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Abstract: The potentiostatic electrodeposition of Zn−Ni−Mn was carried out in an alkaline solution with the addition of 
Mn salt. The effects of electrolyte Mn2+ concentration and deposition potential on the surface morphology, phase 
structure and corrosion behavior of coatings were studied. The results of corrosion polarization showed that the 
presence of higher Mn content in Zn−Ni−Mn coatings could lead to the formation of a good passive layer with a 7-fold 
increase in Rp of coating and a significant decrease in the corrosion current density compared to those of Zn−Ni coating. 
The XRD and the XPS analyses from the surface of Zn−Ni−Mn after corrosion test showed that the passive layer was 
composed of zinc hydroxide chloride, zinc oxide, zinc hydroxide carbonate, and manganese oxides. 
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1 Introduction 
 

Zinc-based coatings have been found many 
applications in industry as sacrificial anodes to 
protect steel components. The high dissolution rate 
of pure zinc in corrosive media is the main 
drawback of these coatings [1−3]. In order to 
overcome this problem, various alloying elements 
have been added to improve the corrosion 
resistance of Zn. The incorporation of alloying 
elements such as Fe, Co and Ni in the structure of 
zinc coatings shifts the corrosion potential to nobler 
values and also reduces the corrosion current 
density. Among these alloys, Zn−Ni, due to its good 
corrosion and mechanical properties, has attracted 
great attention in recent years as a potential 
substitute for Cd [4−10]. Zn−Ni coatings provide 
better corrosion protection than zinc, and the 
corrosion mechanism consists of sacrificial 
dissolution of zinc in the corrosive media and 

formation of low soluble corrosion products on the 
surface of the coating. Zn−Ni coatings deposited in 
alkaline baths show better quality of element 
distribution and morphological uniformity 
compared with those deposited in acidic 
electrolytes [11,12]. Zn−Ni coatings with 
12−15 wt.% Ni show the highest corrosion 
protection while in coatings with higher Ni content, 
the sacrificial properties of deposits are decreased 
[13]. Furthermore, according to various literatures, 
the addition of a third alloying element such as Cd, 
Fe, Co and P or a ceramic reinforcement such as  
Al2O3 and carbon nano-tube can effectively  
improve the corrosion resistance of the Zn−Ni 
deposits [9,14−20]. 

Zn−Mn alloy coatings are also known to show 
high corrosion protection. The equilibrium potential 
of Mn/Mn2+is less noble than that of Zn/Zn2+ and 
Ni/Ni2+. Thus, the protection mechanism in this 
alloy is different from other Zn alloy coatings.  
The double-protection mechanism proposed by 
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BOSHKOV et al [21] begins with the sacrificial 
dissolution of less noble Mn in the corrosive media 
and the subsequent increase in pH of the solution at 
the surface of the coatings [22]. This enhances the 
formation of a compact and thick protective   
layer [23]. Moreover, the addition of Mn as a third 
alloying element to Zn−Ni and Zn−Mo coatings 
significantly enhances the corrosion protection of 
these coatings by the formation of a more corrosion 
resistant passive layer [24,25]. The successful 
electrodeposition of Zn−Ni−Mn coatings from 
acidic sulfate and sulfate−citrate electrolytes has 
been reported [25−27]. The electrodeposition of this 
alloy coating in alkaline electrolytes has not been 
reported in the literature to the best of our 
knowledge. 

The purpose of this work was to study the 
feasibility of Mn co-deposition with Zn and Ni 
from an alkaline Zn−Ni electrolyte, and to 
investigate the effect of various amounts of Mn on 
the corrosion protection of Zn−Ni−Mn coatings. 
The effect of adding various amounts of Mn 
additive to Zn−Ni deposition electrolytes on the 
electrodeposition behavior was investigated by 
cyclic and linear sweep voltammetry techniques. 
Zn−Ni−Mn alloy coatings were deposited 
potentiostatically. Scanning electron microscopy 
(SEM) was used to investigate the surface 
morphology of samples. Energy dispersive 
spectroscopy (EDS) and X-ray fluorescence (XRF) 
were used to identify the changes in the chemical 
composition of coatings. XRF was also used to 
measure the thickness of coatings. X-ray diffraction 
(XRD) was used to characterize the phase structure 
and crystallite size of the coatings. Moreover, 
anodic polarization was used to study the effect of 
addition of various amounts of Mn on the corrosion 
behavior of coatings in NaCl solution. X-ray 
photoelectron spectroscopy (XPS) and XRD were 
used to determine the chemical composition of the 
corrosion products formed on the surface of Zn−Ni 
and Zn−Ni−Mn samples after corrosion tests. 
 
2 Experimental 
 
2.1 Preparation of electrodeposition solution 

The Zn−Ni alkaline electrodeposition solution 
composed of NaOH, ZnO, ethylenediamine (ED), 
triethanolamine (TEA) and Ni additive (5 vol.% ED,  
10 vol.% TEA, and 360 g/L NiSO4) was used as a 

base solution. In order to investigate the effect of 
Mn addition, MnSO4 was added to the base solution. 
The addition of MnSO4 to the transparent base 
solution (in the absence of Ni additive) changed the 
color to pink due to the formation of manganese 
hydroxide particles. Subsequently, white manganese 
oxide precipitates were formed at the bottom of the 
glass container. In order to avoid this reaction, Mn 
was complexed with sodium gluconate in another 
container and the resulting solution was added to 
the base solution as Mn additive. The choice of 
sodium gluconate as an additive was made because 
it has been successfully used as Mn- complexing 
agent in the high pH range [28]. A solution of Mn 
additive was made by dissolving 0.53 mol/L 
MnSO4 and 0.64 mol/L sodium gluconate in 
deionized water. In order to elucidate the effect of 
Mn concentration on the deposition of Zn−Ni−Mn 
alloy coatings, 100 mL Zn−Ni electroplating 
solution with various Mn2+ concentrations (0.57, 
1.14, 1.71 and 2.28 µmol/L) was prepared. 
However, adding more than 2.28 µmol/L Mn2+ to 
the base solution led to the formation of dark brown 
Mn oxide particles in the solution. The continuous 
variation in color of the solutions, containing 
different amounts of Mn, from red to dark brown 
with time corresponds to the change in the 
oxidation state of Mn complexes in NaOH solution. 
Thus, Zn−Ni−Mn solutions were left unstirred for  
5 h in order for them to stabilize prior to 
electrodeposition. A sample coding pattern on the 
basis of the concentration of Mn2+ in the electrolyte 
and electrodeposition potential used in this work is 
given in Table 1 (e.g., sample A-1 means the sample 
electrodeposited in 0.19 µmol/L Mn2+ containing 
electrolyte (bath A) at −1780 mV (vs Ag/AgCl) 
potential). 
 
Table 1 Sample coding system based on Mn2+ 

concentration in electrolyte and electrodeposition 

potential 

Code
Mn2+  

concentration/ 
(µmolꞏL−1) 

Code 
Electrodepositon  

potential 
(vs Ag/AgCl)/mV 

A 0.19 1 −1780 

B 0.57 2 −1820 

C 1.14 3 −1860 

D 1.71 4 −1900 

E 2.28 5 −1940 
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2.2 Electrochemical analyses 
All the electrochemical measurements were 

carried out using Amel 2551 Potentiostat/ 
Galvanostat and a saturated Ag/AgCl electrode as a 
reference electrode. Pt wire was used as the counter 
electrode in cyclic voltammetry, linear sweep 
voltammetry, and corrosion measurements, whereas 
Ni mesh was used as the counter electrode in 
electrodeposition. In order to study the 
electrochemical reactions involved in Zn−Ni−Mn 
alloy deposition, cyclic voltammetry (CV) was 
carried out on a glassy carbon electrode as the 
working electrode in a solution containing      
1.71 µmol/L Mn2+. The potential sweep was from  
0 to −2 V at a scan rate of 10 mV/s. Cathodic  
linear sweep voltammetry of steel samples with 
0.01 mV/s scan rate was employed to study the 
effect of various concentrations of Mn additive on 
the electrochemical behavior of alloy deposition. 
Prior to electrodeposition, 1.5 cm × 2 cm mild steel 
sheets were polished with emery paper to 1200 grit 
and sonicated in acetone for 10 min. Then, all 
samples were etched in 35% HCl and rinsed in 
deionized water. The Zn−Ni−Mn alloy coating was 
electrodeposited potentiostatically on 1.5 cm2 
exposed area of the substrate and the remaining area 
was masked by Kapton tape. In order to study the 
corrosion behavior of coatings, anodic polarization 
measurements were performed in aerated 3.5 wt.% 
NaCl solution at the room temperature. Samples 
with 1 cm2 in exposed surface area and 12 µm in 
thickness were used for corrosion analysis. All 
samples were stabilized in the NaCl solution for  
30 min prior to each measurement. The potential 
sweep was carried out at ±500 mV of open circuit 
potential (φOCP) with 1 mV/s. 
 
2.3 Coating characterization 

Zeiss EVO 50 EP scanning electron 
microscopy (SEM) was used to observe the effects 
of Mn concentration and electrodeposition potential 
on the surface morphology of coatings. Energy 
dispersive spectroscopy (EDS, Oxford Instrument, 
INCA Energy 200) and X-ray fluorescence (XRF, 
Fischerscope X-ray XAN) measurements were used 
to determine the chemical composition of coatings. 
The thickness of coatings was also measured by 
XRF. The phase structure of coatings was 
characterized by X-ray diffraction (XRD, Philips- 
PW 1830) using Cu Kα radiation (λ=1.5405 Å). A 

method suggested by Wilson and Rogers was 
applied to determining the preferred orientation of 
electrodeposited coatings, and the Williamson−Hall 
method was used to measure the crystallite size of 
coatings. The crystallite size was estimated 
according to the modified Scherrer formula: 

 
Bhklꞏcos θ=0.9λ/D+Cꞏεꞏsin θ                 (1) 

 
where Bhkl is the full width at the half maximum of 
the XRD peaks, D is the crystallite size, θ is the 
Bragg angle, and ε is the lattice strain. The 
crystallite size was extracted from the intercept   
of Williamson−Hall plot (Bhklꞏcos θ vs Cꞏsin θ  
plot) [29,30]. 

The chemical composition of the surface of 
Zn−Ni and Zn−Ni−Mn alloy coatings after 
corrosion test was determined via the XRD and  
the X-ray photoelectron spectroscopy (XPS, 
SPECS PHOIBOS 150 analyzer). The XPS spectra 
were obtained using Kα radiation (1486.6 eV). 

Moreover, in order to study the protective 
properties of the coatings, neutral salt spray test was 
carried out according to ASTM B 117, using 5 wt.% 
NaCl solution. 
 
3 Results and discussion 
 

A solution with a high concentration of Mn2+ 
was chosen for cyclic voltammetry. Figure 1 shows 
the CV of a glassy carbon electrode in a bath 
containing 1.71 µmol/L Mn2+. In the negative scan, 
two current peaks are evident; the first one c1 at 
−0.46 V (vs Ag/AgCl) can be attributed to Ni2+ 
reduction which is close to Ni/Ni2+ equilibrium 
potential, and the second one c2 at −1.62 V 
corresponds to Zn2+ reduction. The parasitic 
reaction of hydrogen evolution occurs 
simultaneously with Zn reduction and drastically 
increases the cathodic current density. This also 
masks peaks related to the reduction of Mn ions. 
Afterwards, a crossover loop is observed in the 
positive direction scan suggesting a nucleation 
process. Several oxidation peaks are observed 
during the positive scan, from −1.3 to −0.6 V, 
corresponding to the dissolution of metals from 
different phases in the coating. Peaks a1 and a2 at 
potentials of −1.25 and −1.03 V can be related to Zn 
dissolution from η and γ phases of Zn−Ni, while 
anodic peak a3 represents the dissolution of Ni from 
the coating [11,31,32]. 
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Fig. 1 Cyclic voltammogram of glassy carbon electrode 

in bath containing 1.71 µmol/L Mn2+ (scan rate 10 mV/s) 

 
The effect of Mn additive concentration on 

linear sweep voltammetry of steel electrode is 
illustrated in Fig. 2. Due to steel corrosion at more 
positive potentials, voltammetry was carried out 
from −0.9 to −2 V. Compared to glassy carbon 
electrode, Zn2+ reduction occurs at more positive 
potential. This can be attributed to higher 
over-potential of Zn deposition on the surface of the 
glassy carbon. It is obvious from Fig. 2 that adding 
the higher concentration of Mn to the solution 
reduces the cathodic current density in potentials 
more negative than −1.8 V. 
 

 

Fig. 2 Effect of Mn ion concentration in electrolyte on 

linear sweep voltammogram of medium steel electrode 

(scan rate 0.01 mV/s) 

 
The electrodeposition potential range from 

−1780 to −1940 mV (vs Ag/AgCl) was chosen 
based on cyclic voltammetry results in order to 
study the effect of potential on microstructure, 
chemical composition and phase structure of the 

coatings. In order to ensure the presence of a high 
concentration of Mn ions, a bath containing    
2.28 µmol/L Mn2+ was used. Initially, some test 
samples were deposited in more positive potentials 
(from −1570 to −1740 mV), but XRF did not show 
any amount of Mn in the coatings deposited in this 
particular potential range. 

It is clear from the XRF results (Fig. 3(a)) that 
by increasing the potential to more negative values 
in solutions containing 2.28 µmol/L Mn2+ ions, the 
Mn content of coatings increased significantly from     
2.72 wt.% at −1780 mV to 11.6 wt.% at −1940 mV 
while Ni content decreased from 13.8 to 7.7 wt.%. 
A similar trend can be seen for increasing the Mn2+ 
ions concentration in the electrolyte from 0.19 to 
2.28 µmol/L (Fig. 3(b)). A-3 sample was composed 
of less than 1 wt.% Mn and 15.9 wt.% Ni, and E-3 
was composed of 9.69 wt.% Mn and 9.41 wt.% Ni. 
However, the highest Mn content was achieved in 
E-5 sample (11.6 wt.% Mn and 7.7 wt.% Ni). 
 

 
Fig. 3 Ni and Mn contents of coatings electrodeposited 

in 2.28 µmol/L Mn2+ electrolyte at various potentials (a) 

and coatings electrodeposited at −1860 mV in 

electrolytes containing various concentrations of    

Mn2+ (b) 
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The influence of electrolyte composition and 
electrodeposition potential on the surface 
morphology of coatings is shown in Fig. 4. 
Increasing the Mn concentration significantly 
affects the surface morphology. In Fig. 4(a), various 
non-closed U-shaped morphologies ranging from 
25 to 45 µm on the surface of C-3 coating can be 

seen. These are surrounded by a large quantity of 
smaller globular nodules randomly formed on the 
surface of the coating. The surfaces of D-3 and E-3 
coatings (Figs. 4(c, e)) are smoother and no sign of 
U-shaped morphologies can be seen. Also, the 
number of globular nodules on the surface of these 
samples decreased significantly. 

 

 

Fig. 4 SEM micrographs of coatings deposited in 1.14 µmol/L (a, b), 1.71 µmol/L (c, d) and 2.28 µmol/L (e, f) Mn2+ 

electrolyte, at electrodeposition potentials of −1860 mV (a, c, e) and −1940 mV (b, d, f) (vs Ag/AgCl), and chemical 

composition of underlying layer and average of three nodules, and low magnification EDS spectrum of E-3 sample (g) 
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The EDS analysis from the surface of E-3 
sample shows a small difference between the 
chemical composition of underlying film and 
surface nodules (Fig. 4(g)). Similar to this sample, 
the Ni and Mn contents of globular nodules in the 
other coatings are lower than those in the 
underlying surface. The presence of some pin holes 
on the surface of these coatings is due to hydrogen 
evolution. It is obvious from the SEM micrograph 
that an increase in electrodeposition potential from 
−1860 to −1940 mV, increases the grain size of the 
coatings. The average size of nodules on the surface 
of D-3 (Fig. 4(c)) is about 7 µm, while it increases 
to 20 µm in D-5 sample (Fig. 4(d)). The SEM 
micrographs with higher magnification show that 
C-5 consists of many fine micro-cracks both at the 
surface and in the nodules (Fig. 4(b)). 

Considering the binary phase diagrams of 
Zn−Ni and Zn−Mn, various phases could be formed 
in Zn−Ni−Mn alloy coatings. Zn−Mn coatings are 
mostly composed of a solid solution of Mn in Zn 
with Mn content less than 1 at.%, and intermetallic 
phases ζ and ε. According to Zn−Mn phase diagram, 
ζ (ZnMn13) is obtained when the Mn content is 
lower than 10.2 at.%, while ε phase usually appears 
above 200 °C with the Mn content being between 
11 and 58 at.% [33]. 

However, the presence of the ε phase in the 
coatings with a lower amount of Mn at room 
temperature has also been reported [34]. On the 
other hand, Zn−Ni alloy coatings with Ni content 
less than 15 wt.% consist of η phase, a solid 
solution of Ni in Zn, and γ (Ni5Zn21), an 
intermetallic phase [31]. 

The XRD patterns of samples electrodeposited 
at −1860 mV (vs Ag/AgCl) in Zn−Ni−Mn 
electrolyte with different concentrations of Mn 
additive are reported in Fig. 5(a). The chemical 
composition of coatings was largely dependent on 
the Mn concentration in electro-deposition baths. It 
has been shown in Fig. 3 that by increasing the 
amount of Mn additive, the Mn content of coatings 
increased from 0.82 wt.% in A-3 sample to    
9.69 wt.% in D-3 sample, while the Ni content 
decreased from 15.1 wt.% to 9.41 wt.% in A-3 and 
D-3 samples, respectively. 

The diffractogram of A-3 sample corresponds 
to a two-phase Zn−Ni structure, composed of η and 
γ phases. As it can be seen, the diffractograms of 

other samples resemble that of A-3 sample and the 
difference is in the slight shift towards a lower 
angle in the position of the peaks and a lower 
intensity (Table 2). This indicates that Mn is 
incorporated in the lattice of Zn−Ni phases     
(Fig. 5(a)). 

The influence of electrodeposition potential on 
 
Table 2 Effect of Mn2+ concentration in electrolyte on 

shift of γ phase XRD peaks position electrodeposited at 

−1860 mV (vs Ag/Ag/AgCl) shown in Fig. 5(a) 

Mn2+ concentration/
(µmolꞏL−1) 

2θ/(°) 

0.19 42.928 62.382 78.531 89.183

0.57 42.840 61.963 78.220 88.641

1.14 42.616 61.921 77.848 88.591

1.71 42.543 61.691 77.637 88.063

2.28 42.538 61.529 77.620 88.020

 

 

Fig. 5 XRD patterns of coatings deposited at −1860 mV    

(vs Ag/AgCl) from electrolytes containing different 

concentrations of Mn2+ (a) and deposited from      

2.28 µmol/L Mn2+ electrolyte at various potentials (b) 
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the phase structure of coatings deposited in    
2.28 µmol/L Mn2+-containing electrolyte is shown 
in Fig. 5(b). The XRD patterns of coatings 
deposited at more positive potentials such as −1780 
and −1820 mV reveal the presence of peaks 
corresponding to ε phase (2θ=68.3°) in addition to 
those of η and γ phases. As previously mentioned, ε 
phase was observed in deposits with Mn content 
higher than 10.2 at.%; however, Fig. 3 shows   
that the Mn content of E-1 and E-2 samples   
(2.28 µmol/L Mn2+, −1780 and −1820 mV) is lower 
than this value. 

It is interesting to note that the ε phase peaks 
disappeared by increasing the electrodeposition 
potential despite the increase in the Mn content of 
coatings up to 12 wt.%. 

The increase of Mn content of coatings by 
increasing the potential and additive concentration 
in the bath did not affect the preferred orientation of 
crystallites. In all samples, (330) has the highest 
orientation index and the preferred orientation. 

The crystallite size variation with deposition 
potential in samples electrodeposited in       
2.28 µmol/L Mn2+ electrolyte (bath E) is shown in 
Fig. 6. By increasing the electrodeposition potential, 
the crystallite size decreases from 28 nm at   
−1780 mV (vs Ag/ AgCl) to 16 nm at −1940 mV. 
An increase in electrodeposition potential increases 
the nucleation rate and consequently decreases the 
crystallite size. 
 

 

Fig. 6 Effect of deposition potential on crystallite size of 

coatings deposited from 2.28 µmol/L Mn2+ solution 

 

The polarization curves of Zn−Ni−Mn 
coatings electrodeposited at −1860 mV in the 
electrolytes with various concentrations of Mn2+ are 

shown in Fig. 7. The corrosion current density (Jcorr) 
and corrosion potential (φcorr) were determined 
using Tafel extrapolation. Adding Ni to Zn coatings 
shifts the φcorr to nobler potentials, while Mn due to 
its less noble nature shifts the φcorr of Zn−Ni 
coatings to more negative potentials. An increase in 
the Mn2+ concentration of Zn−Ni−Mn coatings is 
accompanied by a reduction in Ni concentration 
(Fig. 3). Thus, the decrease in the corrosion 
potentials shown in Table 3 is due to the higher 
concentration of more electronegative Mn in the 
coatings. 
 

 

Fig. 7 Polarization curves of coatings deposited at  

−1860 mV (vs Ag/AgCl) with solutions containing 

various concentrations of Mn2+ 

 

Table 3 Corrosion parameters of Zn−Ni coating and 

Zn−Ni−Mn alloy coatings electrodeposited at −1860 mV 

(vs Ag/AgCl) in solutions containing 0.57 and      

2.28 µmol/L Mn2+ 

Sample
Corrosion parameter 

Jcorr/(µAꞏcm−2) φcorr (vs Ag/AgCl)/mV Rp/Ω

Zn−Ni 457 −848 138

B-3 267 −886 242

E-3 30.65 −1358 1065

 
A passivation behavior cannot be observed in 

the polarization curves of Zn−Ni coatings. The 
incorporation of Mn into the Zn−Ni coatings, 
however, changed the corrosion behavior of the 
coatings. The polarization curves of samples with 
various concentrations of Mn2+ are composed of a 
passivation region. The Jcorr is decreased from   
457 µA/cm2 in Zn−Ni to its lowest value of   
30.65 µA/cm2 in E-3 sample. The polarization 
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resistance of the coatings increased from 138 Ω in 
Zn−Ni sample to 1065 Ω in E-3 sample, which also 
corresponds to the formation of a passive layer at 
the surface resulting in a coating with a higher 
protective property. 

White rust formation was first observed at the 
surface of Zn−Ni after 96 h of exposure in the 
neutral salt spray chamber. While the formation of 
white rust on the surface of Zn−Ni−Mn coatings 
took longer time. It was first observed at the surface 
of B-3 sample with lower Mn2+ concentration at 
144 h and then at the surface of E-3 sample in 168 h. 
Red rust was observed at the surface of Zn−Ni after 
288 h. While first signs of formation of brown 
corrosion products on the surface of Mn-containing 
sample were observed after 408 h and no red rust 
was observed. This could be due to the presence of 
Mn compounds in the corrosion products of these 
coatings. It can be said that incorporation of Mn  
to Zn−Ni coatings significantly improved the 
corrosion resistance of Zn−Ni−Mn coatings. 

The XRD patterns of Zn−Ni and Zn−Ni−Mn 
(E-3) alloy coatings, after corrosion tests, are 
presented in Fig. 8. The most of observed peaks, in 
both samples, correspond to simonkolleite 
(Zn5(OH)8Cl2ꞏH2O) except the peak with the 
highest intensity, which is positioned at 2θ=42.7°, 
and the peaks at 2θ=28.2°, 45.5°, 62° which are 
associated with the presence of NiZn3. The 
formation of NiZn3 can be addressed to 
dezincification and migration of Zn ions from the 
underlying layer to the corrosion film. 

The C 1s spectra of both samples are shown in 
 

 

Fig. 8 XRD patterns of Zn−Ni and Zn−Ni−Mn (E-3) 

coatings after corrosion test 

Fig. 9(a). The peak is de-convoluted into three 
components. Two peaks at 284.4 and 286.3 eV that 
correspond to the organic contamination, and the 
third at 288.8 eV can be attributed to the presence 
of carbonate groups on the top layer of the   
surface. The O 1s spectrum of the binary alloy is 
composed of peaks at 530.7, 532.2, and 533.7 eV 
that are related to zinc oxide, simonkolleite,    
and hydrozincite (Zn5(CO3)2(OH)6), respectively   
(Fig. 9(b)). Hydrozincite is the product of the 
reaction between Zn ions and dissolved carbonate 
in the atmosphere [35]. The asymmetry in peak 
shape of O 1s toward lower binding energies in 
ternary alloy could be caused by the higher ratio of 
metal oxide compared to the binary alloy that could 
be due to the formation of Mn oxides. This can be 
confirmed by a low-intensity Mn 2p3/2 peak at   
642 eV in the spectrum of ternary alloy, as shown in 
Fig. 9(c). It is suggested that the formation of 
manganese oxide hinders the reduction of oxygen 
on the cathode surface and subsequently decreases 
the corrosion rate [36]. 

Ni 2p peaks can be observed in the XPS of the 
binary alloy (Fig. 9(d)), while no Ni peaks were 
discernible on the XPS spectrum of the ternary alloy. 
This can be due to the larger thickness of corrosion 
film in the ternary alloy. Ni 2p3/2 peak at 855.4 eV 
and doublet separation of 17.8 eV are characteristic 
of Ni(OH)2. 

The chemical shift between Zn 2p peaks of 
various chemical states of Zn is quite short, 
therefore it is hard to differentiate between them 
(Fig. 9(e)). Both the XPS and XRD were used as 
surface analysis methods. While the depth of 
sampling in XPS is limited to 3−10 nm from the 
surface, this is in micro-metric scale in XRD. 
Therefore, considering the results of the XRD and 
XPS methods, it can be concluded that the passive 
film formed on both samples is mainly composed of 
simonkolleite and two other zinc compounds, 
namely hydrozincite and zinc oxide. In addition to 
these compounds, the presence of Ni(OH)2 on the 
surface of Zn−Ni coating explains the lower 
protective properties of this coating compared to 
Zn−Ni−Mn coating with Mn oxides on the surface. 
This also points to the reason behind the 7-fold 
increase in the Rp and the significant decrease of 
Jcorr in Zn−Ni−Mn coating (E-3) in comparison with 
Zn−Ni. 
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Fig. 9 C 1s (a), O 1s (b), Mn 2p3/2 (c), Ni 2p (d) and Zn 2p (e) photoelectron spectra of Zn−Ni and Zn−Ni−Mn (E-3) 

coatings after corrosion test 

 

 
4 Conclusions 
 

(1) Increasing both the Mn concentration of 
the Zn−Ni−Mn electrolyte and increasing the 

deposition potential increased the Mn content of the 
coatings, and affected the surface morphology and 
the phase structure of these coatings. 

(2) The results of corrosion polarization 
showed that the presence of higher Mn content in 
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Zn−Ni−Mn coatings could lead to the formation of 
a good passive layer with a 7-fold increase in Rp of 
coatings. 

(3) XPS and XRD analyses of the corrosion 
products formed at the surface of Zn−Ni and 
Zn−Ni−Mn (E-3) coatings showed that zinc 
hydroxide chloride was the main constituent in both 
samples. However, the layer formed at the surface 
of Mn-containing coating was also composed of Mn 
oxides that can improve the protective properties of 
this coating. 
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碱性溶液中 Zn−Ni−Mn 合金涂层的电沉积与腐蚀行为 
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摘  要：在添加 Mn 盐的碱性溶液中进行 Zn−Ni−Mn 镀层的恒电位电沉积，研究电解液 Mn2+浓度和沉积电位对涂

层表面形貌、相结构和腐蚀行为的影响。腐蚀极化实验结果表明，Zn−Ni−Mn 镀层中较高的 Mn 含量可能导致形

成良好的钝化层；与 Zn−Ni 涂层相比，其 Rp(极化电阻)增大 7 倍，而腐蚀电流密度显著降低。腐蚀试验后 Zn−Ni−Mn

镀层表面的 XRD 和 XPS 分析表明，钝化层由碱式氯化锌、氧化锌、碱式碳酸锌和氧化锰组成。 
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