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Controlling the corrosion 
and hydrogen gas liberation 
inside lead‑acid battery via PANI/
Cu‑Pp/CNTs nanocomposite 
coating
M. A. Deyab1* & Q. Mohsen2

The liberation of hydrogen gas and corrosion of negative plate (Pb) inside lead‑acid batteries are the 
most serious threats on the battery performance. The present study focuses on the development of 
a new nanocomposite coating that preserves the Pb plate properties in an acidic battery electrolyte. 
This composite composed of polyaniline conductive polymer, Cu‑Porphyrin and carbon nanotubes 
(PANI/Cu‑Pp/CNTs). The structure and morphology of PANI/Cu‑Pp/CNTs composite are detected 
using transmission electron microscopy (TEM), scanning electron microscopy (SEM) and X‑ray 
diffraction (XRD) analysis. Based on the  H2 gas evolution measurements and Tafels curves, the coated 
Pb (PANI/Cu‑Pp/CNTs) has a high resistance against the liberation of hydrogen gas and corrosion. 
Electrochemical impedance spectroscopy (EIS) results confirm the suppression of the  H2 gas evolution 
by using coated Pb (PANI/Cu‑Pp/CNTs). The coated Pb (PANI/Cu‑Pp/CNTs) increases the cycle 
performance of lead‑acid battery compared to the Pb electrode with no composite.

Indeed after 150 a long time since lead-acid battery (LAB) innovation, advancements are still being made to the 
lead battery performance and in spite of its inadequacies and the competition from more energy storage cells; 
the LAB battery still holds the lion’s share of the total battery  sales1.

In brief, in the LAB battery the  PbO2 (positive plate) and Pb (negative plate) respond with the electrolyte 
 (H2SO4) to form  energy2,3. The main advantages of LAB battery are low cost, low internal impedance, and easily 
 recycled4.

One of the most important difficulties facing the LAB battery industry is the liberation of bubbles of hydrogen 
gas and corrosion of negative plate (pb)5–7. This may cause a great low in battery performance and also explosion 
in the LAB battery room.

The utilize of added substances (additives) within the battery electrolyte is one of the approaches which 
offers an increase in battery performance without much modification of other  components8–11. The major issue 
lies with choosing a reasonable added substance which is chemically, thermally and electrochemically steady in 
exceedingly corrosive environment.

To resolve these difficulties experimentally, many researchers tried to decrease the rate of the hydrogen gas 
(HER) and corrosion of negative plate (pb) by applying additives such as organic compounds, surfactants and 
ionic  liquids12–16. These additives are utilized to increase performance of the LAB battery through working as 
cathodic-type inhibitors.

Previous research has shown that the use of conductive polymer coatings may be a good solution to overcome 
the failure in battery  electrodes17,18. Unfortunately, the stability of conductive polymers under ambient conditions 
is a persistent problem. To maximize the efficiency of conductive polymer coatings, the different nano-particles 
with unique properties such as Cu-Porphyrins (Cu-Pp) and carbon nanotubes (CNTs) will be incorporated in 
the texture of PANI forming new nanocomposite coating.

The low cost, ease of synthesis, high environmental reliability, and high conductivity of PANI, Cu-Pp and 
CNTs make them promising materials for the formation of new  composites19,20.
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The composites containing nano-particles with conductive polymer PANI had been used for enhancing the 
battery performance in our previous  studies21,22, but here we will develop for first-time novel composites contain-
ing three components (i.e. PANI, Cu-Pp and CNTs). Therefore, here we introduce a new strategy to protect a 
negative plate (pb) of LAB battery by developing a new nanocomposite coating PANI/Cu-Pp/CNTs that preserve 
the Pb plate properties in an acidic electrolyte.

Materials and methods
Materials. The negative plate of LAB battery was made from pure lead (Pb) 99.99%.

Cu-Porphyrin (5,10,15,20-Tetrakis-(4-aminophenyl)-porphyrin-Cu-(II)) was supplied from Service Chemi-
cal Inc.

PANI polymer was provided by SigmaeAldrich Co. CNTs were prepared in EPRI Lab. (number of layers 
≈ 5–20; tube diameter ≈ 20–30 nm, tube length ≈ 1–10 mm). Battery electrolyte (5.0 M  H2SO4 solution) was 
prepared from of AR grade 98%  H2SO4 (Sigma–Aldrich).

Dimethylformamide (DMF) and N-methyl- pyrrolidone were purchased from Sigma–Aldrich.

Preparation of PANI/Cu‑Pp/CNTs and coated electrodes. Solution mixing is a simple and efficient 
approach used for the preparation of PANI/Cu-Pp/CNTs nanocomposite. The method includes the mechanical 
mixing followed by grinding of 1.0 g PANI, 0.2 g CNTs and 0.02 g Cu-Pp. The final powder was dispersed in 
10.0 ml dimethylformamide (DMF) using ultrasonication for 60 min. The PANI/Cu-Pp/CNTs nanocomposite 
was obtained after the drying treatment to remove the solvent.

PANI/Cu-Pp/CNTs coatings were prepared by mixing PANI/Cu-Pp/CNTs nanocomposite powder and 
N-methyl- pyrrolidone (solvent) using ultrasonication tool at a frequency of 30 kHz for 60 min. The prepared 
coatings were applied on the surface of the negative plate of LAB battery by coating spray gun. The coated elec-
trodes were dried at 343 K for 6.0 h. For comparison, the neat PANI and PANI/CNTs coatings were prepared 
by the same conditions.

Methods. The experimental setup for the  H2 gas evolution measurements was described in our earlier 
 work23,24. For this purpose, the Pb electrodes (dimension = 1.5  cm × 0.5  cm × 0.04  cm) were placed in 5.0  M 
 H2SO4 solution (100 ml). The period of immersion is 5 h. The rate of hydrogen evolution (HER) is calculated 
by dividing the volume of the hydrogen evolved (ΔV) to immersion time (t) and electrode surface area (A), as 
given in Eq. (1)25:

Electrochemical tests (Tafel and EIS) were performed using glass cell (3-electrodes cell). The electrochemical 
responses were observed using Potentiostat instrument (model: Gill AC -947- ACM). In this system, the Pt and 
Hg/Hg2SO4 electrodes serve as counter and reference electrodes, respectively. The EIS experiment was performed 
in a frequency range 1.0 Hz–30 kHz at −1.1 V vs. Hg/Hg2SO4. The Tafel experiment was performed in a potential 
range (−250 mV) to (250 mV) versus OCP with short scan rate (1.0 mV  s−1).

AC electrical conductivity of PANI, PANI/CNTs and PANI/Cu-Pp/CNTs were determined by impedance 
analyzer in frequency range 10 Hz–1000 kHz.

The cycle performance of LAB battery was inspected by using laboratory made cells (2.0 V/2.8 Ah). This cell 
contains one negative electrode and two positive electrodes. The separator is poly vinyl chloride. The electrolyte 
is 5.0 M  H2SO4. The cycle performance tests were carried out using different negative electrodes i.e. bare Pb, 
coated Pb (neat PANI), coated Pb (PANI/CNTs) and coated Pb (PANI/Cu-Pp/CNTs). In all cases, the tests were 
stopped at 1.7 V (the cut-off discharging voltage) and measured at C/5 rate and at 298 K.

The structure and morphology of PANI/Cu-Pp/CNTs composite were detected using TEM, SEM (Jeol-Jem 
1200EX II) and XRD (PANIalytical X’PERT PRO) analysis.

Results and discussion
Structure and morphology of PANI/Cu‑Pp/CNTs. TEM and SEM were conducted on the surface of 
the PANI/Cu-Pp/CNTs nanocomposite to detect the morphology of nanocomposite, as shown in Fig. 1. The 
relevant TEM image of CNTs can be seen in Fig. 1a, which illustrates that CNTs are made up of homogeneous 
tubes. The TEM image in Fig. 1b shows that the Cu-Pp particles have a nanoplate shape.The TEM images in 
Fig. 1c indicated that PANI/Cu-Pp/CNTs composite comprised both PANI layer on the surface of the CNTs wall 
and uniformly dispersed Cu-Pp particles on the CNTs. The homogeneous texture of PANI/Cu-Pp/CNTs was 
also confirmed by SEM image in the Fig. 1d. The illustration of this composite is shown in Fig. 1f. The presence 
of C, N, O, and Cu peaks in the EDS pattern (see Fig. 2) confirms the chemical composition of the PANI/Cu-Pp/
CNTs composite.

The XRD patterns for neat PANI, CNTs, Cu-Pp and composite PANI/Cu-Pp/CNTs are shown in Fig. 3. 
PANI has peaks at 2θ = 9.42◦ , 14.70◦ , 20.52◦ , 25.52◦ . CNTs has peaks at 2θ = 25.96◦ , 42.5◦ . Cu-Pp has peaks at 
2θ = 24.83◦ , 45.22◦ , 76.20◦.

Characteristic peaks of PANI, CNTs and Cu-Pp can be seen in PANI/Cu-Pp/CNTs nanocomposite pattern. 
This confirms the formation of PANI/Cu-Pp/CNTs nanocomposite.

Effects of PANI/Cu‑Pp/CNTs on the hydrogen gas evolution. Figure 4 displays the hydrogen gas 
evolution results for bare Pb, coated Pb (neat PANI), coated Pb (PANI/CNTs) and coated Pb (PANI/Cu-Pp/
CNTs ) in 5.0  M  H2SO4 in order to determine the effects of new nanocomposites on the HER. In the case 
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of bare Pb, HER was 0.754 ml   min−1   cm−2. In comparison, coated Pb (neat PANI), coated Pb (PANI/CNTs) 
and coated Pb (PANI/Cu-Pp/CNTs ) revealed the HER around 0.25 ml   min−1   cm−2, 0.02 ml   min−1   cm−2 and 
0.015 ml  min−1  cm−2, respectively.

It is evident that new nanocomposites suppressed the hydrogen gas evolution reaction. Also, the considerable 
low HER was detected in coated Pb (PANI/Cu-Pp/CNTs).

The HER for coated and uncoated Pb can be investigated via EIS experiments at − 1.1 V vs. Hg/Hg2SO4. Then, 
the EIS method can be used for extracting the impedance parameters for cathodic reaction (i.e. Hydrogen gas 
evolution reaction)26. Figure 5 shows the EIS plots (Nyquist (a), Bode (b) and Phase angle (c) plots) for bare Pb, 
coated Pb (neat PANI), coated Pb (PANI/CNTs) and coated Pb (PANI/Cu-Pp/CNTs ) in 5.0 M  H2SO4 at − 1.1 V 
vs. Hg/Hg2SO4.

The Nyquist parts exhibit a similar trend (i.e. charge transfer trend) for all uncoated and coated  electrodes27. 
The best suitable equivalent circuit (EC) for Nyquist parts was inserted in Fig. 5a. This EC contains Rct (charge 
transfer resistance of HER on Pb), Cdl (electrical double layer capacitor) and Rs (electrolyte resistance)28,29. All 
these elements are presented in Table 1. Compared with the bare Pb, the coated electrodes with various coatings 
(neat PANI, PANI/CNTs and PANI/Cu-Pp/CNTs) showed higher Rct and lower Cdl (see Table 1). The coated 

Figure 1.  (a) TEM image of CNTs, (b) TEM image of Cu-Pp, (c) TEM image of PANI/Cu-Pp/CNTs composite, 
(d) SEM image of PANI/Cu-Pp/CNTs composite, and (f) The illustration of PANI/Cu-Pp/CNTs composite.

Figure 2.  EDX analysis of PANI/Cu-Pp/CNTs composite.
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Figure 3.  XRD patterns for neat PANI, CNTs, Cu-Pp and composite PANI/Cu-Pp/CNTs.

Figure 4.  Hydrogen gas evolution (HER) for bare Pb, coated Pb (neat PANI), coated Pb (PANI/CNTs) and 
coated Pb (PANI/Cu-Pp/CNTs ) in 5.0 M  H2SO4 at 298 K.

Figure 5.  EIS plots (Nyquist (a), Bode (b) and Phase angle (c) plots) for bare Pb, coated Pb (neat PANI), coated 
Pb (PANI/CNTs) and coated Pb (PANI/Cu-Pp/CNTs ) in 5.0 M  H2SO4 at − 1.1 V vs. Hg/Hg2SO4 and 298 K.

Table 1.  Equivalent circuit elements of bare and coated Pb electrodes.

Electrode Rs (Ω  cm2) Rct (Ω  cm2) Cdl (F  cm−2)

Bare Pb 0.72 45.77 3.52 ×  10–4

coated Pb (neat PANI) 0.53 58.90 2.75 ×  10–4

coated Pb (PANI/CNTs) 0.35 67.83 2.13 ×  10–4

coated Pb (PANI/Cu-Pp/CNTs ) 0.28 83.43 1.86 ×  10–4
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Pb (PANI/Cu-Pp/CNTs) had a relatively larger Rct than that of the coated Pb (neat PANI) and the coated Pb 
(PANI/CNTs). Results confirmed that PANI/Cu-Pp/CNTs nanocomposite caused a decrease in the hydrogen 
gas evolution for Pb in 5.0 M  H2SO4.

The decreased in the Rs values from 0.72 Ω  cm2 to 0.28 Ω  cm2 was observed for the coated Pb (PANI/Cu-Pp/
CNTs). This could be assigned to the increase in the ions mobility through the composite  layer30.

Effects of PANI/Cu‑Pp/CNTs on the corrosion rate. Tafel experiments  were used to examine the 
corrosion rate for various electrodes containing bare Pb, coated Pb (neat PANI), coated Pb (PANI/CNTs) and 
coated Pb (PANI/Cu-Pp/CNTs ) in 5.0 M  H2SO4 (see Fig. 6). The Tafel elements such as corrosion potential 
(Ecorr) and corrosion current density (jcorr) are presented in Table 2.

Indeed, the new nanocomposites affect on the Tafel lines (anodic and cathodic reactions) for Pb in 5.0 M 
 H2SO4. Compared with the bare Pb, the coated electrodes with various coatings (neat PANI, PANI/CNTs and 
PANI/Cu-Pp/CNTs) showed lower jcorr (see Table 2).

Results indicated that the jcorr decreased from 5.01 mA  cm−2 to 0.04 mA  cm−2 when the coated Pb (PANI/
Cu-Pp/CNTs) was used. Furthermore, the Ecorr moved to more positive direction for coated Pb electrodes. The 
change in Ecorr values reflects a change in a corrosion  system31. Results confirmed that PANI/Cu-Pp/CNTs 
nanocomposite caused a significant reduction in the corrosion rate for Pb in 5.0 M  H2SO4. Furthermore, both 
the cathodic and anodic branches of the Tafel curves have shifted to lower current density values, suggesting that 
both hydrogen evolution and Pb dissolution reactions have been inhibited.

AC electrical conductivity experiments were used to prove that the low jcorr for coated Pb is not due to the 
poor conductance of nanocomposites.

In comparison, the AC conductivity of the PANI, PANI/CNTs and PANI/Cu-Pp/CNTs are 1.9 ×  10–8 S  cm−1, 
3.5 ×  10–4 S  cm−1 and 9.2 ×  10–3 S  cm−1, respectively. In this case, CNTs may form bridge bonds with PANI, leading 
to the enhancement of the conductivity in the composite  layers32,33.

In comparison, PANI/Cu-Pp/CNTs have the highest conductivity due to the fast electron delocalization along 
the PANI because of the combination of Zn-Pp and  CNTs34–37.

LAB battery performances. Battery performances of LAB battery using different negative electrodes i.e. 
bare Pb, coated Pb (neat PANI), coated Pb (PANI/CNTs) and coated Pb (PANI/Cu-Pp/CNTs) were examined. 
The cycle performance of LAB battery was recorded in Fig. 7. The LAB battery showed an open circuit potential 
nearly 2.10 V. All electrodes showed the depleting in discharge voltage with an increase in cycle number. Here 
the discharge voltage at 1.7 V represents the battery shortage and the end of discharge.

Figure 6.  Tafel curves for bare Pb, coated Pb (neat PANI), coated Pb (PANI/CNTs) and coated Pb (PANI/
Cu-Pp/CNTs ) in 5.0 M  H2SO4 at 298 K.

Table 2.  The Tafel elements of bare and coated Pb electrodes.

Electrode jcorr (mA  cm−2) Ecorr (V vs. Hg/Hg2SO4)

Bare Pb 5.01 −0.942

coated Pb (neat PANI) 1.99 −0.640

coated Pb (PANI/CNTs) 0.14 −0.527

coated Pb (PANI/Cu-Pp/CNTs ) 0.04 −0.421
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In Fig. 7, the cycle numbers using various electrodes containing bare Pb, coated Pb (neat PANI), coated Pb 
(PANI/CNTs) and coated Pb (PANI/Cu-Pp/CNTs) are 234, 293, 400 and 438, respectively. Results displayed that 
coated Pb (PANI/Cu-Pp/CNTs) (negative electrode) gave the supreme performance comparing with bare Pb.

Mechanism and explanation. When discharging a LAB battery, the following reactions at the negative 
electrode occurs: Pb +  H2SO4 ↔  PbSO4 +  2H+  + 2e and  2H+  + 2e ↔  H2

38,39. Hydrogen evolution and formation 
of  PbSO4 on the surface of the negative electrode can induce the loss in the battery  life40,41.

With regards to the above results, it is clear that the using of coated negative electrodes with PANI/Cu-Pp/
CNTs composite can significantly decrease the HER and corrosion rates.

The most important mechanisms with respect to the role of PANI/Cu-Pp/CNTs composite can be based on 
the following aspects:

1. PANI polymer can form the physical barrier on the surface of Pb electrode. This barrier protects the surface 
of electrode from corrosive  solution42,43.

2. Due to the conductivity property of the PANI polymer, the cathodic reaction (i.e. hydrogen evolution) that 
occurred on the surface of Pb electrode will be replaced with the PANI /electrolyte  interface44. Therefore, 
we noted a significant reduction in the hydrogen evolution.

3. According to Ahmad and  MacDiarmid45, the coating of PANI causes the moving of corrosion potential to 
the passive area, leading to protection of Pb electrode. Additionally, this moving in Ecorr gives a significant 
physical property against corrosion products on the Pb  electrode46.

4. By introducing the CNTs and Cu-Pp nanoparticles in the PANI polymer matrix, that formed composite 
(PANI/Cu-Pp/CNTs) becomes more effective in the suppression of both hydrogen gas evolution and corro-
sion of Pb electrode than PANI  alone22,34.

5. The presence of CNTs and Cu-Pp nano-particles shrink the electrolyte pathway of PANI and hence reduc-
ing the risks of corrosive solution. Moreover, both nanoparticles improve the mechanical and conductivity 
properties of  PANI47–50.

6. The use of PANI/Cu-Pp/CNTs composite was effective for reducing the formation of  PbSO4 on the surface 
of the battery negative electrode during the cycling process. This led to the supreme performance of the LAB 
battery.

7. The high conductivity of CNTs and Cu-Pp nanoparticles enhanced the cycling performance of LAB 
 battery51–53.

Conclusions
In the research, we have offered the promising composite (PANI/Cu-Pp/CNTs) coating to protect the nega-
tive plate (Pb) of LAB battery. PANI/Cu-Pp/CNTs nanocomposite was compared with neat PANI, PANI/
CNTs coatings to determine the performance of new nanocomposite. In comparison, coated Pb (neat PANI), 
coated Pb (PANI/CNTs) and coated Pb (PANI/Cu-Pp/CNTs) revealed the HER around 0.25 ml  min−1  cm−2, 
0.02 ml  min−1  cm−2 and 0.015 ml  min−1  cm−2, respectively. Compared with the bare Pb, the coated Pb elec-
trodes showed higher Rct and lower Cdl and Icorr. The presence of CNTs and Cu-Pp nano-particles improve the 
mechanical and conductivity properties of PANI. The coated Pb (PANI/Cu-Pp/CNTs) presented a better cyclic 
performance compared with bare Pb electrode. This means that the use of composite (PANI/Cu-Pp/CNTs) is 
effective coating to enhance the performance of LAB battery. This outcome opens up magnificent opportunities 
for nanocomposite research that is applied to lead-acid batteries.

Figure 7.  Dependence of cell voltage on cycle numbers using different negative electrodes.



7

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9507  | https://doi.org/10.1038/s41598-021-88972-4

www.nature.com/scientificreports/

Received: 13 March 2021; Accepted: 20 April 2021

References
 1. Bode, H. Lead-Acid Batteries (Wiley, 1977).
 2. Tan, S.-Y., Payne, D. J., Hallett, J. P. & Kelsall, G. H. Developments in electrochemical processes for recycling lead–acid batteries. 

Curr. Opin. Electrochem. 16, 83–89 (2019).
 3. Moseley, P. T., Rand, D. A. J., Davidson, A. & Monahov, B. Understanding the functions of carbon in the negative active-mass of 

the lead–acid battery: a review of progress. Journal of Energy Storage 19, 272–290 (2018).
 4. Zguris, G. C. Advances in recombinant battery separator mat (RBSM) separators for lead-acid batteries—a review. J. Power Sources 

107, 187–191 (2002).
 5. A.J. Salkind, A.G. Cannone, F.A. Trumbure, “Lead-Acid Batteries”, in Handbook of Batteries, Linden, D., Reddy, T.B., Editors, 

Third ed., McGraw Hill, NY, USA, pp. 23.6–23.29, 2002.
 6. Palacin, M. R. & de Guibert, A. Why do batteries fail?. Science 351, 574–581 (2016).
 7. May, G. J., Davidson, A. & Monahov, B. Lead batteries for utility energy storage: A review. Journal of Energy Storage 15, 145–157 

(2018).
 8. Naresh, V., Bhattacharjee, U. & Martha, S. K. Boron doped graphene nanosheets as negative electrode additive for high-performance 

lead-acid batteries and ultracapacitors. J. Alloy. Compd. 797, 595–560 (2019).
 9. Oluwaseun John Dada. Higher capacity utilization and rate performance of lead acid battery electrodes using graphene additives. 

Journal of Energy Storage 23, 579–589 (2019).
 10. Vangapally, N., Gaffoor, S. A. & Martha, S. K. Na2EDTA chelating agent as an electrolyte additive for high performance lead-

acid batteries. Electrochim. Acta 258, 1493–1501 (2017).
 11. Hosseini, S., Farhadi, K. & Banisaeid, S. Sodium hexa meta phosphate impact as electrolyte additive on electrochemical behavior 

of lead-acid battery. J. Energy Storage 17, 170–180 (2018).
 12. Deyab, M. A. Hydrogen evolution inhibition by L-serine at the negative electrode of a lead–acid battery. RSC Adv. 5, 41365–41371 

(2015).
 13. Deyab, M. A. Ionic liquid as an electrolyte additive for high performance lead-acid Batteries. J. Power Sources 390, 176–180 (2018).
 14. Ghavami, R. K., Kameli, F., Shirojan, A. & Azizi, A. Effects of surfactants on sulfation of negative active material in lead acid battery 

under PSOC condition. J. Energy Storage 7, 121–130 (2016).
 15. Ghavami, R. K. & Rafiei, Z. Performance improvements of alkaline batteries by studying the effects of different kinds of surfactant 

and different derivatives of benzene on the electrochemical properties of electrolytic zinc. J. Power Sources 162, 893–899 (2006).
 16. Deyab, M. A. Hydrogen generation during the corrosion of carbon steel in crotonic acid and using some organic surfactants to 

control hydrogen evolution. Int. J. Hydrog. Energy 38, 13511–135190 (2013).
 17. Dmitrenko, V. E., Lubentsov, B. Z., Yevdokimenko, S. G., Lisyansky, I. I. & Soldatenko, V. A. Influence of electrically conductive 

polymers on the operating parameters of lead/acid batteries. J. Power Sources 67, 111–113 (1997).
 18. Kausar, A. Chapter 9 - Application of Polymer-Based Composites: Conductive Pastes Based on Polymeric Composite/Nanocom-

posite, Electrical Conductivity in Polymer-Based Composites, Matthew Deans, Elsevier Inc. 2019, Pages 255–274.
 19. Thambidurai, S., & Pandiselvi, P. Chapter 9 - Polyaniline/Natural Polymer Composites and Nanocomposites, Editor(s): P.M. Visakh, 

Cristina Della Pina, Ermelinda Falletta, Polyaniline Blends, Composites, and Nanocomposites, Elsevie 2018, , Pages 235–256.
 20. Yit Thai Ong. Abdul Latif Ahmad, Sharif Hussein Sharif Zein and Soon Huat Tan, A Review On Carbon Nanotubes In An Envi-

ronmental Protection And Green Engineering Perspective. Braz. J. Chem. Eng. 27, 227–242 (2010).
 21. Deyab, M. A. Corrosion protection of aluminum bipolar plates with polyaniline coating containing carbon nanotubes in acidic 

medium inside the polymer electrolyte membrane fuel cell. J. Power Sources 268, 50–55 (2014).
 22. Deyab, M. A. & Mele, G. Polyaniline/Zn-phthalocyanines nanocomposite for protecting zinc electrode in Zn-air battery. J. Power 

Sources 443, 227–264 (2019).
 23. Deyab, M. A. Hydrogen generation by tin corrosion in lactic acid solution promoted by sodium perchlorate. J. Power Sources 268, 

765–770 (2014).
 24. Deyab, M. A. Effect of halides ions on H2 production during aluminum corrosion in formic acid and using some inorganic inhibi-

tors to control hydrogen Evolution. J. Power Sources 242, 86–90 (2013).
 25. Deyab, M. A. 1-Allyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide as an effective organic additive in aluminum-air 

battery. Electrochim. Acta 244, 178–183 (2017).
 26. Yin, J. et al. Effect of polyvinyl alcohol/nano-carbon colloid on the electrochemical performance of negative plates of lead acid 

battery. J. Electroanal. Chem. 832, 152–157 (2019).
 27. Deyab, M. A., Zaky, M. T. & Nessim, M. I. Inhibition of acid corrosion of carbon steel using four imidazolium tetrafluoroborates 

ionic liquids. J. Mol. Liq. 229, 396–404 (2017).
 28. Deyab, M. A. Decyl glucoside as a corrosion inhibitor for magnesiumeair battery. J. Power Sources 325, 98–103 (2016).
 29. Deyab, M. A. Khadija Eddahaoui, Rachid Essehli, Tarik Rhadfi, Said Benmokhtar, Giuseppe Mele, Experimental evaluation of 

new inorganic phosphites as corrosion inhibitors for carbon steel in saline water from oil source wellsm. Desalination 383, 38–45 
(2016).

 30. Rubinson, J. F. & Kayinamura, Y. P. Charge transport in conducting polymers: insights from impedance spectroscopy. Chem. Soc. 
Rev. 38, 3339–3347 (2009).

 31. John, S., Joseph, A., Sajini, T. & Jose, A. J. corrosion inhibition properties of 1,2,4-Hetrocyclic Systems: Electrochemical, theoretical 
and Monte Carlo simulation studies. Egypt. J. Pet. 26, 721–732 (2017).

 32. Oueiny, C., Berlioz, S. & Perrin, F.-X. Carbon nanotube–polyaniline composites. Prog. Polym. Sci. 39, 707–748 (2014).
 33. Wu, T. M., Lin, Y. W. & Liao, C. S. Preparation and characterization of polyaniline/multi-walled carbon nanotube composites. 

Carbon 43, 734–740 (2005).
 34. Deyab, M. A. et al. Synthesis and characteristics of alkyd resin/M-Porphyrins nanocomposite for corrosion protection application. 

Progress Org. Coatings 105, 286–290 (2017).
 35. Deyab, M. A., De Riccardis, A. & Mele, G. Novel epoxy/metal phthalocyanines nanocomposite coatings for corrosion protection 

of carbon steel. J. Mol. Liq. 220, 513–517 (2016).
 36. Zhang, X., Zhang, J. & Liu, Z. Tubular composite of doped polyanilinewith multi-walled carbon nanotubes. Appl. Phys. A. 80, 

1813–1817 (2005).
 37. Lach, J., Wróbel, K., Wróbel, J., Podsadni, P. & Czerwiński, A. Applications of carbon in lead-acid batteries: a review. J. Solid State 

Electrochem. 23, 693–705 (2019).
 38. Lam, L. T. & Louey, R. Development of ultra-battery for hybridelectric vehicle applications. J. Power Sources 158, 1140–2114 (2006).
 39. Bhattacharya, A. Indra Narayan Basumallick, Effect of mixed additives on lead–acid battery electrolyte. J. Power Sources 113, 

382–387 (2003).
 40. Shapira, R., Nessim, G. D., Zimrin, T. & Aurbach, D. Towards promising electrochemical technology for load leveling applications: 

extending cycle life of lead acid batteries by the use of carbon nano-tubes (CNTs). Energy Environ. Sci. 6, 587–594 (2013).



8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9507  | https://doi.org/10.1038/s41598-021-88972-4

www.nature.com/scientificreports/

 41. Tuncay Ozyilmaz, A., Akdag, A., Hakki Karahan, I. & Ozyilmaz, G. The influence of polyaniline (PANII) coating on corrosion 
behaviourof zinc–cobalt coated carbon steel electrode. Progress Org. Coatings 76, 993–997 (2013).

 42. Sababi, M., Pani, J., Augustsson, P.-E., Sundell, P.-E. & Claesson, P. M. Influence of polyaniline and ceria nanoparticle additives on 
corrosion protection of a UV cure coating on carbon st. Corros. Sci. 84, 189–197 (2014).

 43. Gupta, G., Birbilis, N., Cook, A. B. & Khanna, A. S. Polyaniline-lignosulfonate/epoxy coating for corrosion protection of AA2024-
T3. Corros. Sci. 67, 256–267 (2013).

 44. Dominis, A. J., Spinks, G. M. & Wallace, G. G. Comparison of polyaniline primers prepared with different doPANIts for corrosion 
protection of steel. Prog. Org. Coat. 48, 43–49 (2003).

 45. Ahmad, N. & MacDiarmid, A. G. Inhibition of Corrosion of Steels with the Exploitation of Conducting Polymers,". Synth. Met. 
78, 103–110 (1996).

 46. Deyab, M. A. Electrochemical investigations on pitting corrosion inhibition of mild steel by provitamin B5 in circulating cooling 
water. Electrochim. Acta 202, 262–268 (2016).

 47. Baer, D. R., Burrows, P. E. & El-Azab, A. A. Enhancing coating functionality using nanoscience and nanotechnology. Prog. Org. 
Coat. 47, 342–355 (2003).

 48. Gonzalez-Rodriguez, J. G. et al. Improvement on the corrosion protection of conductive polymers in pemfc environment by 
adhesives. J. Power Sources 186, 184–190 (2007).

 49. Jeyaprabha, C., Sathiyanarayanan, S. & Venkatachari, G. Effect of cerium ions on corrosion inhibition of PANII for iron in 05 M 
H2SO4. Appl. Surf. Sci. 253, 432–438 (2006).

 50. Mirmohseni, A. & Oladegaragoze, A. Anticorrosive properties of polyaniline coating on iron. Synth. Met. 114, 105–108 (2000).
 51. Trchová, M., Konyushenko, E. N., Stejskal, J., Kovárová, J. & Ciric-Marjanovic, G. The conversion of polyaniline nanotubes to 

nitrogen-containing carbon nanotubes and their comparison withmulti-walled carbon nanotubes. Polym. Degrad. Stab. 94, 929–938 
(2009).

 52. Morávková, Z., Trchová, M., Tomsík, E., Cechvala, J. & Stejskal, J. Enhanced thermal stability of multi-walled carbon nanotubes 
after coating with polyaniline salt. Polym. Degrad. Stab. 97, 1405–1414 (2012).

 53. Jiménez, P. et al. Carbon nanotube effect on polyaniline morphology in water dispersible composites. J. Phys. Chem. B 114, 
1579–1585 (2010).

Acknowledgements
Taif University Researchers Supporting Project number (TURSP-2020/19), Taif University, Saudi Arabia.

Author contributions
M.A.D.: Conceptualization; Data curation; Formal analysis; Investigation; Methodology; Project administration; 
Resources; Software; Supervision; Validation; Visualization; Roles/Writing - original draft; Writing - review & 
editing. Q.M.: Funding acquisition; Software; Writing - review & editing.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Controlling the corrosion and hydrogen gas liberation inside lead-acid battery via PANICu-PpCNTs nanocomposite coating
	Materials and methods
	Materials. 
	Preparation of PANICu-PpCNTs and coated electrodes. 
	Methods. 

	Results and discussion
	Structure and morphology of PANICu-PpCNTs. 
	Effects of PANICu-PpCNTs on the hydrogen gas evolution. 
	Effects of PANICu-PpCNTs on the corrosion rate. 
	LAB battery performances. 
	Mechanism and explanation. 

	Conclusions
	References
	Acknowledgements


