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Zn-Ni coatings from a new alkaline bath due to the 2 
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Abstract: The effective composite additives coumarin (CA) and vanillin (VL) were 7 

used to electrodeposit nanocrystalline Zn-Ni alloys in a novel alkaline bath containing 8 

5,5'-dimethylhydantoin (DMH) as the complexing agent. Similarly to the cyanide bath, 9 

an excellent mirror-like bright Zn-Ni alloy deposit with smooth, compact morphology 10 

and good leveling capability can be obtained from the newly developed bath with the 11 

composite additives. One cathodic peak of cyclic voltammogram (CV) curves 12 

indicates a single step two-electron transfer mechanism of Zn
2+

 and Ni
2+

. The 13 

inhibition effect of VL is more pronounced than that of CA in the electrolyte through 14 

preferential adsorption on the cathode. larger cathodic polarization and finer grains 15 

are observed with the increase of VL than that of CA, indicating that VL is a main 16 

brightening agent. However, CA has a more prominent effect on the structure of 17 

Zn-Ni alloys compared to VL, which can be considered as a brightening promoter. 18 

The mechanisms of the decrease in grain size are considered in the bath with the 19 

addition of the composite additives. No oxidized zinc exists in the bulk of deposits by 20 

X-ray photoelectron spectroscopy (XPS) analysis. Moreover, mechanical, wear and 21 

corrosion resistance properties of Zn-Ni coatings were directly dependent on Ni 22 

content in deposits. The lower Ni content of bright coatings with smoother appearance 23 
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2 

is obtained with composite additives and the bright coatings display more excellent 24 

wear and corrosion resistance than the dull coatings. The composite additives have the 25 

synergistic effect to significantly improve the properties of dull Zn-Ni alloys. Thus, 26 

the introduced new alkaline bath is a promising replacement for the conventional 27 

cyanide Zn-Ni alloy bath. 28 

1. Introduction 29 

Zn-Ni alloy coatings have attracted great interests in many applications due to their 30 

advantages such as anti-oxidation at high temperature,
1
 higher hardness, better 31 

corrosion and wear resistance.
2
 They are widely used as replacements for Zn and 32 

Cd
3,4

 coatings in electrical, aerospace and industrial applications owing to their good 33 

corrosion resistance and environmental friendly properties. It is known that Zn-Ni 34 

alloy coatings with 8 to 14 wt.% of nickel and single gamma phase structure have 35 

higher corrosion resistance of five times compared to the pure Zn coatings.
5
 The 36 

parameters in electrodepositing like the composition of the bath, current density, 37 

temperature and agitation speed significantly affect the microstructure and mechanical 38 

properties of Zn-Ni alloys.
6
 This is due to that these parameters affect the Ni content 39 

in deposits, leading to the difference in the properties of Zn-Ni alloys.  40 

Zn-Ni alloys have been successfully electrodeposited from the acid bath.
7,,8

 But in 41 

general, most of the acid bath suffers from the poor throwing power. The bright Zn-Ni 42 

coatings with high corrosion resistance have been realized from alkaline cyanide bath. 43 

Unfortunately, cyanide is the toxic chemicals, which is great harmful to human and 44 

environment. To solve this problem, many attempts have been made to develop the 45 

alkaline non-cyanide bath. In recent years, a number of complexing agents have been 46 

proposed, such as amine,
9

 ethylenediamine,
10

 tartrate,
11

 triethanolamine,
12

 47 

glycinate,
13,14

 sodium acetate, 
15,16

 urea and citrate. However, these baths have a 48 
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relatively low current efficiency, leaving it impossible for commercial use. 49 

5,5'-dimethylhydantoin (DMH) has been successfully used in Au,
17

 Ag
18

 and Cu
19

 50 

electrodeposition and it is a promising complexing agent in Zn-Ni alloy deposition 51 

owing to the large stability constants of DMH with Zn
2+

 and Ni
2+

.
20

 According to our 52 

previous studies,
6,21

 the investigated new alkaline Zn-Ni alloy bath has a high 53 

stability and the aged baths have little effect on the electrochemical behaviors of the 54 

investigated electrolyte. Furthermore, the rate controlling step of the bath is a mixed 55 

controlled process and the actual nucleus growth of Zn-Ni alloys corresponds to the 56 

progressive nucleation process. However, to the best of our knowledge, DMH used as 57 

a complexing agent in Zn-Ni alloy deposition has not been reported up to now. 58 

The properties of Zn-Ni alloys depend on the Ni content and grain size in deposits. 59 

The increase of Ni content in deposits can result in the increase in the microhardness 60 

of Zn-Ni alloys.
22

 Nanocrystalline coatings exhibit superior characteristics that are 61 

not typically found in conventional coatings.23 Excellent wear resistance
24

, corrosion 62 

resistance
25

 and better electrochemical properties
26

 are obtained in nanocrystalline 63 

coatings compared with conventional polycrystalline deposits. Alfantez et al.
27

 64 

produced nanocrystalline Zn-Ni coatings from a chloride-based electrolyte and Li et 65 

al. 
28

 prepared nanocrystalline Zn-Ni coatings using a laboratory-made additive in 66 

alkaline bath. Their results showed finer grains and better corrosion resistance of 67 

nanocrystalline Zn-Ni alloys. Generally, nanocrystalline Zn-Ni alloys were obtained 68 

by adding additives into the basic bath during electrodepositing. Therefore, the 69 

addition of the additives is quite an efficiency way to reduce grain size and improve 70 

the properties of Zn-Ni alloys. Saccharin plays a very important role in the Ni based 71 

alloy deposition.
29

 Mosavat et al.
14

 studied the effect of saccharin on the crystallite 72 

size and surface roughness of deposits and found that the increase of saccharin led to 73 
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a decrease in crystallite size and surface roughness of deposits. The synergistic effect 74 

of gelatin and glycerol on the electrocrystalline process and corrosion stability of 75 

Zn-Ni alloys was studied by Rao et al.
30

. Muresan et al.
12

 used coumarin, piperonal 76 

and vanillin as the additives. Their results showed that the fine grain Zn-Ni coatings 77 

exhibited best corrosion resistance with the addition of PEG and piperonal or vanillin. 78 

As a result, it is noted that the additives play a very important role in improving the 79 

properties of Zn-Ni alloys, but less focus is given to study them. Hence, it is essential 80 

to investigate the effect of the additives on Zn-Ni alloy deposition. 81 

Up to now, a number of investigations have focused on the properties of Zn-Ni 82 

alloys by using different complexing agents. But no work was made by using DMH as 83 

the complexing agent and rare studies were studied the mechanical properties of 84 

deposits. In the present work, DMH is used as the complexing agent in the alkaine 85 

bath. Nanocrystalline Zn-Ni alloys were obtained in the presence of additives and the 86 

effect of additives on the potentiodynamic polarization curves, macroscopic images, 87 

surface morphologies, surface roughness, Ni content and current efficiency of 88 

deposits was investigated. Specially, the effect of the additives on the hardness, wear 89 

and corrosion resistance of deposits was studied. 90 

2. Experimental 91 

2.1. Electrodeposition and Electrochemical testing 92 

Zn-Ni alloys were electrodeposited by direct current. The basic bath is consisted of 93 

ZnSO4·7H2O 70 g/L, NiSO4·6H2O 30 g/L, DMH 140 g/L, Na4P2O7·10H2O 40 g/L, 94 

and K2CO3 95 g/L. The composite additives coumarin and vanillin were introduced. 95 

In our research, coumarin and vanillin were recorded as CA and VL, respectively. The 96 

concentration of CA and VL was both in the range of 0-25 mg/L. The pH of the bath 97 

was adjusted to 9 ~ 10 by 10% sodium hydroxide solution, the current density was 2 98 
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A/dm
2
 and the bath temperature was maintained at 50 °C. The agitation speed was 99 

1000 rpm. The electroplating time was 30 min. The cathodic substrates were carbon 100 

steel plates of 5 cm × 4 cm, which were degreased with 30 wt.% sodium hydroxide 101 

solution at 50 ºC for 5 minutes, then activated with 50% hydrochloric acid for few 102 

seconds. After each step, the carbon steel plates were washed by distilled water. After 103 

electrodepositing, Zn-Ni alloy coatings were washed by distilled water, and dried by 104 

cold air. 105 

The cathodic efficiency of electrodeposition (η) was calculated by Faraday's law 106 

according to the equation (1), using deposit composition, charge passed and weight 107 

gained of the deposit. 108 

( )
= 100%                                            ( )i i

i

cnm m F

I t M
η

−
×

⋅
∑2 1

1

 

109 

Where 
1m
 

(g) and 
2m
 

(g) are the weight before and after electroplating, I (A) is 110 

the total current passed in the plating time t (s), ci is the weight fraction of the element 111 

in the Zn-Ni alloy deposit, ni is the number of electrons transferred per atom of each 112 

metal, Mi is the molar mass of metal (g·mol
−1

), and F is the Faraday's constant 113 

(96,485 C·mol
−1

). 114 

The Haring-Blum studies were employed to investigate the throwing power (T) of 115 

the bath. The throwing power was calculated by the following equation. 116 

1

2

1

2

= 100% (2)

2

m
K

m
T

m
K

m

−

×

+ −

 117 

Where T is the throwing power, K is the ratio between the respective distance of the 118 

far and near cathode from anode (5), m1 and m2 are the weight of Zn-Ni alloy deposits 119 

obtained from the near and far cathode, respectively. 120 
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Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were performed in 121 

a three-electrode cell using a CHI750D electrochemical workstation at 50 °C. A Pt 122 

electrode with a diameter of 3 mm was used as the working electrode (WE). The 123 

counter electrode (CE) was a platinum foil with an area of 1 cm
2
. A 124 

mercury/mercurous sulfate electrode (SSE), i.e. Hg/Hg2SO4 was employed as the 125 

reference electrode (RE). The scan of CV and LSV was initiated at the open circuit 126 

potential (-0.3 V) with the scan rate of 150 mV/s and 1 mV/s, respectively. 127 

2.2 Characterization of coatings 128 

Scanning electron microscope (SEM, Helios Nanolab 600i) with energy dispersive 129 

X-ray spectroscopy (EDS) facility was employed to determine the surface 130 

morphology and Ni content in deposits, respectively. An atomic force microscope 131 

(AFM, Bruker) was used to study the surface roughness of Zn-Ni alloy coatings. The 132 

AFM analysis was carried out in the contact mode with silicon nitride cantilevers. The 133 

Hull cell of 267 mL capacity was used to study the brightness range and morphology 134 

of deposits. X-ray diffraction (XRD, D/max-γβ) was employed to analyze the phase 135 

structure, crystal orientation and average grain size of deposits with Cu Kα radiation 136 

at 40 kV and 40 mA. (λ = 0.1546 nm). The 2θ ranged from 20
o
 to 100

o
 at a scan rate 137 

of 0.02
o
 per second. The grain size was calculated by Scherrer's formula. 138 

D=kλ/βcosθ                            (3) 139 

Where D is the average grain size of the coatings (nm), k is a constant (0.89), β is 140 

the full width at the half maximum (FWHM) and θ is the diffraction angle. 141 

The hardness of deposits was measured by the nanoindentation tests (nanoindenter 142 

XP, MTS Systems Corporation). The penetration depth was 1 µm with a Berkovich 143 

diamond indenter. Five indents were made for each coating. After that, the average 144 

value was calculated. For the friction coefficients tests, a ball-on-disk tribometer 145 
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(Center for Tribology, HIT, China) was used. The Zn-Ni deposits discs were sliding 146 

against a stationary sphere of the counter material. The counter material used in this 147 

study was a 52100 steel ball with a diameter of 10 mm. The applied normal load was 148 

1N and the sliding speed was kept constant at 7.9 cm/s for all tests. The tests were 149 

done in air at room temperature with a relative humidity of about 40%. With the help 150 

of a PC, the friction coefficient was continuously recorded during the tests. No 151 

lubrication was used during the wear tests. 152 

The oxidation states of Zn and Ni in deposits were examined by X-ray 153 

photoelectron spectroscopy (XPS). A PHI 5700 ESCA System (Physical Electronics, 154 

USA) was employed to measure the XPS at the room temperature. The excitation 155 

source was Al Ka (alpha in Greek) radiation (photoelectron energy, 1486.6 eV) and 156 

the photoelectrons were detected with a hemispherical analyzer. The binding energies 157 

of the narrow scan and wide scan were determined at the pass energy of 29.35 eV and 158 

187.85 eV with a resolution of ±0.3 eV, respectively. During sputtering, the 159 

accelerating voltage was 3kV, sputtering area was 4 mm × 4 mm, sputtering current 160 

was 0.5 µA and sputtering depth was 10 nm. The corrosion resistance of Zn-Ni alloy 161 

coatings was measured by the corrosion potentials and Tafel curves on a CHI750D 162 

electrochemical workstation at room temperature (25 °C) in 3.5 % NaCl solution, 163 

using a saturated calomel electrode (SCE) as the reference electrode, a platinum foil 164 

(1×1 cm
2
) as the counter electrode, and 1 cm

2
 area of carbon steel plates and Zn-Ni 165 

alloy coatings as the working electrodes. The scan rate of the curves was 1 mV/s with 166 

the scan range from -0.25 V to +0.25 V of open circuit potential. High purity nitrogen 167 

was used for deaeration of the solution. The luggin capillary was used to connect the 168 

reference electrode and working electrode. Also, the electrochemical workstation can 169 

compensate the IR drop automatically. 170 
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8 

3. Results and discussion 171 

3.1 Effects of CA and VL on CV and LSV curves 172 

Cyclic voltammetry and linear sweep voltammetry have been used to investigate 173 

the influence of CA and VL in the Zn-Ni bath by adding nothing, 15 mg/L CA, 15 174 

mg/L VL and both 15 mg/L CA and 15 mg/L VL, respectively. The standard potentials 175 

of Zn and Ni are -0.76 V and -0.25 V vs. SHE, respectively. As shown in Fig. 1a, the 176 

presence of the additive molecules has a significant effect on the shape of the 177 

voltammogram and also on the peak potential and current intensity values. It can be 178 

noted that the Zn-Ni alloy deposition on Pt electrode starts at approximately -1.25 V 179 

and the hydrogen evolution occurs along with Zn-Ni alloy deposition in the basic bath. 180 

The anodic sweep shows two dissolution peaks at A2 and A3. The multiple anodic 181 

peaks are attributed to the sequential oxidation of the different phases according to the 182 

literature.
31

 Thus, the A2 is related to Zn dissolution from the γ phase (γ-Ni5Zn21), 183 

and A3 is due to the dissolution of the porous Ni matrix left after the preferential 184 

stripping of Zn from the γ phase. The Zn-Ni deposition shifts to more negative 185 

potential (starts at -1.3 V) and no significant change is observed in the shape of the 186 

CV curve with the addition of 15 mg/L CA (Fig. 1b'). But the associated current 187 

decreases, indicating that CA can adsorb on the cathode surface and inhibit the 188 

deposition of Zn-Ni alloy by blocking the available active sites. This inhibition is 189 

associated to the type and size of the organic molecules, and the specific interaction 190 

between the additives and the substrate.
11

 The presence of VL in the bath changes the 191 

behavior of the voltammogram significantly. The deposition potential decreases to 192 

approximately -1.45 V and a cathodic peak C is recorded in Fig 1c'. This can be due to 193 

the strong inhibition of VL on Pt electrode surface. When the applied potential is large 194 

enough (> -1.78 V), the deposition rate of Zn
2+

 and Ni
2+

 occurred at the interaction 195 
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between the electrolyte and electrode surface is larger than the diffusion rate of Zn
2+

 196 

and Ni
2+

. Thus, the concentration polarization appears and the diffusion current 197 

decreases, resulting in the appearance of the cathodic peak C. After the peak C, the 198 

increase in the current is due to the hydrogen evolution. The current crossover is 199 

observed in the cathodic region, indicating the nucleation and growth of Zn-Ni 200 

alloys.
32,33 

In the anodic sweep, a new anodic peak A1 (-1.58 V) appears, which is 201 

attributed to the stripping of Zn from η phase. When both CA and VL are present in 202 

the bath (Fig. 1d'), the deposition potential is similar to that with only VL in the bath 203 

(Fig. 1c'), indicating that the effect of VL is more pronounced than that of CA through 204 

preferential adsorption on the cathode surface. The intensity of the peaks C, A1, A2 205 

and A3 in Fig. 1d' decreases compared to the rest three curves. The improved 206 

corrosion resistance of deposits is obtained owing to the decrease in the anodic 207 

reactions.
34

 Moreover, only cathodic peak C is associated with Zn-Ni alloy deposition 208 

in Fig. 1d', indicating a single step two-electron transfer process of Zn
2+

 and Ni
2+

 in 209 

Zn-Ni alloy deposition with the addition of both CA and VL. 210 

As seen in Fig. 1b, the addition of CA and VL increases the cathodic polarization, 211 

respectively. This can be explained by the inhibition effects of CA and VL at the 212 

cathode, which is mentioned before. The presence of VL leads to greater cathodic 213 

polarization compared with CA. The relative smaller difference between Fig. 1c'' and 214 

Fig.1d'' is favor of the analysis that VL tend to adsorb preferentially on the cathode. In 215 

general, CA and VL have a synergetic effect on the CV and LSV curves. 216 

Fig. 1 217 

3.2 Effects of CA and VL on microstructure and surface morphologies of deposits 218 

To confirm the grain size and phase orientations of deposits, XRD patterns of 219 

Zn-Ni alloys were investigated. It is well known that deposits often contain some 220 
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10 

metastable phases and the phases that are deficient or oversaturated compared with 221 

their counterparts in the equilibrium phase diagram.
34

 As shown in Fig. 2, the 222 

crystalline structure of deposits is observed. In the basic bath, XRD pattern shows an 223 

average grain size of 73.6 nm and two obvious diffraction peaks of γ phase (Ni5Zn21) 224 

with (411) and (721) plane orientations can be observed. With the addition of 15 mg/L 225 

CA, the grain size decreases to 62.1 nm. (721) plane disappears and (444) plane 226 

appears. Moreover, another γ phase (NiZn3) with (1300) plane orientation appears. 227 

Because of the different potentials of these two phases (γ-Ni5Zn21 and γ-NiZn3), the 228 

electrochemical corrosion may occur in corrosive environments.
11

 When only VL is 229 

added to the basic bath, (822) plane appears and the intensity of (411) plane increases. 230 

The average grain size of deposits is 48.5 nm. The more intense peak along (411) 231 

plane in Fig. 2d reveals that the coatings are textured along (411) plane. The deposits 232 

exhibit a crystallite size of 31.3 nm, which means that finer grain with single γ phase 233 

(γ-Ni5Zn21) of deposits can be obtained with the addition of the composite additives. 234 

This behavior proves the synergistic effects of CA and VL. 235 

Fig. 2 236 

In order to identify the effects of CA and VL on the crystalline grain size of Zn-Ni 237 

alloys, the mechanisms of the decrease in grain size are considered. To have finer 238 

grain size, the nucleation should be favored over growth. The overpotential is the 239 

most important factor during the decrease of the grain size, owing to faster nucleation 240 

rate at higher overpotential.
14

 The nucleation rate v can be written as: 241 

v=a exp (-b/η)                            (4) 242 

Where a and b are overpotential-independent parameters, η is the overpotential. 243 

The nucleation law can be expressed as: 244 

N=N0 [1-exp (-vt)]                         (5) 245 
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11 

Where N is the surface density of nuclei and N0 is the respective saturation value. In 246 

order to increase the overpotential, the use of the additives is necessary. Mouanga et 247 

al.
35

 have studied that CA can shift the potentials to more negative direction and 248 

obtain a large overpotential in Zn-Co deposition. We have also found that CA or VL 249 

can increase the overpotential in the investigated bath (shown in Fig. 1b). Thus, 250 

nucleation rate increases and results in the increase of the surface density of nuclei 251 

(Eq. (5)) according to Eq. (4). Therefore, the grain size decreases with the addition of 252 

CA or VL. A larger cathodic polarization of VL compared to CA (Fig. 1b) is observed, 253 

indicating the finer grain of deposits with VL. On the other hand, in the basic bath, the 254 

relative fine grain (< 100 nm) and large cathodic polarization are mainly related to the 255 

strong coordinated action between DMH and Zn
2+

 or Ni
2+

. Therefore, DMH is a 256 

promising complexing agent in Zn-Ni alloy deposition. 257 

The current of 2 A is used in the Hull cell studies, the brightness range of Zn-Ni 258 

alloy coatings obtained from the bath with the addition of composite additives at 259 

various contents of bath composition can be seen in Fig. S1 (in the supporting 260 

information). It is observed that the brightness range of deposits increases with the 261 

increase of DMH content, Na4P2O7·10H2O content and K2CO3 content in the bath, 262 

respectively. However, the bright deposits in the range of 1-10 A/dm
2
 only can be seen 263 

in the appropriate Ni
2+

/(Zn
2+

+Ni
2+

) ratio (0.32) or (Zn
2+

+Ni
2+

) content (100 g/L) (Fig. 264 

S1c-d). Furthermore, the surface morphologies of Zn-Ni alloy coatings deposited 265 

from the bath with additives at various concentrations of the bath composition are 266 

shown in Fig. S2-S6. It is noted that the coarse grains of Zn-Ni alloy coatings are 267 

observed at low DMH content (120 g/L), and the fine and uniform grains can be seen 268 

with the increase of DMH content from 140-160 g/L (Fig. S2). In contrast, The 269 

Na4P2O7·10H2O content has little effect on the surface morphologies of Zn-Ni alloy 270 
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deposits. The fine and uniform grains are observed in the range of 30-50 g/L 271 

Na4P2O7·10H2O content in the bath (Fig. S3). Thus, it is concluded that DMH has a 272 

grain refining effect and acts as the main complexing agent in the bath. This is in 273 

accordance with the XRD results (Fig. 2). The grain size of deposits increases with 274 

the increase of Ni
2+

/(Zn
2+

+Ni
2+

) ratio and (Zn
2+

+Ni
2+

) content, respectively (Fig 275 

S4-S5). However, the grain size of deposits is nearly constant when the K2CO3 276 

content increases from 75 g/L to 115 g/L (Fig. S6). 277 

Bright Zn-Ni alloy coatings can be obtained at 1-10 A·dm
-2

 from the baths with the 278 

addition of 5-25 mg/L CA and 5-25 mg/L VL to the basic bath. Fig. 3 reveals the 279 

surface morphologies of Zn-Ni alloys with different baths by adding nothing or the 280 

additives, respectively. As shown in Fig. 3a, the coatings show rod-like clusters with 281 

an uneven size in the basic bath. With the addition of 15 mg/L CA, the deposits are 282 

composed by some agglomerations (Fig.3b) and some finer grains (triangular pyramid) 283 

can be observed at the boundary of the coarser agglomerations. Furthermore, the 284 

deposits with 15 mg/L VL (Fig. 3c) display the dendritic-like morphologies and the 285 

grain of deposits is uniform and smaller than that of the coatings shown in Fig. 3a and 286 

b. These behaviors indicate that CA or VL can promote the formation of fresh 287 

nucleation sites and hinder the growth of nuclei during deposition, leading to the 288 

refinement of grain size in deposits. However, VL plays a more important role in the 289 

surface morphology and grain size of deposits owing to the preferential adsorption on 290 

the cathode. The results are in accordance with the analysis of the LSV and XRD 291 

curves shown in Fig. 1 and 2. By comparison, when both CA and VL are added in the 292 

bath, a significant decrease of the grain size can be observed and the deposits are 293 

smooth, uniform compact and fine grained without any pores or pinholes at the 294 

surface (Fig. 3d), suggesting the synergetic effects of CA and VL. On the other hand, 295 
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13 

the grain size decreases and the deposits become smoother with the increase of the 296 

concentration of the CA and VL, respectively, (Fig. S7 and Fig. S8). 297 

Fig. 3 298 

The surface properties of Zn-Ni alloys were also studied with AFM measurement. 299 

As seen in Fig. 4, Zn-Ni alloys obtained from the basic bath without additives show a 300 

rough and heterogeneous surface with large crystal grains. While Zn-Ni alloys 301 

obtained from the bath with additives (15 mg/L CA and 15 mg/L VL) exhibit 302 

smoother and more homogeneous surface with smaller crystal grains. Furthermore, 303 

the surface roughness of the bright coatings (Fig. 4b, Rq=17.1 nm, Ra=13.7 nm, 304 

Rmax=112 nm) is much lower than that of the dull coatings (Fig. 4a, Rq=54.4 nm, 305 

Ra=43.1 nm, Rmax=319 nm). According to the section analysis of the surface of 306 

deposits (Fig. S9c), it can also be seen that the bright coatings also have the more 307 

homogeneous surface compared to the dull coatings, indicating that the investigated 308 

Zn-Ni alloy bath exhibits excellent leveling capability with the addition of composite 309 

additives. This can be explained by the fact that the protuberance of the cathode 310 

surface has higher current densities and the additives are adsorbed on these regions 311 

preferentially and inhibit Zn-Ni alloy deposition, resulting in the smaller reduction of 312 

Zn
2+

 and Ni
2+

 on these points. Therefore, the smoother and brighter deposits can be 313 

observed.
11

 As a result, the surface of deposits goes from rough to smooth with the 314 

addition of composite additives due to the inhibition effects of additives during 315 

electroplating. Moreover, the surface roughness of Zn-Ni alloy coatings obtained from 316 

the bath with 15 mg/L CA and 15 mg/L VL is smaller than that of Zn-Ni alloy 317 

coatings obtained from the baths with other concentrations of CA and VL. 318 

Fig. 4 319 

The effects of additives on the appearance of Zn-Ni alloy deposits were 320 
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14 

investigated. Fig. 5 shows the macroscopic images of Zn-Ni alloys obtained from the 321 

bath without and with the composite additives, respectively. When the Zn-Ni deposits 322 

are dull, it is difficult to be used as a replacement for Cd coatings, because the bright 323 

appearance is necessary in the most applications of Cd coatings. Additionally, the 324 

bright Zn-Ni alloys can also be used as the middle layer in decorative purposes and 325 

are benefit for the requirements of the passivation. Therefore, it is necessary to obtain 326 

the Zn-Ni alloy deposits with bright appearance. Fig. 5a and c are obtained from the 327 

basic bath without additives, which shows matt and pale-gray appearance with 328 

relatively rough surface. In contrast, with the addition of the composite additives (15 329 

mg/L CA and 15 mg/L VL), a mirror-like bright appearance of Zn-Ni alloy with 330 

smooth surface is obtained as shown in Fig 5b and d, indicating that the introduced 331 

composite additives can significantly improve the appearance of Zn-Ni alloy surface. 332 

In addition, when only CA is added in the basic bath, the edge of the cathode is 333 

brighter than the center of it. However, the center of the cathode has a more 334 

mirror-like appearance with the addition of VL to the basic bath alone. Therefore, the 335 

combined of these two additives is necessary. 336 

Fig. 5 337 

It can be concluded from the above results that the addition of both CA and VL is 338 

better than that of them alone. CA and VL have a mutual promoted effect in Zn-Ni 339 

alloy deposition. The influence of VL is more pronounced than that of CA on the 340 

grain size of deposits and cathodic polarization through preferential adsorption at the 341 

cathode. The throwing power of the bath with the addition of the composite additives 342 

is 41.7%. 343 

3.3 Effect of the concentration of CA and VL on compositions of Zn-Ni alloys. 344 

Effect of different concentrations of CA and VL on LSV curves are shown in Fig.6a 345 
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and b, respectively. The cathodic polarization increases and the intensity of current 346 

peak decreases with the increase of the concentration of CA or VL from 5 mg/L to 15 347 

mg/L. Fig. 6a shows the relatively larger value of current compared to that displayed 348 

in Fig. 6b, when the potential is in the same. This phenomenon is evidenced by the 349 

stronger inhibition effect of VL than that of CA. In addition, there is little difference 350 

between the curves obtained from the baths with 15 mg/L and 25 mg/L CA or VL, 351 

indicating that it is meaningless to increase the cathodic polarization by further 352 

increasing the concentration of CA or VL (> 15 mg/L). However, larger cathodic 353 

polarization can be observed in the bath with the composite additives (in contrast to 354 

Fig. 1d''). The results prove the fact that the use of the composite additives is a more 355 

effective way to obtain the bright Zn-Ni alloys than VL and CA can do individually. 356 

Fig. 6 357 

Fig. 7 reveals the effect of the concentration of CA and VL on Ni content and 358 

current efficiency from the bath with 15 mg/L VL and 15 mg/L CA, respectively. Ni 359 

content has little change at first and significantly decreases to 12.95 wt.% with the 360 

increase of CA from 0 to 25 mg/L. While Ni content of deposits first decreases then 361 

attains an average constant value of about 13.4 wt.% by increasing VL from 0 to 25 362 

mg/L. These behaviors are due to the inhibition effects of CA and VL on the cathode. 363 

The reduction of Zn
2+ 

and Ni
2+

 is inhibited by the barrier formed by CA or VL and the 364 

barrier is more difficult to pass through for Ni
2+

 than Zn
2+

, resulting in the decrease of 365 

Ni content in deposits. The different tendency of Ni content caused by CA and VL can 366 

be evidenced by Fig. S10. When CA is in the range of 0 ~ 10 mg/L, there is little 367 

effect on the cathodic and anodic current. However, the current of cathodic and anodic 368 

scan decreases rapidly with the increase of CA from 10 ~ 20 mg/L. The behavior of 369 

CV curves is in accordance with the tendency of Ni content in deposits. In 370 

Page 15 of 41 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

correspondence, Ni content in deposits can also make a difference to the structure of 371 

deposits, resulting in the different voltammetric responces of CV curves.
31

 Similarly, 372 

VL also has the same behavior. On the other hand, the current efficiency is over 85%, 373 

when the concentration of CA and VL is 15 mg/L and 15 mg/L, respectively. The 374 

current efficiency sharply decreases by about 10% with the increase of CA and VL 375 

from 0 mg/L to 25 mg/L, respectively. It is well known that the content of each metal 376 

in deposits is related to the partial current density induced by each discharge reaction 377 

in the case of alloy deposition.
36

 The more sites of the cathode will be covered with 378 

the additives by increasing the concentration of CA or VL. Thus, the cathode 379 

polarization increases, leading to the decrease of the partial current density of Zn
2+

 380 

and Ni
2+

. As a result, the current efficiency decreases. In addition, the increase in 381 

viscosity of the bath is also a reason for the decrease of the current efficiency. The 382 

mass transport of Zn
2+

 and Ni
2+

 from bulk solution to the interface of the cathode and 383 

the solution is reduced, which decreases the deposition current density of Zn
2+

 and 384 

Ni
2+

, consequently, decreases the current efficiency. A slight increase of current 385 

efficiency with 5 mg/L VL may be associated with the competition of VL and 386 

hydrogen for the active sites at the cathode, inhibiting the hydrogen evolution reaction. 387 

Pedroza et al
37

 obtained the similar result with the addition of glycerol. 388 

Fig. 7 389 

In order to analysis the relationship between the concentration of CA or VL and the 390 

structure of deposits. X-ray diffraction patterns of deposits were studied. As seen in 391 

Fig. 8a. The deposits are consisted of γ phase. In addition to the γ phase with (1300) 392 

plane orientation is γ-NiZn3, the rest γ phases are γ-Ni5Zn21. When CA increases from 393 

5 mg/L to 15 mg/L, the intensity of γ phase with (411) plane orientation is larger than 394 

that of other peaks, indicating that the coatings have well preferred orientation along 395 
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(411) plane. However, the reflection corresponding to (411) plane is highly 396 

suppressed and the preferred orientation alters to (1300) plane with the increase of 397 

concentration of CA to 25 mg/L. Furthermore, γ phase with (444) plane orientation 398 

becomes obvious, indicating the large influence of the concentration of CA on the 399 

structure of Zn-Ni alloys. As seen in Fig. 8b, the concentration of VL has little effect 400 

on the structure of Zn-Ni alloys, the γ phase with (411) plane orientation plays a 401 

dominant role in deposits with the increase of concentration of VL from 5 to 25 mg/L. 402 

Also, the deposits with single phase can exhibit better corrosion resistance.
5
 Therefore, 403 

it is concluded that CA has a more prominent effect on the structure of Zn-Ni alloys 404 

compared to VL. 405 

The average grain size of deposits decreases from 43.9 nm to 27.6 nm in Fig. 8a 406 

and from 51.3 nm to 24.4 nm in Fig. 8b, indicating the grain refine effect with the 407 

increase of the concentration of CA or VL. The results show in good agreement with 408 

the analysis displayed in Fig. S7 and Fig. S8. 409 

Fig. 8 410 

3.4 Effect of the composite additives on mechanical performance of Zn-Ni alloys 411 

Fig. 9 shows the effect of additives on the hardness distribution of Zn-Ni alloys. It 412 

is noted that the hardness of Zn-Ni alloys with and without additives is 3.55 GPa and 413 

4.59 GPa, respectively, while the penetration depth is 1000 nm. Based on our previous 414 

studies,
6
 the hardness of deposits is mainly dependent on Ni content and increases 415 

with the increase of Ni content in deposits. As shown in Fig. 7, Ni content decreases 416 

with the increase of additives. Thus, the hardness of deposits decreases when the 417 

composite additives are added in the basic bath. Even so, the hardness of deposits 418 

obtained with additives (about 424 HV100) is significantly higher compared to other 419 

nanosrystalline Zn-Ni alloys (about 410 HV25) obtained in general alkaline bath.
14

 420 
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Fig. 9 421 

Tribological properties of Zn-Ni alloys were studied by friction coefficient. The 422 

plots of friction coefficient values with the sliding distance on the surface of Zn-Ni 423 

alloys obtained from the bath with and without additives are shown in Fig. 10. It is 424 

clear that the friction coefficient first increases and then attains the value in the range 425 

of 0.55 ~ 0.65. The values of the friction coefficient are relatively unstable, when no 426 

additives are added in the bath. With the addition of the additives (15 mg/L CA and 15 427 

mg/L VL), the friction coefficient remains a low value of 0.06 at the first stage of 428 

wear, which is related to the mirror-like bright and smooth surface of the coatings. It 429 

has been proved that the bright surface appearance and smooth morphology of 430 

deposits can lead to the decrease in friction behavior.
22

 Therefore, the low value of 431 

friction coefficient is observed at the beginning of the wear test. When the friction 432 

track appears, the debris and scratches appear and the surface of deposits becomes 433 

relatively rough. This is accompanied by increasing the friction coefficient to 0.51. 434 

Compared to the curves obtained from the bath without additives, the steady state 435 

value of friction coefficient for coatings obtained with additives is lower and more 436 

stable. This behavior is mainly due to the decrease of Ni content in deposits. 437 

According to the results before, the smoother surface morphology and finer grain size 438 

of deposits with lower Ni content are observed with the composite additives. The 439 

analysis indicates that the bright coatings with low Ni content can decrease the 440 

friction coefficient of deposits. Similar results were also reported for Ni-Co alloy with 441 

decreased Ni content and reduced friction coefficient value by Lokhande et al.
29

 442 

Generally speaking, under a certain load, the lower friction coefficient and smoother 443 

appearance can result in the better wear resistance.
22

 Thus, it can be concluded that 444 

the coatings obtained from the bath with composite additives exhibit excellent friction 445 
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reduction effect than the coatings obtained from the bath without additives at the same 446 

wear conditions. 447 

Fig. 10 448 

3.5 The oxidation states of Zn and Ni in deposits 449 

To remove any oxidation products and surface impurities (mainly carbon), the 450 

surface of Zn-Ni alloys was sputtered with Ar
+
 ions. Fig. 11 shows the spectra of the 451 

original surface and a 10.0 nm depth of Zn-Ni alloys, respectively. The survey scan is 452 

taken over in a wide binding energy region from 1.2-1350 eV. It shows the presence 453 

of zinc, nickel, carbon and oxygen. After a 10.0 nm depth of Ar
+
 sputtering, zinc and 454 

nickel dominate in the coatings. Moreover, nitrogen can also be found in deposits as 455 

seen in Fig. 11b. The binding energy of the C1s peak at 284.6 eV is employed as an 456 

internal standard. 457 

The difference in binding energy between Zn
2+

 and metallic zinc is very small (0.1 458 

eV). Thus, it is difficult to distinguish whether the zinc occurs at the (0) or (2+) 459 

oxidation state. Therefore, the O1s spectrum can be used to determine the metallic 460 

zinc and oxidized zinc. As displayed in Fig. 11e, two distinct peaks are found at the 461 

binding energy of 531.5 and 529.9 eV in the original surface. The high binding energy 462 

peak can be related to hydrogen-bonded oxygen, while the lower binding energy peak 463 

indicates the presence of the metal-bonded oxygen.
38

 The hydrogen-bonded oxygen 464 

is mainly due to the adsorption of additives on Zn-Ni alloy surface. Fig. 11d shows 465 

that Ni exists in the form of metallic nickel at 852.8 eV and 870.0 eV on the surface 466 

and a 10.0 nm depth of Zn-Ni alloys,
39,40

 respectively. Thus, the metal-bonded 467 

oxygen proves the presence of oxidized zinc on the surface of Zn-Ni alloys. After a 468 

10.0 nm depth of sputtering (Fig. 11f), only the binding energy of 531.5 eV appears in 469 

O1s spectrum, indicating that the presence of oxygen is related to the inclusion of 470 
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additives in the bulk of deposits. Therefore, only metallic zinc and nickel remains in 471 

the bulk Zn-Ni alloys after Ar
+
 sputtering. The difference of the binding energy of 472 

Zn2p in the original surface and a 10.0 nm depth of Zn-Ni alloys also confirms the 473 

above analysis. Some researchers
41

 have found the oxidized zinc species in the bulk 474 

of Zn-Ni alloy deposits. This can be explained by the low current efficiency (about 475 

40%) of the electrodeposition. The low current efficiency results in the large 476 

alkalization of the solution and causes the formation of oxidized zinc. When the 477 

current efficiency is over 80%, only metallic zinc occurs in deposits. In our 478 

investigation, the current efficiency is over 85% in the deposition and the zinc 479 

complexes are stable in the alkaline bath. It has been mentioned that DMH has large 480 

stability constants with Zn
2+

 and Ni
2+

.
20

 Moreover, the strong coordinated action 481 

between DMH and Zn
2+

 or Ni
2+

 is observed during electrodepositing, which is 482 

evidenced by the relative fine grain size in the basic bath (Fig. 2a). Therefore, only 483 

metallic zinc can be found in the bulk of Zn-Ni alloys. In addition, the presence of 484 

nitrogen on the surface is due to the fact that DMH is easy to adsorb at the cathode.
18

 485 

After sputtering, the presence of nitrogen is obvious, indicating that a small quantity 486 

of DMH can be found in the bulk of Zn-Ni alloys. Ni content on the surface and a 487 

10.0 nm depth of Zn-Ni alloys is 12.97 wt.% and 13.41 wt.%, respectively, indicating 488 

the well-distribution of nickel content in the direction of cross section. 489 

Fig. 11 490 

3.6 Effect of composite additives on the corrosion resistance of Zn-Ni alloys 491 

Zn-Ni alloys are the anodic coatings (the corrosion potential of the coatings is more 492 

negative compared to the substrate (steel)). The porosity of Zn-Ni coatings has little 493 

effect on the corrosion behaviors of the substrate. This can be explained by the fact 494 

that when the two metals (Zn-Ni alloy coatings and steel) form a bimetallic corrosion 495 
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cell through the porosity, Zn-Ni alloys will be corroded preferentially compared to the 496 

steel owing to the more negative corrosion potential of Zn-Ni alloys than that of the 497 

steel. Furthermore, the thickness of Zn-Ni alloy coatings is 15.82 µm after 498 

electrodepositing for 30 min. The porosity of the coatings decreases rapidly with the 499 

increase of the thickness of deposits,
42

 resulting in the less contact between the Zn-Ni 500 

alloy coatings and the substrate. Thus, the corrosion decreases. The potential of 3 µm 501 

Zn-Ni alloy coatings remains nearly constant for 24 h in 3.5% NaCl solution at 25 °C. 502 

In contrast, the potentials of 6 µm and 15 µm thickness coatings remain constant for 503 

96 h (Fig. S11). The analysis approves the above result that the porosity of the Zn-Ni 504 

coatings has little effect on the corrosion behaviors of the substrate. 505 

Tafel plot is an important technique to determine the corrosion resistance of 506 

deposits. Fig. 12 shows the Tafel plots of Zn-Ni alloys obtained in the absence and 507 

presence of additives in a 3.5% NaCl solution. The electrochemical parameters (Ecorr, 508 

icorr, βc, βα) of deposits are summarized in Table 1. The corrosion potentials of these 509 

two Zn-Ni alloy deposits from corrosion experiments are more negative than that of 510 

steel product. This means that Zn-Ni alloy coatings can sacrificially protect the steel. 511 

Also, the bright coatings show more positive potential Ecorr and lower icorr values than 512 

the dull coatings, indicating the improvement in the corrosion resistance of the bright 513 

coatings. It is known that the corrosion resistance of Zn-Ni alloys is mainly related to 514 

the Ni content in deposits and the highest corrosion resistance is achieved when Ni 515 

content in deposits is about 13%.
43

 When the composite additives are added in the 516 

basic bath, the adsorbed additives suppress the reduction of Ni
2+

 and the Ni content 517 

decreases from 15.16% to 13.42%. Thus, the enhanced corrosion protection of Zn-Ni 518 

alloys is achieved due to the additives. In addition, the higher binding energy of atoms 519 

is observed in the bright coatings compared to the dull coatings due to the large 520 
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available numbers of nearest neighboring atoms in the bright coatings. When the 521 

metal atoms are at the grain boundaries, they are more easily to be corroded due to the 522 

higher activity of the atoms. The volume fraction of the grain boundaries increases 523 

with the decrease of the grain size. Thus, the bright coatings exhibit better corrosion 524 

resistance compared to the dull coatings. Furthermore, the corrosion product layers on 525 

Zn-Ni alloys mainly consisted of ZnCl2·4Zn(OH)2 and ZnO
44,45

 are formed in NaCl 526 

medium during corrosion. The bright coatings are characterized by the finer grains, 527 

resulting in an increase of the number of the active atoms on the surface and this 528 

behavior will accelerate the formation of protective corrosion product layer. As a 529 

result, the enhanced stability of the dense and complete corrosion product forms on 530 

the surface of bright coatings during the corrosion. Therefore, better corrosion 531 

resistance of the bright coatings can be obtained from the bath with additives 532 

compared to the dull coatings obtained from the bath without additives. 533 

Fig. 12 534 

Table. 1 535 

4. Conclusions 536 

A novel alkaline bath is proposed to replace the cyanide bath in Zn-Ni alloy 537 

coatings. Coumarin (CA) and vanillin (VL) were employed as the composite additives. 538 

The results indicate that in addition to complexing, DMH has a second role in the 539 

electrolyte, which is grain refining. Only one cathodic peak is associated with Zn-Ni 540 

alloy deposition, indicating a single step two-electron transfer process of Zn
2+

 and 541 

Ni
2+

. The presence of CA and VL has a strong effect on the properties of Zn-Ni alloys. 542 

The reduction of Zn
2+

 and Ni
2+

 is inhibited by the adsorption of CA and VL on the 543 

cathode surface and the inhibition action of VL is more pronounced than that of CA 544 

through preferential adsorption. Thus, VL is a main brightening agent in the bath. A 545 
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mirror-like bright Zn-Ni alloy deposit with smooth, compact morphology and 546 

excellent leveling capability can be obtained from the bath with the composite 547 

additives. The grain size, Ni content and current efficiency decrease with the increase 548 

of the concentration of CA or VL. This is due to the increase in the overpotential by 549 

the inhibition of additives. Compared to VL, CA has a more prominent effect on the 550 

structure of Zn-Ni alloys and can be considered as a brightening promoter. 551 

The hardness of the bright coatings is lower than that of the dull coatings. This is 552 

related to Ni content in deposits. Even so, the hardness of the bright deposits (about 553 

424 HV100) is significant higher than that of other nanocrystalline Zn-Ni alloys (about 554 

410 HV25) obtained in general alkaline bath. The friction coefficient of the bright 555 

coatings with lower Ni content and smoother surface is lower and more stable 556 

compared to the dull deposits, indicating more excellent friction-reduction behavior 557 

and better anti-wear performance. Oxidized zinc and the adsorbed additives exist on 558 

the surface of Zn-Ni alloy deposits. While no oxidized zinc occurs in the bulk of 559 

deposits. The bright coatings exhibit much higher corrosion resistance than the dull 560 

coatings. This is mainly due to the proper Ni content (about 13 wt.%) and higher 561 

binding energy of atoms in bright deposits. Furthermore, the enhanced stability of 562 

corrosion product layers of the bright coatings can also increase the corrosion 563 

resistance. 564 

CA and VL have a synergistic effect on the properties of deposits. The addition of 565 

the composite additives is a quite effective way to significantly improve the properties 566 

of Zn-Ni alloy deposits. Therefore, the investigated alkaline bath is innovative, simple, 567 

environmental friendly and can be used as a promising alternative to cyanide Zn-Ni 568 

alloy bath. 569 
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Figure caption: 574 

Fig. 1 CV and LSV curves of Zn-Ni alloys on Pt electrode obtained from a') and a'') 575 

basic bath, b') and b'') basic bath with 15 mg/L CA, c') and c'') basic bath with 15 576 

mg/L VL, d') and d'') basic bath with 15 mg/L CA and 15 mg/L VL. 577 

Fig. 2 XRD patterns of Zn-Ni alloys electrodeposited from different baths: a) basic 578 

bath, b) basic bath with 15 mg/L CA, c) basic bath with 15 mg/L VL, d) basic bath 579 

with 15 mg/L CA and 15 mg/L VL. 580 

Fig. 3 SEM images of Zn-Ni alloys deposited from different baths: a) basic bath, b) 581 

basic bath with 15 mg/L CA, c) basic bath with 15 mg/L VL, d) basic bath with 15 582 

mg/L CA and 15 mg/L VL. 583 

Fig. 4 AFM topographic images of Zn-Ni alloy coatings obtained from different baths, 584 

a) without additives, b) with additives (15 mg/L CA and 15 mg/L VL). 585 

Fig. 5 Macroscopic images of Zn-Ni alloy coatings obtained from different baths, a) 586 

and c) without additives, b) and d) with additives (15 mg/L CA and 15 mg/L VL). 587 

Fig. 6 Effects of different concentrations of: a) CA and b) VL on LSV curves. 588 

Fig. 7 Effects of the concentration of: a) CA on Ni content and current efficiency of 589 

deposits obtained from the basic bath with 15 mg/L VL, and b) VL on Ni content and 590 

current efficiency obtained from the basic bath with 15 mg/L CA. 591 

Fig. 8 XRD patterns of Zn-Ni alloys deposited from basic baths containing: a) 592 

different concentrations of CA with 15 mg/L VL, and b) different concentrations of 593 

VL with 15 mg/L CA. 594 

Fig. 9 Effect of the composite additives (15 mg/L CA and 15 mg/L VL) on the 595 

hardness distribution of Zn-Ni alloy coatings. 596 

Fig. 10 Variation of the friction coefficient of the Zn-Ni alloys with (15 mg/L CA and 597 

15 mg/L VL) additives and without additives as a function of sliding distance. 598 
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Fig. 11 XPS spectra of the original surface and a 10.0 nm depth of Zn-Ni alloy 599 

deposits electrodeposited from the bath with composite additives: a) XPS general 600 

spectra of the Zn-Ni alloys, b) high resolution peaks of N1s. c) high resolution peaks 601 

of Zn2p, d) high resolution peaks of Ni2p, e) high resolution peaks of O1s from the 602 

original Zn-Ni alloy surface, f) high resolution peaks of O1s after a 10.0 nm etching 603 

of the original Zn-Ni alloy surface. 604 

Fig. 12 Polarization curves of Zn-Ni alloys obtained from the baths: a) with additives 605 

(bright coating), b) without additives (dull coating).606 
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Tables 607 

Table 1 608 

The electrochemical parameters (Ecorr, icorr, βc, βα) of deposits samples in a 3.5 wt.% 609 

NaCl solution. 610 

Coatings Ecorr vs SCE /V icorr/µA·cm
-2

 βc/mV dec
-1

 βα/mV dec
-1

 

Bright coating -0.801 37.15 228.62 63.53 

Dull coating -0.850 50.99 243.78 102.75 

Steel -0.475 21.10 204.08 40.39 

 611 

Page 29 of 41 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Fig. 1 CV and LSV curves of Zn-Ni alloys on Pt electrode obtained from a') and a'') basic bath, b') and b'') 
basic bath with 15 mg/L CA, c') and c'') basic bath with 15 mg/L VL, d') and d'') basic bath with 15 mg/L CA 

and 15 mg/L VL.  

63x23mm (300 x 300 DPI)  
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Fig. 2 XRD patterns of Zn-Ni alloys electrodeposited from different baths: a) basic bath, b) basic bath with 
15 mg/L CA, c) basic bath with 15 mg/L VL, d) basic bath with 15 mg/L CA and 15 mg/L VL.  

127x95mm (300 x 300 DPI)  
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Fig. 3 SEM images of Zn-Ni alloys deposited from different baths: a) basic bath, b) basic bath with 15 mg/L 
CA, c) basic bath with 15 mg/L VL, d) basic bath with 15 mg/L CA and 15 mg/L VL.  

124x100mm (300 x 300 DPI)  
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Fig. 4 AFM topographic images of Zn-Ni alloy coatings obtained from different baths, a) without additives, b) 
with additives (15 mg/L CA and 15 mg/L VL).  

49x16mm (300 x 300 DPI)  
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5 Macroscopic images of Zn-Ni alloy coatings obtained from different baths, a) and c) without additives, b) 
and d) with additives (15 mg/L CA and 15 mg/L VL).  
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Fig. 6 Effects of different concentrations of: a) CA and b) VL on LSV curves.  
63x23mm (300 x 300 DPI)  
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Fig. 7 Effects of the concentration of: a) CA on Ni content and current efficiency of deposits obtained from 
the basic bath with 15 mg/L VL, and b) VL on Ni content and current efficiency obtained from the basic bath 

with 15 mg/L CA.  
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Fig. 8 XRD patterns of Zn-Ni alloys deposited from basic baths containing: a) different concentrations of CA 
with 15 mg/L VL, and b) different concentrations of VL with 15 mg/L CA.  
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Fig. 9 Effect of the composite additives (15 mg/L CA and 15 mg/L VL) on the hardness distribution of Zn-Ni 
alloy coatings.  
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Fig. 10 Variation of the friction coefficient of the Zn-Ni alloys with (15 mg/L CA and 15 mg/L VL) additives 
and without additives as a function of sliding distance.  

127x95mm (300 x 300 DPI)  
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Fig. 11 XPS spectra of the original surface and a 10.0 nm depth of Zn-Ni alloy deposits electrodeposited 
from the bath with composite additives: a) XPS general spectra of the Zn-Ni alloys, b) high resolution peaks 
of N1s. c) high resolution peaks of Zn2p, d) high resolution peaks of Ni2p, e) high resolution peaks of O1s 

from the original Zn-Ni alloy surface, f) high resolution peaks of O1s after a 10.0 nm etching of the original 
Zn-Ni alloy surface.  
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Fig. 12 Polarization curves of Zn-Ni alloys obtained from the baths: a) with additives (bright coating), b) 
without additives (dull coating).  
127x95mm (300 x 300 DPI)  
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