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Abstract: The synergistic inhibition effect of poly(ethylene glycol)-400 (PEG-400) and cetyltrimethylammonium 
bromide (CTMAB) on the corrosion of Zn and Zn−Ni alloys in 8 mol/L KOH solution saturated with ZnO was 
observed by potentiodynamic anodic/cathodic polarization (PDP), and electrochemical impedance spectroscopy (EIS) 
measurements. The electrochemical studies confirmed that there was a synergism between PEG-400 and CTMAB on 
corrosion inhibition of Zn and its alloys. Corrosion inhibition efficiency of the mixed inhibitors, 250 mg/L CTMAB + 
250 mg/L PEG-400, was found to be much higher than that of the single inhibitor, 500 mg/L PEG-400 or 500 mg/L 
CTMAB. Scanning electron microscopic (SEM) investigations before and after the corrosion inhibition process 
emphasize the synergistic effect of the mixed inhibitors. Accordingly, it was found that the addition of the investigated 
inhibitors to the alkaline solution enhanced the discharge and capacity of the alkaline battery anodes. The obtained 
electrochemical data exhibited a good correlation with the computational one. 
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1 Introduction 
 

Zn is vastly utilized as a negative effective 
substance for batteries (e.g. alkaline Mn batteries) 
because it has an economic feature and considerable 
energy capacity [1−4]. Zn has been added to Hg 
(mercury) in order to diminish the hydrogen gas 
evolution coming from the self-discharge reactions 
of Zn and increase the indoor cell impedance [5−9]. 
The application of Hg in batteries has become an 
environmental problem and the modern attitude has 
been focused on promoting Hg-free batteries. As 
usual, either Zn or Zn-based alloys are utilized as 
anodes (source of electrons) in the alkaline batteries 
that are of course subjected to dissolution. The 
purity of the used Zn is extremely high (99.9 wt.%), 

which affects the hydrogen evolution reaction and 
also the total cost. Subsequently, the development 
of Zn or Zn-based alloys as anodes for the 
alkaline-batteries has become a necessary demand 
and also in this regard, the development of Hg-free 
Zn demonstrates a great significance. 

Surfactants have been considered to be 
promising substitutes for Hg in alkaline-batteries of 
zinc. Surfactant consists of two parts: the non-polar 
and polar groups [10]. The non-polar groups get 
away from the zinc surface while the polar-  
groups are adsorbed on the metal surface to    
form a protective film that protects Zn from 
corrosion [11,12]. The surfactant adsorption on Zn 
substrate affects not only the anodic reaction (Zn 
dissolution) but also the cathodic reaction (H2 
evolution) in alkaline-batteries. Thus, the surfactants 
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that could prohibit the cathodic branch but have less 
effect on the anodic branch are considered to be 
inhibition effective for the zinc corrosion in the 
alkaline-batteries. Many surfactant compounds have 
been utilized as inhibitors for the zinc corrosion in 
the alkaline media. It has been found that 
surfactant-based polyoxyethylene group is 
considered to be more efficient than other 
surfactants [11−13]. 

It is well recognized that the corrosion of Zn in 
alkaline media is cathodically under control. 
Consequently, the rate of the cathodic H2 evolution 
retards Zn corrosion. Therefore, the best method to 
minimize the corrosion process is to slow down  
the hydrogen evolution rate, which can be 
accomplished by the addition of small quantity of 
other metals as Pb, Bi, In and /or Al into Zn [14]. In 
our previous work [15] amounts of Ni (0.5%−10%) 
were added to zinc to enhance the electrochemical 
behavior, and extinguish the Zn anodic reaction. 
Nevertheless, still adding a compound (inhibitor) to 
the electrolyte solution which is able to decrease  
the corrosion rate of Zn and its alloy in 
alkaline-batteries media. Subsequently, the present 
investigation was devoted to studying the corrosion 
inhibition of Zn and its alloys with Ni by two 
environment-friendly surfactants, cetyltrimethyl- 
ammonium bromide (CTMAB) and polyethylene 
glycol 400 (PEG-400), which were used 
individually and simultaneously. PEG-400 and 
CTMAB were combined as a mixed inhibitor 
system and their inhibition capacity for the 
corrosion of Zn and its alloys was compared with 
that of PEG-400 or CTMAB, individually. 
Electrochemical techniques such as PDP and EIS 
were accomplished in order to examine the 
corrosion inhibition of the picking systems. 
Moreover, battery discharge performance of the 
investigated electrodes was studied using the 
discharge technique. Such computational 
assessments using the density functional theory 
(DFT) approach were performed on PEG-400 and 
CTMAB to specify the relationship between 
experimental inhibition capacity and their 
calculated energies. 
 

2 Experimental 
 
2.1 Materials and solutions preparation 

The electrolyte solution was 8 mol/L KOH 

saturated with ZnO, which was used in commercial 
Zn-based batteries. KOH solution was prepared 
using doubly distilled water by dissolving the 
appropriate amount of KOH. The Zn−Ni alloys 
used in this study were prepared by metal fusion at 
1273 K for 24 h. The molten mixture of metals was 
hardly shaken every 6 h to enhance the 
homogeneity of the formed Zn alloys. Finally, the 
alloy melts were quenched in ice as discussed in  
our previous work [16]. Two Zn−Ni alloys were 
prepared with the compositions of Zn−0.5Ni and 
Zn−10Ni (mass fraction, %). The composition and 
microstructure of the prepared Zn−0.5Ni and 
Zn−10Ni alloys were mentioned previously [8,9]. 

Figure 1 shows the molecular structures and 
abbreviation on use for the surfactants under 
investigation. These compounds were introduced  
to the corrosive medium at concentrations of 
100−500 mg/L to test the inhibition on Zn and 
Zn−Ni alloys. 
 

 

Fig. 1 Molecular structures of polyethylene glycol 

(PEG-400; n=9) (a) and cetyltrimethylammonium 

bromide (CTMAB) (b) 

 
2.2 Electrochemical study 

The electrochemical measurements were 
accomplished on the working disk electrode 
embedded in a Teflon holder. The metal and alloys 
surfaces were completely polished using emery 
papers with various roughness degrees (400, 600, 
800, 1000 and 1200) and micro cloth until the 
surfaces become smooth like a bright mirror. Then, 
the electrodes were washed with pure ethanol and 
doubly distilled water and finally stored in a 
moisture-free desiccator. A saturated calomel 
electrode (Cl−

(sat)/Hg2Cl2/Hg; SCE) and a Pt-sheet 
with a large surface area were used as reference 
(which all potentials are referred) and counter 
electrodes, respectively. 

The cell description is given elsewhere [17]. 
To get rid of any oxide-layer on the Zn and Zn−Ni 
alloy surfaces, the electrodes were held at −1.5 V 
for 15 min before each experiment. A VersaSTAT4 
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potentiostat/galvanostatic instrument was utilized 
for the measurements. 
2.2.1 Electrochemical impedance spectroscopy  

(EIS) measurement 
EIS measurements were implemented using a 

VersaSTAT 4 potentiostat/galvanostatic instrument 
with a phase-sensitive detector (amplifier) (Model 
5208) controlled by means of the frequency 
response analyzer (FRA) contained in a single unit. 
EIS measurements were achieved in 8 mol/L KOH 
saturated with ZnO at 30 °C after 25 min immersion. 
The frequency ranged from 100 kHz to 0.5 Hz with 
amplitude of 10 mV during the experiment. All EIS 
experiments were accomplished at the potential of 
corrosion for the subjected electrode (φcorr). The EIS 
data were fitted and analyzed using the Z-View 
software. 
2.2.2 Potentiodynamic polarization technique 

The PDP experiments were accomplished by 
using electrodes of surface area of 0.196 cm2. The 
anodic and cathodic polarization experiments were 
performed together at one experiment run. The 
potential was changed automatically from −0.25 up 
to 1.5 V vs (SCE) at a sweep rate of 1 mV/s. 
2.2.3 Battery discharge performance 

The studied electrodes of Zn alloys were 
assembled by using the discharge technique. The 
electrolyte was 8 mol/L KOH solutions saturated 
with ZnO in the presence of 500 mg/L PEG-400, 
and 500 mg/L CTMAB individually, and 250 mg/L 
PEG-400 + 250 mg/L CTMAB together at 25 °C 
and constant current (10 mA). 
 
2.3 Surface morphology 

The micrographs of the inhibited and 
uninhibited Zn, Zn−0.5Ni and Zn−10Ni alloy 
surfaces were captured using scanning electron 
microscope (JEOL, model 5300). The energy of the 
accelerated beam was employed to be 10 kV and a 
working distance of 10 mm. 
 
2.4 Computational methods 

The quantum calculations based on the 
approximations of DFT approach were employed 
for the inhibitor structure. Energy calculations and 
optimization were implemented with B3LYP 
functional and 6-311G (d, p) basis set [18] as 
performed in Gaussian 03 program package [19]. 

 

3 Results and discussion 
 
3.1 PDP measurements 

Figures 2(a, b, c) display the potentiodynamic 
cathodic and anodic polarization plots of Zn, 
 

 

Fig. 2 Potentiodynamic polarization plots of Zn (a), 

Zn−0.5Ni (b) and Zn−10Ni (c) alloys in 8 mol/L KOH 

solution saturated with ZnO containing different 

concentrations of PEG-400+CTMAB (1:1, volume ratio) 

at 30 °C and scan rate of 1 mV/s 
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Zn−0.5Ni and Zn−10Ni alloys in ZnO-saturated   
8 mol/L KOH solution containing various 
concentrations of PEG-400+CTMAB (volume ratio 
of 1:1) at 30 °C. The polarization plots were swept 
from −0.25 mV vs the corrosion potential (φcorr) to 
1.5 mV (vs SCE). As seen from Fig. 2 the anodic 
polarization branches of Zn, Zn−0.5Ni and 
Zn−10Ni alloys exhibit an active/passive 
transmission. In the case of Zn, the dissolution 
current increases linearly with the utilized potential 
(in the active region), followed by the occurrence of 
two peaks (PI and PII). The first PI could be 
attributed to the Zn active dissolution to Zn2+ ions, 
while the second PII may be due to the dehydration 
of Zn(OH)2 to ZnO as previously reported [20,21]. 

In the same circumstances, the anodic 
polarization plots of Zn−0.5Ni alloy (Fig. 2(b)) 
showed two peaks, the first peak (PI) at −1.21 V (vs 
SCE) can be related to the electro-formation of ZnO 
layer. While the second peak (PII) at −1.055 V   
(vs SCE) is due to the Ni(OH)2 formation. 

The potentiodynamic anodic φ−J curves of 
Zn−10Ni alloys (Fig. 2(c)) showed two active 
dissolution peaks (PI and PII), permanent 
passivation and eventually passive area breakdown. 
The two peaks (PI and PII) are well assigned at 
−1.33 and −0.929 V (vs SCE). These peaks are 
attributed to the formation of Zn(OH)2/ZnO and 
NiO/β-NiOOH, respectively. 

By the comparison between the anodic PDP 

plots of Zn and Zn−Ni alloys in ZnO-saturated    
8 mol/L KOH solution (free inhibitors), it was 
found that, peak PI decreases while peak PII 
increases with increasing the Ni content in the alloy 
from 0.5% to 10% (Table 1). These outcomes 
indicate that, the content of Ni in the alloy 
composition plays a significant function in 
detraction of the dissolution rate of Zn in the 
studied medium. The increase in Ni content 
minimizes both the passivation current density (Jpass) 
and the anodic peak corrosion current density (Jpeak) 
of the alloys under the same conditions, 
subsequently progress their stability against 
corrosion. Accordingly, the obtained results 
displayed excellent resistance against corrosion of 
Zn−Ni alloy compared with Zn, and 10% Ni alloy 
showed superior corrosion resistance [22]. 

The effect of various concentrations of 
PEG-400, CTMAB and PEG-400+CTMAB (1:1) 
on the cathodic/anodic potentiodynamic curves for 
Zn and studied Zn−Ni alloys in ZnO-saturated 8 
mol/L KOH solution was precisely studied. The 
data showed that an increment in the inhibitor 
concentration leads to a decrease in the passivation 
current density (Jpass) as well as the peak height (Jp). 
This can be interpreted as the fact that the increase 
in the concentration of inhibitor facilitates the 
adsorption of the inhibitor molecule, and as a result, 
diminishes the peak and passivation current 
densities. The current density (Jcorr) and potential 

 
Table 1 Electrochemical parameters of Zn, Zn−0.5Ni and Zn−10Ni alloys derived from potentiodynamic polarization 

curves 

Material Inhibitor system 
φcorr(vs SCE)/

mV 
Jp(PI)/ 

(mAꞏcm−2)
Jp(PII)/ 

(mAꞏcm−2)
Jcorr/ 

(mAꞏcm−2) 
Inhibition 

efficiency, η/%

Zn 

Blank (Inhibitor-free) −(1578±13) 109.1 17.31 3.85 − 

500 mg/L PEG-400 −(1580±12) 35.6 7.8 0.91 76.2 

500 mg/L CTMAB −(1582±12) 10.1 2.2 0.81 78.9 
250 mg/L PEG-400 +  
250 mg/L CTMAB 

−(1585±12) 8.34 1.4 0.75 80.5 

Zn−0.5Ni 
alloy 

Blank (Inhibitor-free) −(1561±14) 54.17 18.04 3.64 − 

500 mg/L PEG-400 −(1564±14v 13.6 10.9 0.41 88.6 

500 mg/L CTMAB −(1567±13) 10.4 5.3 0.31 91.3 
250 mg/L PEG-400 +  
250 mg/L CTMAB 

−(1570±14) 7.78 2.83 0.22 94 

Zn−10Ni 
alloy 

Blank (Inhibitor-free) −(1550±13) 31.57 31.25 1.89 − 

500 mg/L PEG-400 −(1553±13) 3.5 11.2 0.18 90.4 

500 mg/L CTMAB −(1555±12) 2.44 6.7 0.12 93.7 
250 mg/L PEG-400 +  
250 mg/L CTMAB 

−(1559±12) 1.54 3.52 0.06 96.8 
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(φcorr) of corrosion were detected at the point at 
which the extrapolations of the anodic and cathodic 
Tafel lines were intersected. The efficiency of 
corrosion inhibition (η) has been determined based 
on the following equation [23]: 
 

uninh inh

uninh

100%
J J

J



                         (1) 

 
where Juninh and Jinh are corrosion current densities 
in the blank and inhibited solutions, respectively. 

The data in Figs. 3(a) and (b) demonstrated 
that, Jcorr decreases, and η increases as the inhibitor 
concentration (Cinh) increases. One can suggest 
from these results that a restriction in the electrodes 
processes takes place in both anodic and cathodic 
directions, because of the coverage of the metal and 
alloys surfaces by inhibitor species. However, the η 
in the case of Zn−Ni alloys is higher than that of 
pure Zn at the same studied inhibitor concentrations. 
This manifests that the inhibitor molecule interacts 
more favorably with the alloy surface than that with 
the pure Zn [24]. It is also noticed that the inhibitor 
capacity promotes with increasing inhibitor 
concentration. This can be illustrated as that the 
adsorbed amount and the coverage area of 
surfactant molecule increase with increasing 
inhibitor concentration [25]. Furthermore, the φcorr 
partially shifts to more negative directions, and the 
shift increases with increasing the inhibitor 
concentrations of both pure Zn and its alloys   
(Fig. 3(c)). This implies that the changes in the 
hydrogen evolution overpotentials towards more 
negative values in the inhibited solutions have a 
positive impact on self-discharge and charge 
capacities [21]. This exhibits that the investigated 
inhibitors have capability to adsorb and prohibit the 
active dissolution centers on the surfaces of Zn and 
Zn−Ni alloys. 

Figure 4 shows the dependence of the 
breakdown potential (φb) on the concentration of 
CTMAB for Zn−0.5Ni and Zn−10Ni alloys in 
8 mol/L KOH solution saturated with ZnO at 30 °C. 
It is also perceived that the φb of the oxide layer 
formed on the alloy surfaces shifts to a less positive 
potential value with increasing the CTMAB 
concentration. These outcomes indicated that the 
inhibitor is preferentially adsorbed on the surface of 
alloys, therefore preventing oxide development. 
Therefore, the reduction process of the oxide film 
on surface of alloy takes place more easily in the  

 

 
Fig. 3 Relationship between corrosion current density, 

Jcorr (a), inhibition efficiency, η (b) and corrosion 

potential, φcorr (c) of Zn, Zn−0.5Ni and Zn−10Ni alloys 

in ZnO-saturated 8 mol/L KOH solution containing 

different concentrations of PEG-400+CTMAB (1:1, 

volume ratio) at 30 °C 

 

presence of inhibitor than that in the absence of 
inhibitor. Subsequently, the addition of inhibitor to 
the corrosive media reinforces the electrochemical 
reactions of the alloys in the passive area, 
contributes to repression of H2 evolution and 
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diminishes the corrosion rate. Moreover, the surface 
of alloy is reactivated in the passive area. 
 

 
Fig. 4 Dependence of breakdown potential φb on 

concentration of CTMAB for Zn−0.5Ni and Zn−10Ni 

alloys in ZnO-saturated 8 mol/L KOH solution at 30 °C 

 
Figure 5 shows the anodic/cathodic potentio- 

dynamic polarization curves of Zn and Zn−10Ni 
alloy in ZnO-saturated 8 mol/L KOH solution 
containing various inhibitors. Figure 5 indicates that 
the inhibitors reduce both cathodic and anodic 
current densities. This elucidates that the inhibitors 
prohibit both the cathodic and anodic reactions for 
the corrosion of Zn and its alloys. 

The anodic dissolution processes of Zn and its 
alloys are also polarized by the inhibitor addition 
but the anodic dissolution reaction is not affected so 
dramatically as that of H2 evolution processes. 

It is noticed that there is no distinction in the 
polarization of the anodic dissolution process 
between the two inhibitors and their composites. 
This indicates that the enhancement of corrosion 
inhibition of Zn and its alloys by the PEG-400 and 
CTMAB inhibitors fundamentally refers to their 
effect on H2 evolution reaction. 

It can be observed from Table 1 that PEG-400 
and/or CTMAB can protect Zn and its alloys with 
Ni from corrosion to different ranges. The η values 
of the studies inhibitor systems in the same 
conditions are permanently in the sequence of  
(from high to low) PEG-400+CTMAB > 
CTMAB > PEG-400, indicating that there is a 
synergism between PEG-400 and CTMAB on the 
surfaces of Zn and Zn−Ni alloys. It is recognized 
that the effect of synergistic inhibition due to the 
joint behavior of compounds in total impact is 
greater than the sum of the singular effects. 

 

 
Fig. 5 Potentiodynamic polarization curves of Zn (a) and 

Zn−10Ni alloy (b) in ZnO-saturated 8 mol/L KOH 

solution at 30 °C 

 
Among the compounds investigated in this 

study, the interaction through the hydrogen bonding 
between oxygen atoms in polyethylene groups of 
PEG-400 molecules and surface metal hydroxyl 
groups on Zn and its alloys surfaces is predominant. 
Moreover, the hydrocarbon tails of the CTMAB 
surfactant would contribute to the expected 
enhancement of the adsorption density and 
consequently, the improvement of the inhibition 
efficiency of PEG/CTMAB system. 
 
3.2 EIS spectra 

It is well known that the EIS is a helpful 
method for investigating the mechanism of 
corrosion processes and adsorption phenomena. In 
order to back the data obtained from the PDP 
measurements, EIS of Zn and its alloys in 
ZnO-saturated 8 mol/L KOH solutions containing 
different concentrations of PEG-400, CTMAB  
and PEG-400+CTMAB (1:1) was examined. 
Figures 6(a) and 7 show the Nyquist plots for Zn 
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Fig. 6 Nyquist plot (a) and Bode plot (b) for Zn in 

ZnO-saturated 8 mol/L KOH solution containing various 

concentrations of PEG-400+CTMAB (volume ratio 1:1) 

measured at φcorr and 30 °C 
 

 
Fig. 7 Nyquist plot of Zn−0.5Ni alloy in ZnO-saturated  

8 mol/L KOH solution containing various concentrations 

of PEG-400+CTMAB (volume ratio 1:1) measured at 

φcorr and 30 °C 

 

and Zn−0.5Ni alloy in ZnO-saturated 8 mol/L KOH 
solutions in the absence and presence of various 
concentrations of PEG-400+CTMAB (1:1), 
measured at φcorr and 30 °C. The obtained data of 

the impedance spectra in the inhibited and 
uninhibited solutions were analyzed and interpreted. 
The data of the charge transfer resistance, Rct, and 
constant phase element (CPE) describing the 
interface double-layer capacity (Qcdl) were 
calculated via both Nyquist and Bode curves of the 
impedance diagrams. However, the Warburg 
impedance (Zw) is estimated from the following 
equations [26]: 
 

1/2 1/2

1
jZ


 
                              (2) 

 
1/2| | 2 /Z                                 (3) 

 
where ω is angular frequency, σ is the Warburg 
parameter, σ, can be accurately detected from the 
slope of the Warburg plot (the slope of Z′ (real part) 
vs 1/ω1/2; ω=2πf, f is frequency, or by fitting to an 
equivalent circuit model which includes a Warburg 
impedance. Nevertheless, most programs of 
equivalent circuit modeling return “Zw” instead of  
σ, Zw is the Warburg impedance (Zw =W) which can 
be determined by the formula given as follows: 
 

w

1

2Z
                                    (4) 

 
The recorded plot displays one capacitive loop 

at the higher values (HF) frequency followed by the 
Warburg tail at lower frequency (LF) values    
(Fig. 6(a)). Figures 6(a) and 7 exhibit that Zw is the 
Warburg impedance related to the anodic diffusion 
of soluble species from the metal and alloys 
surfaces to the solution bulk [27,28]. The capacitive 
loop diameter Rct, and Zw increase while the double- 
layer capacity (Qcdl) decreases with increasing 
inhibitor concentration. These results may give 
clear proof of the inhibition of the corrosion 
process. 

Electrochemical impedance parameters for Zn, 
Zn−0.5Ni and Zn−10Ni alloys in 8 mol/L KOH 
solutions saturated with ZnO at φcorr and 30 °C are 
shown in Table 2. 

The Bode modules of the lg |Z| against lg f of 
Zn electrode in the absence and presence of various 
concentrations of PEG-400+CTMAB (1:1) are 
presented Fig. 6(b). The LF straight line confirms 
that the corrosion of Zn in ZnO-saturated 8 mol/L 
KOH solutions is diffusion-controlled. It is 
recognized that the Zn anodic dissolution and the 
cathodic O2 reduction processes occur simulta- 
neously on the electrode surface. The process of  
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Table 2 Electrochemical impedance parameters for Zn, Zn−0.5Ni and Zn−10Ni alloys in 8 mol/L KOH solutions 

saturated with ZnO at φcorr and 30 °C 

Material Inhibitor system 
Rct/ 

(Ωꞏcm2)
Zw/ 

(Ω−1ꞏs1/2ꞏcm−2)
Qcdl/ 

(10−8Fꞏcm−2) 
Inhibition 

efficiency, η/%

Zn 

Blank 8.2±0.5 121 193.7 − 

500 mg/L PEG-400 40.3±1 175±2 39.5 79.6 

500 mg/L CTMAB 43.6±2 179±2 36.5 81.2 

250 mg/L PEG-400 + 250 mg/L CTMAB 48.8±2 192±2 32.6 83.1 

Zn−0.5Ni 
 alloy 

Blank 21.7±1 262 73.3 − 

500 mg/L PEG-400 273±2 485±2 5.8 92 

500 mg/L CTMAB 320±3 506±2 4.9 93.2 

250 mg/L PEG-400 + 250 mg/L CTMAB 370±3 527 ±2 4.2 94.1 

Zn−10Ni 
 Alloy 

Blank 30.5±1 − 52.2 − 

500 mg/L PEG-400 555±5 − 2.8 94.5 

500 mg/L CTMAB 659±5 − 2.4 95.3 

250 mg/L PEG-400 + 250 mg/L CTMAB 774±5 − 2 96.1 

 
diffusion could be ascribed to either the migration 
of aggressive ions and soluble products of corrosion 
at interface of electrode/environment or the 
dissolved oxygen diffusion to the surface of Zn. 

The EIS plot of Zn−10Ni alloy in 8 mol/L 
KOH solutions saturated with ZnO containing 
various concentrations of PEG-400+CTMAB (1:1) 
is presented in Fig. 8. This diagram has a similar 
behavior throughout all investigated conditions. 
This proves that there is nearly no variation in the 
mechanism of corrosion after the addition of the 
inhibitor [29]. It can be observed that the 
impedance spectra comprise a large capacitive loop 
at HF values and an inductive one at LF values. 
Furthermore, the capacitive loop at HF is ascribed 
to the electron charge transfer and the double-layer. 
Whilst, the inductive loop at LF is due to the 
by-adsorption of inhibitor molecules on the surface 
of the alloy [30]. Further examination reveals that 
the diameter of the capacitive loop is increased with 
increasing inhibitor concentration which manifests 
the adsorption of inhibitors on the alloy surface. 
Consequently, the inhibitor adsorption leads to a 
clear increase in polarization resistance and then the 
corrosion rate of Zn−10Ni alloy is reduced. 

The equivalent circuit models (ECM) used to 
fit the empirical data in Figs. 6(a), 7 and 8 are 
presented in Figs. 9(a) and (b), respectively. The 
impedance diagrams including Warburg impedance 
are analyzed utilizing the ECM shown in Fig. 9(a) 

 

Fig. 8 Nyquist plot of Zn−10Ni alloy in ZnO-saturated  

8 mol/L KOH solution containing various concentrations 

of PEG-400+CTMAB (volume ratio 1:1) measured at 

φcorr and 30 °C 
 

 
Fig. 9 Equivalent circuit models used for EIS data of 

semicircle with Warburg tail (Zn and Zn−0.5Ni alloy) (a) 

and semicircle without Warburg tail (Zn−10Ni alloy) (b) 
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and without Warburg tail in Fig. 9(b). It can be 
noticed that the obtained Nyquist diagram is 
analogous to that stimulated by the ECM. From Rct, 
Zw and Qcdl are estimated by the analysis of the 
complex-plane impedance plot and the ECM. From 
careful inspection of data obtained in Table 2, it was 
found that, the values of both Rct and Zw increase 
while Qcdl decreases with an increment in the 
inhibitor concentration, and these outcomes are 
convenient with those obtained from the PDP 
measurements. Meanwhile, the corrosion inhibition 
performance was reinforced with an increase of 
inhibitor concentration. It may be explained that the 
adsorption amount and the inhibitor coverage on the 
metal and alloy surfaces increase with increasing 
dose. Moreover, the addition of the inhibitor does 
not mutate the feature of the impedance diagram. 
This indicates that comparable corrosion 
mechanisms for Zn and Zn−0.5Ni alloy in ZnO- 
saturated 8 mol/L KOH in the presence and absence 
of the inhibitors can occur. 

From Fig. 10, it is clear that after the inhibitors 
PEG-400, CTMAB and PEG-400+CTMAB are 
added to the solution, Rct increases, but Qcdl 
decreases dramatically in all cases compared with 
the blank solution. However, a maximum increase 
of Rct is noticed when the solutions consist of 
PEG-400+CTMAB. This attitude is related to the 
increase of the surface coverage via the inhibitor 
molecule, which increases the efficiency of 
inhibition. The values of inhibition capacity (η) are 
accurately determined from the values of Rct as 
claimed by the following equation [31,32]: 
 

ct(inh) ct(uninh)

ct(inh)

100%
R R

R


 
  
  

                (5) 

 
where Rct(inh) and Rct(uninh) are the resistances of 
charge transfer in the inhibited and uninhibited 
solutions, respectively. The addition of PEG-400, 
CTMAB and PEG-400+CTMAB results in lower 
Cdl values. Based on the model of Helmholtz [33], 
 

0
dl

A
C




                                  (6) 

 
where ε0 can be defined as the permittivity of the 
vacuum (constant value), ε is the dielectric constant 
of the medium (tabulated value), δ is the thickness 
of the protective film of the inhibitor and A is the 
metal and alloy surface area. Thus, the diminution 
of the value of double-layer capacitance (Cdl) is due 

to the decrease of the local dielectric constant 
and/or the increase of the electrical double-layer 
thickness. 
 

 
Fig. 10 Comparison between charge-transfer resistance, 

Rct, and constant phase element, Qcdl of Zn (a), Zn−0.5Ni 

(b) and Zn−10Ni (c) in ZnO-saturated 8 mol/L KOH 

solutions containing different concentrations of 

PEG-400+CTMAB (volume ratio 1:1) at 30 °C 

 

This suggests that the molecules of inhibitors 
are aggregated and adsorbed at the electrode/KOH 
interface as an outcome of the replacement of H2O 
molecules by the inhibitor species [34]. It is also 
observed that η values increase with the 
concentration of inhibitors and follows the order 
(from low to high): PEG-400 < CTMAB < 
PEG-400+CTMAB. The efficiencies of inhibition 
estimated from EIS measurements showed the same 
trend as those obtained from PDP measurements. 

By comparison between the Nyquist diagrams 
for Zn and its alloys (Zn−0.5Ni and Zn−10Ni) in 
ZnO-saturated 8 mol/L KOH at φcorr and 30 °C  
(Fig. 11). It is observed that the semicircle diameter 
of the Nyquist diagram is enlarged by increasing the 
Ni content in the studied alloy. The greater diameter 
of semicircle is received in the case of Zn−10Ni 
alloy with hiding Warburg tail. This attitude displays 
very substantial outcomes that Ni content in the 
alloy plays a significant function in minimizing the 
corrosion rate in alkaline media. Accordingly, the 
corrosion resistance is enhanced with the increase 
of the Ni content in the alloy composition. 

To compare the Nyquist curves of Zn−10Ni 
alloy in the solutions containing CTMAB, PEG-400, 
and CTMAB+PEG-400, the impendence results of 
the Zn−10Ni alloy are presented in a single plot 
(Fig. 12). 
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Fig. 11 Comparison between Nyquist plots for Zn (a), 

Zn−0.5Ni (b) and Zn−10Ni (c) in ZnO-saturated 8 mol/L 

KOH solutions containing 250 mg/L PEG-400 + 

250 mg/L CTMAB at φcorr and 30 °C 

 

 

Fig. 12 Nyquist plots of Zn−10Ni alloy in 8 mol/L KOH 

solution saturated with ZnO measured at φcorr and 30 °C: 

(a) Blank; (b) 500 mg/L PEG-400; (c) 500 mg/L 

CTMAB; (d) 250 mg/L CTMAB + 250 mg/L PEG-400 

 
It is observed from Fig. 12 that Nyquist plots 

in the presence of PEG-400 and CTMAB alone are 
identical to those obtained when PEG-400+ 
CTMAB is added to ZnO-saturated 8 mol/L KOH 
solution. However, the higher resistance shows   
in the presence of PEG-400+CTMAB. The 
impedance response of Zn−10Ni increases 
significantly in the solution containing PEG-400+ 
CTMAB in comparison with that noted in the 
presence of PEG-400 or CTMAB, which 
individually implies the synergistic inhibition 
performance between PEG-400 and CTMAB. 

3.3 Adsorption isotherm 
Adsorption isotherms can supply essential data 

on the interaction between the electrode surface and 
inhibitor. The surface coverage (θ) desired for 
efficient structure of an adsorption isotherm can be 
obtained for various concentrations of CTMAB, 
PEG-400, and CTMAB+PEG-400 from the 
measurements of potentiodynamic polarization by 
utilizing the equation: θ=η/100 [35,36]. 

Many adsorption isotherm models such as 
Temkin, Langmuir, Freundlich, Frumkin, and 
Flory–Huggins were assessed and the Langmuir 
adsorption model was found to supply the best fit of 
the adsorption behavior of CTMAB, PEG-400 and 
CTMAB mixed with PEG-400 onto Zn and its 
alloys surfaces. The Langmuir model can be 
identified by the famous equation as follows [37]:  

inh
inh

ads

1C
C

K
                             (7) 

 
where θ is the surface coverage, and Kads is the 
constant of adsorption equilibrium. The relation 
between Cinh/θ and Cinh at 30 °C is illustrated as in 
Fig. 13  for  PEG-400  (a),  CTMAB  (b),  and 
 

 
Fig. 13 Langmuir adsorption isotherms of PEG-400 (a), 
CTMAB (b), and PEG-400+CTMAB (1:1) (c) on Zn− 
10Ni alloy in ZnO-saturated 8 mol/L KOH solution 
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CTMAB+PEG-400 (c) on Zn−10Ni alloy in ZnO- 
saturated 8 mol/L KOH solution. Plotting of Cinh/θ 
and Cinh gives straight lines with regression 
coefficients (r2) of 0.988, 0.995 and 0.993 for 
inhibitors PEG-400, CTMAB, and PEG-400+ 
CTMAB, respectively. The intercept and slope were 
detected. The slope was found to be near unity. This 
confirms that the adsorption of investigated 
inhibitors on electrode surfaces follow the 
Langmuir adsorption model, which indicates that 
the inhibitor species can be adsorbed on the 
electrode surface forming a barrier. This barrier 
isolates the interaction between the surface of metal 

and the corrosive solution. 
It is found from Fig. 13 that the Kads value of 

CTMAB is greater than that of PEG-400, indicating 
that CTMAB is adsorbed on alloy surface 
preferably. The Kads value of CTMAB+PEG-400 is 
larger than that of CTMAB or PEG-400 
individually, confirming that more molecules are 
adsorbed on the alloy surface in the solution 
containing the mixed inhibitor. 
 
3.4 Surface examinations by SEM 

Figure 14 shows SEM micrographs of the 
corrosion products formed on the surfaces of Zn,  

 

 

Fig. 14 SEM micrographs of Zn (a, b), Zn−0.5Ni alloy (c, d) and Zn−10Ni alloy (e, f) after immersion in ZnO-saturated 

8 mol/L KOH solution for 48 h in the absence (a, c, e) and presence (b, d, f) of 250 mg/L PEG-400 + 250 mg/L 

CTMAB at 30 °C 
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Zn−0.5Ni and Zn−10Ni alloys, after 48 h of 
immersion in ZnO-saturated 8 mol/L KOH solution 
in the absence (Figs. 14(a), (c) and (e)) and 
presence of 250×10−6 PEG-400 + 250×10−6 
CTMAB (Figs. 14(b), (d) and (f)) at 30 °C. The 
results of SEM observed in the uninhibited medium 
exhibit intensive porous film of the corrosion 
product (ZnO/ZnO2 mixture) which wraps most 
surface of the electrode. Nevertheless, the corrosion 
product formed on the surface of Zn−0.5Ni and 
Zn−10Ni alloys (Figs. 14(c) and (e)) offers two 
corrosion layers (upper and inner layer). 

It is also seen that the inner layer is denser and 
coats most of the electrode surface. But, the upper 
layer particles are much greater in size, and the 
vacancies between the particles become wider. For 
this reason, the inner layer manifests readily 
through them. Therefore, the alloys surfaces seem 
to be fully covered by ZnO/ZnO2 and/or NiO. 
However, in the solution containing 250 mg/L 
PEG-400 + 250 mg/L CTMAB (Figs. 14(b), (d) and 
(f)), the corrosion product is reduced. From    
Figs. 14(b), (d) and (f) it is observed that the 
electrode surfaces are smoothly enhanced in the 
presence of the mixed inhibitors. Furthermore, less 
damage is observed in comparison with the electrode 
surface in the blank solutions. This manifests that 
the inhibitor molecule is strongly adsorbed on the 
surface and hinders the corrosion process. 

3.5 Quantum chemical calculations 
From the calculated theoretical indices, the 

inhibition performance of CTMAB and PEG-400 
compounds can be accurately detected. The 
parameters including energies of the lowest 
unoccupied molecular orbital (ELUMO), the energies 
of the highest occupied molecular orbital (EHOMO), 
the energy gap (ΔE=ELUMO−EHOMO), chemical 
hardness (η1), dipole moment (DM) and electronic 
chemical potential (μ) are given in Table 3. HOMO 
and LUMO distributions and 3D optimized 
structures of the investigated CTMAB and 
PEG-400 compounds are presented in Fig. 15. The 
structures of CTMAB and PEG-400 tend to have a 
zigzag form in a single dimension, indicating that 
they could act as inhibitors via the terminal ends. 
The HOMO−LUMO orbitals for CTMAB are 
localized in the ammonia−bromide terminal, which 
is normal due to the ionic characteristics of these 
groups. On the other hand, PEG-400 structures have 
delocalized HOMO−LUMO orbital occupation with 
 
Table 3 Calculated dipole moment (DM), EHOMO, ELUMO, 
energy gap (E), chemical hardness (η1) and electronic 
chemical potential (μ) 

Compound
DM/
D

EHOMO/ 
eV 

ELUMO/ 
eV 

∆E/ 
eV 

η1/
eV

μ/ 
eV 

CTMAB 4.82 −4.74 −0.15 4.59 2.3 2.45

PEG-400 0.76 −6.67 0.99 7.66 3.83 −2.84
 

 

 

Fig. 15 3D optimized structures with HOMO and LUMO orbital occupation for investigated inhibitor models of 

CTMAB (a, c, e) and PEG-400 (b, d, f) 
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the extension of (—CH2—CH2—O)n unit. It is 
reported in Ref. [38] that the higher the EHOMO 
energy level, the less the ionization potential and 
the easier the electrons donation by the inhibitor to 
the unoccupied d-orbital of the metal. According to 
the current calculations the order of HOMO 
energies from high to low is CTMAB>PEG-400. 
On the other hand, the lower the LUMO energy, the 
more the probability of compound to accept 
electrons from metal surfaces, as the ΔE decreases 
and the inhibitor efficiency is improved, because 
the energy needed to eliminate an electron from the 
last occupied-orbital will be depressed [39]. One of 
the important parameters in the adsorption process 
is the separation energy ΔE, where ΔE=ELUMO− 
EHOMO is a function of the adsorption reactivity of 
the inhibitor species on the surface of metal. When 
ΔE diminishes, the inhibitor molecule reactivity 
increases, causing an increase in the inhibition 
capacity of the inhibitor. 

The calculations in Table 3 show that CTMAB 
has higher reactivity than PEG-400 and accordingly 
higher inhibition capacity which matches well with 
the empirical results. For the stability of the 
molecules which can be estimated from the 
chemical hardness value (η1), the higher the η1 
value of the inhibitor, the more stable the structure 
of it. The results indicate that CTMAB is less stable 
compared with PEG-400. It can be noticed that the 
molecules with higher ΔE are the hard molecules, 
whilst the soft molecules have a smaller gap of  
ΔE [40]. So, the CTMAB compound which has the 
lower ΔE and hardness has higher inhibition 
efficiency. 

The synergistic effect could be attributed to the 
various polarities of CTMAB and PEG-400. The 
polarity of CTMAB and PEG-400 can be indicated 
in terms of their dipole moments (DM). According 
to the theoretical parameters, the DM is 4.82 D for 
CTMAB and 0.76 D for PEG-400. The polarity of 
CTMAB is stronger than that of PEG-400 and thus 
CTMAB is adsorbed on metal and alloy surfaces 
preferably. The electrode surface cannot be covered 
completely by CTMAB due to the branched 
structure of the compound. The linear PEG-400 can 
be adsorbed on the remaining active sites.  
Therefore, the composite is better than the 
individual. 

3.6 Battery discharge performance 
Figure 16 shows the constant current discharge 

curves of Zn and Zn−Ni alloys using various 
inhibitors after stored at 30 °C and constant current 
of 10 mA for 10 h. 

Figure 16(a) shows that the stored discharge 
performance of the studied Zn electrode is affected 
by the inhibitors type. It is noticed that the 
inhibitors inhibit the self-discharge of anodic zinc, 
resulting in the improvement of the stored discharge 
capacity of the system. It is also noticed that the 
system using the mixed inhibitor of equal 
concentration of 250 mg/L for each has the largest 
discharge capacity (16 mAꞏh), confirming the 
synergistic effect between PEG-400 and CTMAB. 
Figure 16(b) shows that the Zn−10Ni alloy has the 
largest discharge capacity (20 mAꞏh) compared 
with Zn and other alloys in the synergistic 
conditions, matching with the quantum calculations 
and the above investigations. 
 

 
Fig. 16 Variation of potential with discharge capacity for 
Zn anode at different concentrations of inhibitors as 
labeled (a) and Zn, Zn−0.5Ni and Zn−10Ni anodes in the 
presence of 250 mg/L PEG-400 + 250 mg/L CTMAB (b) 
in 8 mol/L KOH solutions saturated with ZnO at 30 °C 
and constant current of 10 mA for 10 h 
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4 Conclusions 
 

(1) Solutions of PEG-400+CTMAB systems 
display more convenient inhibition characteristics 
compared to the individual inhibitor solutions, 
because of the strong adsorption on the surface of 
the electrode and formation of a protective layer. 

(2) The EIS and PDP plots show that the 
inhibition capacity of the investigated inhibitor 
systems increases with increase in inhibitor 
concentrations. 

(3) The inhibition capacity (η) by CTMAB is 
higher than that of PEG-400, while the η of 
PEG-400+CTMAB is higher than that of CTMAB, 
indicating the synergistic effect between PEG-400 
and CTMAB. 

(4) It is potential to adding PEG-400, CTMAB 
or PEG-400+CTMAB to the ZnO-saturated 8 mol/L 
KOH electrolyte in the case of using Zn or Zn−Ni 
alloy as a good anode in alkaline batteries. 

(5) The SEM images reveal that the surface is 
smooth and is almost free from damage, indicating 
that a good protective layer formed on the electrode 
surface has been adsorbed, also the highest 
inhibition capacity of PEG-400+CTMAB mixture is 
obtained. 

(6) A good agreement between computational 
and experimental data implies the possibility of 
quantum chemical calculations to examine the 
corrosion inhibition of Zn and Zn−Ni alloy surfaces 
and their suitability for alkaline batteries 
applications. 
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聚乙二醇和十六烷基三甲基溴化铵对 
碱性电池中锌和 Zn−Ni 合金腐蚀的协同抑制作用 
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摘  要：通过动电位阳极/阴极极化(PDP)和电化学阻抗谱(EIS)测量观察聚乙二醇-400(PEG-400)和十六烷基三甲基

溴化铵(CTMAB)对锌和 Zn−Ni 合金在 ZnO 饱和的 8 mol/L KOH 溶液中腐蚀的协同抑制作用。电化学研究证实，

PEG-400 和 CTMAB 对于抑制锌及其合金的腐蚀具有协同效应。研究发现，250 mg/L CTMAB + 250 mg/L PEG-400

混合缓蚀剂的缓蚀效果远高于单一缓蚀剂 500 mg/L PEG-400 或 500 mg/L CTMAB 的缓蚀效果。缓蚀实验前后分

别对样品进行扫描电镜(SEM)观察，证明混合缓蚀剂具有协同效应。因此，在碱性溶液中加入所研究的缓蚀剂可

提高碱性电池阳极的放电效率和容量。所得电化学数据与计算结果具有良好的相关性。 

关键词：协同效应；缓蚀；锌−镍合金；碱性电池 
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