongy particles; Fig. 2.28d

758 compact agglomerates. Although for Co powder different types

759 of agglomerates are present, it is quite obvious that all Co powder

Fig. 2.27 Typical particles detected in the electrodeposited cobalt powder

(Reprinted from [99] with the permission of Springer-Verlag.)
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760agglomerates are characterized with the presence of large number of

761cavities. A common characteristic of these cavities for all types of

762agglomerates (Fig. 2.27) is the presence of small fern-like dendrites

763on the bottom of most of the cavities.

Fig. 2.28 Cross sections of some of the agglomerates detected in the Co powder

deposit (Reprinted from [99] with the permission of Springer-Verlag.)

Fig. 2.29 Cross sections of some of the agglomerates detected in the Co powder

deposit (Reprinted from [99] with the permission of Springer-Verlag.)
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764 2.5.2.2 Mechanism of Co Powder Electrodeposition

765 Considering cross sections of some of the agglomerates detected in

766 the Co powder deposit [99], Figs. 2.28 and 2.29, it appears that they

767 are all different, not only because different types of agglomerates

768 have been detected but also because some pictures represent cross

769 sections of the agglomerate parallel to the line of its growth

770 (Fig. 2.28a), while some pictures represent cross sections of the

771 agglomerate normal to the line of its growth (Fig. 2.28b–d). It has

772 already been explained in the literature [100] that in the case of

773 dendrite particles, depending on their length, it is possible that the

774 morphology of the dendrite changes from disperse one to a compact

775 one, as shown in Fig. 2.28a. This agglomerate seems to grow from

776 the left to the right side.

777 With the time of growth the disperse agglomerate is branching in

778 different directions and at the tip of each branch spherical diffusion is

779 taking over the planar one, providing conditions for the growth of

780 compact deposit as a consequence of the decrease of the local current

781 density on the tip of each branch. After some time, these branches

782 form compact deposit all over the agglomerate surface and the same

783 agglomerate further grows as a compact one (right side of the parti-

784 cle), until it falls off from the electrode surface. In Fig. 2.28b it is

785 most likely that a compact part of the agglomerate represents the

786 picture of the cross section normal to the line of its growth.

787 Depending on the way of growth, AU3the moment of detaching agglom-

788 erate from the electrode surface and the position at the electrode

789 surface where some agglomerate started to grow, different shapes of

790 agglomerates are obtained (Fig. 2.28a–d), but all of them show the

791 same characteristic of transforming disperse into compact deposit

792 with increasing their size.

793 A special case is the formation of the balls of the size from about

794 200 mm containing deep cavities with the fern-like dendrites formed

795 on the bottom of cavities and more or less dense cauliflower structure

796 on the surface of these balls, Fig. 2.27d. The cross section of such

797 agglomerate is shown in Fig. 2.28b. For some reasons this agglomer-

798 ate started to grow as a ball, again starting from disperse (in the

799 middle) and finishing with compact deposit at the surface for a reason

V.D. Jović et al.



800already explained. After some time of the growth of compact deposit

801the conditions for planar diffusion were restored causing the forma-

802tion of dendrites all over the ball surface. It should be noted that at the

803same time there was a local increase of overpotential due to reduction

804of the active surface area as a result of compact deposit formation.

805Dendrites were growing normal to the ball surface, and again after

806some time spherical diffusion took over the control of the planar one

807and dendrites started transforming into compact deposit. Since

808dendrites were not dense, they were not able to form compact deposit

809all over the agglomerate surface when the agglomerates detached

810from the electrode surface.

811A cross section of one of the agglomerates parallel to the line of its

812growth is shown in Fig. 2.29b. As can be seen, in accordance with the

813previous statement, after the first front of compact deposit has been

814formed, disperse deposit started to grow and for the same reasons its

815growth finished as a compact deposit at the moment when this

816agglomerate detached from the electrode surface.

817It is necessary to note that almost all morphological forms

818presented in this chapter can be explained by the above discussion,

819being dependent on the stage of the agglomerates, i.e., the moment

820when they detached from the electrode surface. It is most likely that

821the form presented in Fig. 2.30 should be considered as the initial

822stage of the growth of a second generation of dendrites, clearly

823detected on a cross section of ball-like particles presented in

824Fig. 2.29a.

825Quite unique feature of all agglomerates detected in Co powder

826deposit is the presence of deep cavities on their surfaces and the fern-

827like dendrites on their bottom for most of the cavities. This is

828illustrated in Fig. 2.27b for compact agglomerates and in Fig. 2.27d

829for ball-like agglomerates. The most interesting one is the cavity

830detected in the ball-like agglomerates. More detailed micrograph

831for such cavity is shown in Fig. 2.31.

832It is most likely that these cavities are the consequence of hydro-

833gen bubble formation, preventing deposition inside the cavity. Once

834the bubble is liberated, the conditions for the growth of fern-like

835dendrites are fulfilled at the bottom of the cavity due to current

836distribution and restored planar diffusion. Since this agglomerate is

837not dense, crystals of different size can be seen in the cavity, with less
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838 dense ones placed at the bottom and more dense ones placed close to

839 the top of the cavity. We believe that such distribution of crystals is

840 the consequence of current distribution over the hydrogen bubble,

841 while at the moment of bubble liberation fern-like dendrite starts

Fig. 2.30 SEM micrograph of the surface of compact agglomerate with the

initial stage of the growth of a second generation of dendrites (Reprinted from

[99] with the permission of Springer-Verlag.)

Fig. 2.31 SEM micrograph of the cavity detected on the ball-like agglomerate

(Reprinted from [99] with the permission of Springer-Verlag.)
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842growing at the bottom of cavity in the same way as the dendrite

843precursors in the diffusion layer of the macroelectrode [101]. At that

844moment spherical diffusion is restored at the edges of cavity and

845compact deposit is obtained all around the cavity.

846Concerning spongy deposits, it should be emphasized here that in

847comparison with other morphologies, traditionally called spongy,

848presented in the literature [47, 102] so far, the morphology of

849particles shown in Fig. 2.27c represents the real spongy deposit and

850that such similarity with the sponge has never been presented so far.

851The morphology of Co powder electrodeposited at higher current

852density (jpd(2) ¼ �1.85 A cm�2) is much more uniform in compari-

853son with the morphology of Co powder electrodeposited at a lower

854current density.

855Independently of the substrate (Co powders were electrodeposited

856onto GC, Co, and Ni electrodes) all agglomerates possessed spongy-

857like shapes, some of them being bigger (about 600 mm, Fig. 2.32a),

858while most of the agglomerates were of the order of 100–200 mm,

859Fig. 2.32b, c. The best sample for the formation of such agglomerates

860is presented in Fig. 2.32c. They start growing as dendrites (marked

861with arrow  1) and after some time, for the reasons explained

862earlier, their surfaces become compact and characterized with

863the presence of two types of cavities (as a consequence of hydrogen

864bubbles formation on the agglomerate surfaces): cone-shaped

865ones (marked with arrow 2!) and cylindrical ones (marked with

866arrow  3, identical to those obtained for Co powders electro-

867deposited at lower current density, jpd(1) ¼ �0.50 A cm�2). It is
868interesting to note that fern-like dendrites were not formed on the

869bottom of cylindrical cavities, indicating that the agglomerates were

870detached from the electrode surface before the liberation of hydrogen

871bubbles formed on their surfaces. Hence, the electrolyte did not enter

872the cavities providing conditions for planar diffusion inside the cavity

873and the growth of fern-like dendrites. This is reasonable to expect

874since the time for agglomerates detaching should be much shorter for

875more intensive hydrogen evolution at jpd(2).
876Considering Fig. 2.32 it can be concluded that most of the agglom-

877erate surfaces are covered with very flat nodular endings. By the

878investigation of these surfaces at higher magnification it is discovered
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879 that these flat surfaces are actually composed of very thin (about

880 0.1 mm) and about 1 mm long crystals of Co, as shown in Fig. 2.33.

881 2.5.2.3 Electrodeposition of Co Powder from Chloride

882 Electrolyte

883 The composition of the electrolyte was 1M NH4Cl + 0.7 M

884 NH4OH + 0.1 M CoCl2, pH 9.4. Polarization curves were recorded

885 on the glassy carbon (GC) and Co discs. The powders for SEM and

886 XRD analyses were electrodeposited at a constant current density

887 of �2.00 A cm�2 onto GC electrode and �0.77 A cm�2 onto Co

888 electrode.

889 The polarization curve and the corresponding current efficiency

890 potential dependence recorded onto GC electrode are presented in

891 Fig. 2.34. The shape of the polarization curve in Fig. 2.34a is

Fig. 2.32 SEMmicrographs of the agglomerates electrodeposited at high current

density
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892identical to the one recorded for Co powders electrodeposition from

893sulfate electrolyte (Fig. 2.25a). As can be seen in Fig. 2.34 the

894process of Co electrodeposition commences at about �1.10 V with

895the second inflection point being placed at�1.21 V. The curve for Co

Fig. 2.33 Structure of the flat nodular endings detected on the surfaces of

agglomerates electrodeposited at high current density. The same structure was

detected on compact agglomerates electrodeposited at low current density

Fig. 2.34 (a) Polarization curve for the electrodeposition of Co powder after IR

drop correction (jtot), polarization curve for hydrogen evolution (jH) and polari-

zation curve for Co powder electrodeposition (jCo) after subtraction of the current
density for hydrogen evolution. (b) Polarization curve for Co powder electrode-

position (jCo) and corresponding current efficiency curve (�j) (Reprinted from

[90, 91] with the permission of Elsevier.)
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896 powder electrodeposition (jCo) in this case is not characterized

897 with well-defined current density plateau in the potential range

898 between �1.21 V and �1.40 V as was in the case sulfate electrolyte,

899 Fig. 2.25a. A linear increase of the current density for Co powder

900 electrodeposition (jCo) is most likely due to the increase of real

901 surface area of the electrode covered with compact deposit and/or

902 different intensity of hydrogen evolution in this electrolyte.

903 The current efficiency (�j) is seen to decrease sharply from about

904 70% to about 45% in the potential range of sharp increase of current

905 density on the polarization curve jCo vs. E in Fig. 2.25b. At potentials

906 more negative than �1.20 V, �j is practically independent of poten-

907 tial value.

908 Comparing polarization curves (jtot) recorded onto GC and Co

909 electrodes (Fig. 2.35) one can see that the electrodeposition process

910 onto Co electrode commences at more positive potentials, while the

911 current density of the second inflection point, as well as the current

912 density at potentials more negative than that point, is smaller. Such

913 behavior is reasonable to expect since the overvoltage for Co elec-

914 trodeposition should be higher for GC than for Co electrodes, while

915 at the same time the increase of the real surface area onto Co

Fig. 2.35 Polarization curves for the electrodeposition of Co powder after IR

drop correction (jtot) recorded onto GC electrode (jtot(GC)) and onto Co electrode
(jtot(Co))
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916electrode should be smaller than that on the GC electrode since the

917epitaxial growth of Co onto Co electrode should be expected at the

918beginning of the electrodeposition process.

919The morphology of Co powder agglomerates electrodeposited at

920jpd (marked in Fig. 2.35), independently of the substrate (GC or Co),

921is presented in Fig. 2.36. It is practically the same as that for Co

922powder electrodeposited at jpd(2) from sulfate electrolyte [90], except

923that all nodular endings possess flat surface [91] which is actually

924composed of very thin (about 0.1 mm) and about 1 mm long crystals of

925Co, as shown in Fig. 2.33.

9262.5.3 Electrodeposition of Fe Powder

927Iron powder was electrodeposited from the solution containing

9281 M NH4Cl + 0.2 M Na3C6H5O7 + 0.1 M FeCl2, pH 4.0. Polariza-

929tion curves were recorded on the glassy carbon disc by the procedure

930explained in Sect. 2.2. The powders for SEM and XRD analyses

931were electrodeposited at the current density jpd (marked in Fig. 2.37)

932by the procedure explained in Sect. 2.2.

933The polarization curve for Fe powder electrodeposition is shown

934in Fig. 2.37. The current efficiency for Fe powder electrodeposition is

935very small (<2%) and the polarization curves for Fe powder

Fig. 2.36 SEM micrographs of the agglomerates electrodeposited at jpd marked

in Fig. 2.11 for GC and Co electrode (Reprinted from [91] with the permission of

Elsevier.)

2 Morphology of Different Electrodeposited Pure Metal Powders



936 electrodeposition (jtot) and for hydrogen evolution (jH) practically

937 overlap. Accordingly, �j vs. E is not presented [103].

938 The diffractogram of electrodeposited Fe powder is presented in

939 Fig. 2.38. The dimensions of crystallites were about 20 nm. Because

940 of very small dimensions of crystallites only phases with the highest

941 intensity were determined with high certainty, and these were peaks

942 of the a—Fe phase (~).

943 Agglomerates of the order of 100–200 mm with big cone-shaped

944 cavities in Fig. 2.39a and small number of deep cylindrical cavities

945 Fig. 2.39b are characteristic for this powder, as shown inFig. 2.39 [103].

946 The surface of nodular endings on the agglomerates is not as flat as

947 in the case of Co powder agglomerates, and the formation of new

948 crystals on compact surface can be detected (Fig. 2.39b).

949 2.5.4 Electrodeposition of Ni Powder

950 Electrodeposition of Ni powder was investigated from three different

951 solutions: 1 M (NH4)2SO4 + 0.7 M NH4OH + 0.1 MNiSO4—sulfate

952 solution; 1 M NH4Cl + 0.7 M NH4OH + 0.1 M NiCl2—chloride

Fig. 2.37 Polarization curve for Fe powder electrodeposition
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953solution; and 1M NH4Cl + 0.2 M Na3C6H5O7 + 0.1 M NiCl2—cit-

954rate solution.

955The polarization curve and the corresponding current efficiency

956potential dependence recorded onto GC electrode from sulfate solu-

957tion are shown in Fig. 2.40.

Fig. 2.38 X-ray diffraction pattern of electrodeposited Fe powder

Fig. 2.39 (a) SEM micrograph of the agglomerates obtained in electrodeposited

Fe powder. (b) Deep cylindrical cavity surrounded with spherical compact surface

covered with new crystals (Reprinted from [103] with the permission of Elsevier.)
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958 The process of Ni electrodeposition commences at about �1.25 V
959 with the second inflection point at�1.30 V. The curve for Ni powder
960 electrodeposition (jNi) is characterized with well-defined current

961 density plateau in the potential range between �1.30 V and

962 �1.40 V. The current efficiency (�j) is seen to decrease sharply

963 from about 50% to about 15% in the potential range of sharp increase

964 of current density on the polarization curve jNi vs. E in Fig. 2.40b.

965 At potentials more negative than �1.30 V �j slightly decreases to

966 about 10% at �1.40 V.

967 The polarization curve and the corresponding current efficiency

968 potential dependence recorded onto GC electrode from chloride

969 solution [91] are shown in Fig. 2.41. As can be seen in Fig. 2.41a

970 the electrodeposition of Ni in this solution commences at slightly

971 more negative potential of about �1.28 V, while jH is lower than that

972 recorded in sulfate solution and accordingly the current efficiency

973 (�j) is higher, sharply decreasing from about 90% to about 45% in

974 the potential range of sharp increase of current density on the

Fig. 2.40 (a) Polarization curve for the electrodeposition of Ni powder from

sulfate solution after IR drop correction (jtot), polarization curve for hydrogen

evolution (jH) and polarization curve for Ni powder electrodeposition (jNi) after
subtraction of the current density for hydrogen evolution. (b) Polarization curve

for Ni powder electrodeposition (jNi) and corresponding current efficiency curve

(�j) (Reprinted from [90] with the permission of Elsevier.)
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975polarization curve jNi vs. E in Fig. 2.41b. At potentials more negative

976than �1.30 V �j slightly decreases to about 30% at �1.40 V.

977The polarization curve recorded onto GC electrode from citrate

978solution is compared with those from sulfate and chloride solutions in

979Fig. 2.42. Similar polarization curves from all solutions are obtained,

980except that the current density after the second inflection point for

981citrate solution is half of that for sulfate and chloride solutions.

982The (�j) vs. E dependence recorded in citrate solution is similar to

983those for sulfate and chloride solutions, being practically constant

984(20%) in the potential range of current density plateau on the polari-

985zation curve jNi vs. E.
986Samples for SEM, EDS, and XRD analyses were electrodeposited

987at the jpd values marked in the figure, jpd(sul) ¼ �0.5 A cm�2,
988jpd(chl) ¼ �2.0 A cm�2, jpd(cit) ¼ �1.4 A cm�2.
989X-ray diffraction pattern of nickel powder sample is shown in

990Fig. 2.43. The same diffractograms are obtained for Ni powders

991electrodeposited from all three solutions. As can be seen the powder

Fig. 2.41 (a) Polarization curve for the electrodeposition of Ni powder from

chloride solution after IR drop correction (jtot), polarization curve for hydrogen

evolution (jH), and polarization curve for Ni powder electrodeposition (jNi) after
subtraction of the current density for hydrogen evolution. (b) Polarization curve

for Ni powder electrodeposition (jNi) and corresponding current efficiency curve

(�j) (Reprinted from [91] with the permission of Elsevier.)
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992 consists only of the face-centered cubic nickel phase (b-Ni) with the

993 lattice parameter of a ¼ 3.5231 Å.

994 In Fig. 2.44a, b are shown SEM micrographs of Ni powder

995 electrodeposited from sulfate solution at jpd(sul) ¼ �0.5 A cm�2.
996 As can be seen typical cauliflower-type agglomerates are obtained

997 with the size of agglomerates varying from about 5 mm to about

998 50 mm. No hydroxide or oxide impurities were detected, which is in

999 accordance with the literature data [74, 77, 83]. Ni powder

1000 agglomerates are very similar to those of copper [102] and since

1001 the mechanism of their growth has already been explained, it is not

1002 necessary to discuss the mechanism of their growth.

1003 SEM micrographs of Ni powder electrodeposited from chloride

1004 solution at jpd(chl) ¼ �2.0 A cm�2 are shown in Fig. 2.45a, b.

1005 Typical spongy-like agglomerates are obtained with the size of

1006 agglomerates varying from about 200 mm to about 600 mm. As in

1007 the case of Co powder electrodeposited at high current densities from

1008 chloride and sulfate solution, cone-shaped (Fig. 2.45a) and cylindri-

1009 cal cavities (Fig. 2.45b) are obtained on the surface of Ni agg-

1010 lomerates. No fern-like dendrites were formed on the bottom of

1011 cylindrical cavities, indicating that the agglomerates were detached

Fig. 2.42 Polarization curves for the electrodeposition of Ni powder from citrate,

sulfate and chloride solutions after IR drop correction; corresponding current

densities for powder electrodeposition, jpd(cit), jpd(sul), and jpd(chl) are marked in

the figure

V.D. Jović et al.



1012from the electrode surface before the liberation of hydrogen bubbles

1013formed on their surfaces, as explained in AU4Sect. 2.5.2.2.

1014From the citrate solution completely different morphology of

1015electrodeposited Ni powder is obtained [103], as shown in

1016Fig. 2.46. Typical Ni powder is characterized by the presence of

1017flake-like particles of the maximum size of about 50 mm covered with

1018nodules of mainly flat surfaces. The formation of a second zone of

Fig. 2.44 SEM micrographs of the agglomerates electrodeposited at jpd(sul)
marked in Fig. 2.42 for GC electrode (Reprinted from [90] with the permission

of Elsevier.)

Fig. 2.43 X-ray diffraction pattern of electrodeposited Ni powder (Reprinted

from [99] with the permission of Springer-Verlag.)
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Fig. 2.45 SEM micrographs of the agglomerates electrodeposited at jpd(chl)
marked in Fig. 2.42 for GC electrode (Reprinted from [91] with the permission

of Elsevier.)

Fig. 2.46 Typical Ni powder particle electrodeposited at jpd(cit) in citrate solu-

tion (Reprinted from [103] with the permission of Elsevier.)
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1019dendrites (beginning with the formation of small crystals in the upper

1020part of the particle presented in Fig. 2.46), typical for powder depo-

1021sition [99], could be detected on some particles.

10222.6 Conclusions

1023Powders of both academically and technologically important metals,

1024such as silver, lead, cadmium, cobalt, nickel, and iron, were produced

1025by the electrolytic processes. The constant regimes of electrolysis

1026and the regime of pulsating overpotential (PO) were used for the

1027electrochemical synthesis of powders of these metals. Morphologies

1028of such obtained powders were characterized by the scanning

1029electron microscopy and optical microscopy, as well as by X-ray

1030diffraction techniques.

1031The processes of electrochemical deposition of silver from

1032nitrate solutions, lead, and cadmium are characterized by high

1033exchange current densities, and single and two-dimensional (2D)

1034dendrites were largely formed by electrodepositions of these

1035metals. On the other hand, very branchy dendrites constructed

1036from corncob-like elements (similar to copper dendrites) were

1037obtained by the electrodeposition of silver from ammonium solu-

1038tion which is characterized by the medium exchange current

1039density. Also, the application of the PO regime strongly affected

1040the morphology of silver and lead powder particles and mathemati-

1041cal model was presented to explain the change of morphology

1042of particles in relation to the one obtained in the constant potentio-

1043static mode.

1044Ni powder is characterized by cauliflower-like type particles in

1045ammoniacal electrolytes, while in citrate electrolytes the flakes of the

1046maximum size of about 50 mm covered with nodules of mainly flat

1047surfaces were detected. On some particles the formation of a second

1048zone of dendrites (beginning with the formation of small crystals)

1049could be detected. The Fe powder particles of the size of about

1050200 mm also contain nodules of flat surfaces, but they are

1051characterized by the presence of cone-shaped cavities. In the case

1052of Co powder, generally two types of particles were detected
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1053 (1) dendrite particles and (2) different types of agglomerates being

1054 characterized by the presence of cavities and fern-like dendrites

1055 formed on the bottom of most of them. These agglomerates can

1056 further be divided into three groups (a) compact agglomerates;

1057 (b) spongy-like agglomerates of different shapes, and (c) balls of

1058 the size of about 200 mm with more or less dense cauliflower struc-

1059 ture on their surface. The growth mechanism of all agglomerates

1060 detected in the electrodeposited Co powder has been explained.

1061 The type of the agglomerate depends on its growth stage, i.e., on

1062 the moment when it becomes detached from the electrode surface.
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120790. Jović VD, Jović BM, Pavlović MG (2006) Electrochim Acta 51:5468
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