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Abstract 
 
Zinc phosphate coating, as an effective and fast anticorrosion technique for the metals, have been developed rapidly in recent 
years. However, it is still a challenge to synthesize a low energy, environmentally friendly and efficient accelerator through a 
facile method. Herein, as a new accelerator, polypyrrole (PPy) functionalized graphene oxide (GO-PPy) nanocomposites were 
prepared by in-situ process to grow PPy film on GO surface, Incorporation of GO-PPy into phosphate baths accelerated the 
phosphating process of phosphate coating and promoted the nucleation and growth of phosphate crystals, achieving stronger 
corrosion resistance, which were confirmed by electrochemical measures and morphologies characteristic of the phosphate 
coating. Additionally, when the concentration of GO-PPy in the phosphate baths reached up 1.2 g/L, the phosphate coating 
possessed the most compact and uniform phosphate crystals and the best corrosion protection performance. Finally, the 
special mechanism of the phosphate process was discussed. This work introduces a new, low-energy, facile, environmentally 
friendly and alternative accelerator for the preparation of phosphate coatings.  
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1. Introduction 

The extremely high environmental and economic impact on 

corrosion of metal substrate arouses large scientific interest to 

overcome this problem and require an extremely high 

environmental and economic transdisciplinary method.[1,2] 

One of the easiest and most common approaches for 

preventing metals from corrosion is the application of various 

coatings.[3-4] Zinc phosphate coating, for example, is 

commonly applied during drawing and extrusion of various 

metals because of its low cost and barrier function.[5] 

Additionally, zinc phosphate coating can not only prevent 

metal corrosion but also improve organic coatings’ adhesion 

ability on the metal substrate, which are of great benefit to its 

practical industrial application.[6] Unfortunately, traditional 

phosphating process needs to be carried out at high 

temperature such as 90-98°C, and it is extremely time 

consuming, accounting for enormous energy consumption.[7-9] 

Thus, appropriate temperature for phosphating process has 

been of importance as a result of low energy consumption. 

However, phosphating process at low temperature is 

extremely slow and needed to be promoted by specialized 

materials such as nitrides, nitrates, and chlorates. Thus, these 

traditional accelerators validly reduce the phosphating time 

but are extremely unhealthy to human health and 

environment.[10,11] Therefore, the environmental protection 

agency had considered those accelerators as harmful to the 

human. Many researchers have attempted to develop new 

accelerators.[12,13] Environmental-friendly and effective 

accelerators are still urgently needed to upgrade traditional 

accelerators. 

Graphene oxide (GO) produces stable dispersion in many 

polar and nonpolar solvents including water owing to various 

oxygenated functional groups, and is thus the most important 

and widely used medium for many industrial applications.[14,15] 
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Researches confirmed that GO could prominently enhance the 

resistance of coatings because of its excellent impermeability 

to corrosive media.[16,17] Zhang et al. incorporated GO into 

phosphating bath, and investigated its effect on corrosion 

resistance and microstructure of phosphate coating. This paper 

showed that GO, as a new accelerator, effectively speeded up 

phosphating process, and enhanced the corrosion protection 

performance of phosphate coatings.[18] However, the 

corresponding impedance modulus of zinc phosphate coatings 

was very low. In addition, polypyrrole (PPy) has become the 

most studied conducting polymers owing to its easy synthesis, 

nontoxicity and good stability. Wang et al. researched the 

addition of PPy intercalated graphene into epoxy coating and 

showed a synergistic protection on the metal substrate.[19] 

Moreover, hydrophilic PPy functionalized GO could improve 

the dispersion ability of the agglomerated GO in many polar 

and nonpolar solvents owing to the increase of interlayer 

spacing, as a result of more uniform nanosheets absorbed on 

the surface of mild steel compared to GO nanosheets. In view 

of those, using GO-PPy as an accelerator to speed up 

phosphating process and then adding GO-PPy into the 

phosphate bath have been hardly studied. 

Herein, this is the first report of concerning the possibility 

of GO-PPy as a fast, available accelerator to speed up the 

phosphating progress of phosphate coating. GO-PPy was 

synthesized by in-situ process to grow PPy film on the surface 

of GO. Thus, the GO-PPy was added into conventional 

phosphate bath to fabricate zinc phosphate coating on the 

surface of the mild steel. Potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS) were 

employed to assess the corrosion protection property of 

phosphate coating. X-ray diffraction (XRD) and field 

emission scanning electron microscope (FESEM) were used 

to characterize the chemical composition and morphological 

characteristic of phosphate coating. Finally, the phosphating 

mechanism of phosphate coating with GO-PPy in phosphating 

bath was discussed based on the above experimental results.  

 

2.  Experimental 

2.1. Synthesis of GO-PPy 

GO-PPy composites were prepared according to our previous 

reports.[20,21] Briefly, these composites were prepared by in-situ 

polymerization of Py on the surface of GO. 

2.2. Fabrication of phosphate coating 

Mild steel pans with the dimension of 120 mm×50 mm×0.28 

mm were used as the substrate of zinc phosphate coating, and 

these chemical composition (wt%) were ≤0.22 C, ≤0.34 Si, 

≤0.045 P, ≤0.05 S, ≤0.70 Mn and blance Fe, mild steel pans 

were first grinded with 200, 600, 1000 grit SiC sand paper to 

remove oxide layer, respectively. Then, these mild steel pans 

were immersed in 10 wt% NaOH solution at 40 ℃ for 10 

minutes to remove all alkali. These degreasing mild steel pans 

were rinsed with ethanol solution and dried to eliminate excess 

NaOH. After that, mild steel pans were exposed to 150 mL of 

phosphating bath at 40 ℃ for 20 min. The chemical composi-

tion of phosphate baths is depicted in Table 1. After the com-

pleting phosphating, the mild steel pans were rinsed with etha-

nol and dried. The concentration of GO in phosphating bath was 

1.2 g/L, and the resultant specimen was named as GO-1.2. 

While the concentrations of GO-PPy nanocomposites in phos-

phating solution were 0, 0.8, 1.0, 1.2, and 1.6 g/L, respectively. 

The resultant specimens were named as BP, GP-0.8, GP-1.0, 

GP-1.2, and GP-1.6, respectively. 

Table 1. Chemical composition of the phosphating baths. 

 Zn(H2PO4)2 Zn(NO3)2 H3PO4 GO GO-PPy 

BP 55 g/L 60 g/L 8 g/L   

GO1.2 55 g/L 60 g/L 8 g/L 1.2   

GP-0.8 55 g/L 60 g/L 8 g/L g/L 0.8 g/L 

GP-1.0 55 g/L 60 g/L 8 g/L  1.0 g/L 

GP-1.2 55 g/L 60 g/L 8 g/L  1.2 g/L 

GP-1.6 55 g/L 60 g/L 8 g/L  1.6 g/L 

 

2.3. Characterization 

Morphologies of phosphate coatings were characterized by 

FESEM (an Inspect F50 Scanning Electron Microscope). The 

crystalline structure and composition of phosphate coating were 

analyzed by XRD (Bruker D8 Advance). The corrosion 

protection property of phosphate coatings was evaluated by 

electrochemical test. All measurements were conducted by the 

electrochemical workstation (RST5200F, Suzhou Ruisitai 

Instrument Technology Co., Ltd.). The geometric area of the 

working electrode was 12 cm2, which was connected with the 

electrolytic solution (3.5 wt% NaCl solution). The polarization 

plots were collected via a 1 mV/s scan rate. EIS tests were 

conducted with the frequency range of 100 kHz-0.01 Hz using 

5 mV amplitude with alternating current signal.  

3. Results and discussion 

3.1. Potentiodynamic polarization characterization 

The potentiodynamic polarization curves are shown in Fig. 1 

and polarization parameters are listed in Table 2, respectively. 

In general, a material with a higher corrosion potential (Ecorr) 

and a lower icorr (corrosion current density) is held to possess a 

lower tendency of oxidation and corrosion and therefore higher 

corrosion resistance performance.[18] From Fig. 1 and Table 2, 

Ecorr for BP and GO-1.2 were -623 and -590 mV, and that for 

GP-0.8, GP-1.0, GP-1.2 and GP-1.6 were -561, 574, 564 and -

608 mV, respectively. This indicated that Ecorr for GO-1.2 raised 

33 mV compared to that of BP, and Ecorr for GP-0.8 raised 62 

mV compared to that of BP. Meanwhile, icorr for BP and GO-1.2 

were 5.72 and 5.16 μA/cm2, and that for GP-0.8, GP-1.0, GP-

1.2 and GP-1.6 were 2.94, 3.16, 3.79 and 3.91 μA/cm2, 

respectively. This indicated that icorr for GO-1.2 was decreased 

to 0.56 μA/cm2, icorr for GP-0.8 decreased to 1.81 μA/cm2.Thus 

the addition of the accelerator GO or GO-PPy in phosphate 

baths could obviously improve Ecorr and decrease icorr. 

According to Table 2, GP-0.8 had the largest Ecorr and the lowest 
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icorr compared with other specimens, which indicated its best 

corrosion resistance performance. 

 

 

 

 

 

 

 

 

 

 

Fig. 

1 Tafel curves of specimens obtained from phosphating bath. 

When the concentration of GO-PPy in the phosphating bath 

raised up to 1.6 g/L, Ecorr for GP-1.6 decreased and icorr for GP-

1.6 increased evidently, which indicated that excessive GO-PPy 

in the phosphating bath was not conducive to increase Ecorr or 

decrease icorr of the specimens, and its corrosion resistance 

ability became worse. This excellent anticorrosion property was 

also evident by the minimum corrosion rate. According to Table 

2, the corrosion rate of GP-0.8 was 3.46×10-2 mm/year, which 

was smaller than that of BP, GO-1.2 and GP-1.6, indicating its 

best corrosion resistance performance. 

3.2 EIS characteristics    

The corrosion behaviors of phosphate coating are commonly 

evaluated by EIS measures. Fig. 2 exhibits the Nyquist and 

Bode plots of all phosphate coatings immersed in 3.5 wt% NaCl 

solution. as depicted in Fig. 2a, the Nyquist plots of all the 

specimens exhibited a flat semicircle arc, which were associated 

with frequency dispersion due to defects in the coatings.[22] As 

the concentration of GO-PPy increased in phosphate bath, the 

size of semicircle diameter was enlarged until acquiring the 

largest diameter for GP-1.2 at the concentration of 1.2g/L, after 

which the semicircle diameter diminished again. Generally, the 

larger size of semicircle diameter, the higher polarization 

resistance.[23] Therefore, GP-1.2 had the largest semicircle 

diameter, indicating excellent corrosion resistance compared 

with other specimens. Moreover, semicircle diameters of the 

various GP specimens were larger than that of GO-1.2 or BP 

specimen, which indicated that GO-PPy obviously accelerated 

the phosphate progress of phosphate coatings. This might be 

attributed to the increase of interlayer spacing owing to 

hydrophilic PPy functionalized CO, and improved dispersion 

ability of the agglomerated GO in phosphate baths. In general, 

the value of impedance modulus at lowest frequency (Z0.01Hz) is 

applied to assess the protective ability of the coatings. From Fig. 

2c, it was clearly found that the addition of GO-PPy into 

phosphate bath led to the improvement of |Z|0.01Hz for all GP 

specimens compared to the BP specimen, whereas the |Z|0.01Hz 

for the GP-1.2 was highest compared with other specimens, 

revealing its best anticorrosion performance.  

Phase angle (-θ) is another important parameter, showing the 

change of integrity coatings during immersion in corrosive 

electrolyte.[24,25] Generally, A larger phase angle represents a 

denser coating. As shown in Fig. 2b, the -θ of BP appeared at 

low frequency, and was significantly lower than that of other 

specimens, which indicated that the coating had serious 

delamination or defects, and lost protective ability. Moreover, 

GP-1.2 had the highest -θ compared with other specimens, 

indicating that it had best corrosion resistance property. 

 

3.3. Fitting results of EIS measurement 

Based on the EIS results and morphologies of phosphate 

coatings, Fig. 3 exhibits the fitting equivalent circuit model for 

the coated steels, where CPE, Rct and Rs represented constant 

phase element, charge transfer resistance and solution 

resistance, respectively. These fitting results acquired from the 

equivalent circuit are presented in Table 3. According to the 

data of Table 3, a low CPE and high Rct were also acquired for 

all phosphate coatings. 

Fig. 2 Nyquist (a) and Bode (b-c) plots of all phosphate coatings immersed in 3.5 wt % NaCl solution. 
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Fig. 3 Equivalent circuit model of the phosphate coatings. 

 

Furthermore, Rct for phosphate coatings first increased with 

increasing the concentration of GO-PPy in phosphating bath, 

and reached the maximum at the concentration of 1.2 g/L, and 

then decreased again. Nevertheless, the Rct for GP-1.6 was still 

around two times higher than that of BP. The largest Rct for 

GP-1.2 thereby revealed that it showed the best corrosion 

resistance performance than other specimens, which was 

consistent with the results of EIS measures. 

3.4. XRD characterization of phosphate coating 

 
Fig. 4 XRD spectrums of the specimens after immersed in 

phosphate baths. 

The phase composition of various phosphate coatings was 

characterized by XRD. The corresponding results are shown in 

Fig. 4. The peak at 2θ=36° was attributed to the crystal structure 

of Zn3(PO4)2·4H2O (JCDF#37-0465), and the peak at 2θ=45° 

was attributed to the crystal structure of Zn2Fe(PO4)2·4H2O 

(JCDF#29-1427). Other peaks at 2θ=45°, 65° and 84° were 

attributed to the metal of Fe. 

 

3.5. Morphology characteristic of phosphate crystal in the 

phosphating process 

The morphology characteristic of phosphate crystals on the sur-

face of the specimens were carried out by FESEM. The micro-

structure morphologies of phosphate crystals at different phos-

phating stages are shown in Fig. 5. The phosphate crystals on 

the specimen surface crystallized and grew with the prolonga-

tion of phosphating time, finally formed a dense phosphate coat-

ing on the substrate surface, which was used to protect the metal 

substrate from corrosion. As GO-PPy was added into the phos-

phating baths, the phosphating processes of these specimens 

were accelerated, and formed the dense phosphate coatings, 

which was the most obvious for GP-1.2.  

In the early phosphate stage (1 min), phosphate crystals were 

hardly observed for BP. As GO-PPy was added into phosphating 

bath, the crystals were observed obviously at this stage. As the 

phosphating time reached 7 min, fine phosphate crystals were 

observed in almost all effective regions for GP-1.2 specimen. 

While only a small amount of crystals was observed on BP spec-

imen. When phosphating processes were basically completed 

(20 min), the surface of GP-1.2 was denser, and the crystal clus-

ters were connected more tightly compared with other speci-

mens, revealing its best corrosive resistance property. Addition-

ally, the addition of GO-PPy into the phosphating bath increased 

the crystalline coverage degree by reducing the size of phos-

phate crystals in the phosphate coating, which suggested that 

GO-PPy was beneficial for phosphate nucleation and the for-

mation of smaller and denser crystals on the surface of the spec-

imens. 

 

 

 

Table 2. Polarization parameters obtained from potentiodynamic polarization curves. 

Sample 
Ecorr 

(mV vs. Ag/AgCl) 

icorr 

(μA/cm2) 

ba 

(mV/dec) 

bc(mV/de

c) 

Corrosion rate 

(mm/year) 

BP -623 5.72 51 110 6.73×10-2 

GO-1.2 -590 5.16 58 60 6.08×10-2 

GP-0.8 -561 2.94 54 74 3.46×10-2 

GP-1.0 -574 3.16 55 70 3.73×10-2 

GP-1.2 -564 3.79 53 100 4.46×10-2 

GP-1.6 -608 3.91 56 79 4.61×10-2 
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Fig. 5. FESEM images of phosphate coatings with various con-

centrations of GO-PPy and different phosphating time. 

The GO-PPy in the phosphating bath had an obvious im-

pact on the decrease in the size of phosphate crystals which were 

covered on specimen and raised the amount of micro-cathode 

points which could accelerate the reaction of hydrogen evolu-

tion.[26] This rapidly consumed free phosphoric acid in phosphat-

ing bath and increased the pH values at interfaces between the 

specimen and phosphating bath. The soluble primary phosphate 

was transformed into insoluble tertiary phosphate because of the 

increase of pH value, and then deposited on mild steel substrate 

surface.[27]  

Throughout the phosphating process, the morphologies of 

phosphate crystals had changed from plate-like to slab-like as 

GO-PPy was added into phosphating bath, phosphate crystals 

covered the mild steel surface showing the most denser and uni-

form at the concentration of 1.2 g/L GO-PPy. Unfortunately, as 

the concentration of GO-PPy reached 1.6 g/L, excessive GO-

PPy nanosheets would overlap the steel substrate surface and 

phosphate crystals were no longer uniform and compact, and 

large crystals appeared, which reduced the crystal coverage de-

gree on the surface of mild steel. 

3.6. Mechanism of phosphating process 

The phosphating mechanism of traditional phosphating bath 

had been widely researched.[23,28] When exposed to phosphate 

bath, the mild steel was first transformed into iron ions and H2 

was released at the initial stage of phosphating process as 

shown in Equation (1).   

Fe+2H+→Fe 2++H2↑                      (1) 

The pH at the phosphating bath/mild steel interface raised 

because of the transition from hydrogen ions to H2, which ac-

celerated the ionization of phosphoric acid as depict in (2) re-

action, and thus resulted in PO4
3-. As (1) and (2) continued for-

ward, the content of PO4
3+ and Fe2+ reached saturated. Then, 

Fe2+ reacted with PO4
3+ on the surface of mild steel to form 

insoluble ferrous phosphate as follows. 

H3PO4→H2PO4
-
+H+→HO4

2-
+2H+→PO4

3-
+3H+       (2) 

 

2PO4
3-

+3Fe2++8H2O→Fe3(PO4)
2
·8H2O↓             (3) 

As the reaction continued, the deposited insoluble phosphate 

could be crystallized to form phosphate coating. Moreover, 

phosphate crystals including Zn3(PO4)2·4H2O and 

Zn2Fe(PO4)2·4H2O covered the specimen surface, which was 

confirmed by Fig. 4. 

Fe2++4H2O+2Zn2++2PO4
3-

→Zn2Fe(PO4)
2
·4H2O↓   (4) 

 

4H2O+ 3Zn2++ 2PO4
3-

 → Zn3(PO4)
2
·4H2O↓       (5) 

 

When GO-PPy sheets were introduced into phosphating bath, 

GO-PPy nanosheets were easy to be absorbed on the surface 

of mild steel because of its abundant groups and large specific 

surface area. the absorbed GO-PPy nanosheets activated mild 

steel surface and increased the number of micro-cathode 

points. This accelerated the dissociation process of H3PO4 and 

the dissolving reaction of mild steel,[29] which promoted the 

following crystallization reactions. Furthermore, the absorbed 

GO-PPy on the substrate surface could capture dissolved Fe2+ 

and Zn2+, then the crystallization reactions including (3), (4) 

and (5) might be speeded up even at low concentrations of 

GO-PPy in phosphate baths. Additionally, the conductive PPy 

could increase the layer spacing owing to the interaction with 

π-π bonds, which indicated that more uniformly dispersed 

nanosheets might be absorbed at phosphating solution/steel in-

terface. As a result, the above-mentioned role had been 

strengthened.  

GO-PPy nanosheets accelerated the phosphating process, 

and promoted the crystallization of phosphate crystals in the 

phosphating coating. This could explain many phosphate crys-

tals could be observed and grew up for GP-1.2 at the initial 

stage of phosphating process. Meanwhile, phosphate crystals 

were scarcely discovered on the surface of BP. Additionally, 

the early formed crystals were regarded as new nucleation 

points to speed up the following crystallization of phosphate 

crystals and decreased the size of crystals. Then, the maximum 

number of phosphate crystals was obtained in the early phos-

phating process at the concentration of 1.2 g/L GO-PPy and its 

grain size was the smallest in the completed phosphating stage.  
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Table 3.  Electrochemical parameters acquired from corresponding EIS results. 

Sample Ecorr (mVvs.Ag/AgCl) Rs (Ω cm2) Rct (Ω cm2) CPE Chi-Square 

BP -623 0.7269 18.32 9.75×10-3 1.91×10-1 

GO-1.2 -590 0.7519 20.89 6.04×10-3 2.51×10-1 

GP-0.8 -561 0.7346 35.73 1.21×10-2 1.61×10-2 

GP-1.0 -574 0.6991 37.28 2.12×10-3 2.17×10-1 

GP-1.2 -564 0.7995 56.86 2.98×10-3 2.44×10-1 

GP-1.6 -608 0.7585 32.64 5.44×10-3 3.42×10-1 

As exhibited in Fig. 5, when excessive GO-PPy was added 

into phosphate bath, excessive GO-PPy nanosheets were de-

posited and overlapped on the steel substrate surface. Then, 

the dissolution reaction (1) of the iron was suppressed and re-

stricting the reaction (2&3) of phosphoric acid decomposition. 

Therefore, the insufficient Fe2+ and PO43- resulted in the crys-

tallization process slowly. This can explain that fewer loaded 

phosphate crystals covered on the surface of GP-1.6 compared 

with GP-1.2. As a result, GP-1.2 obtained the most compact 

and thickest coating with the smallest size of phosphate crys-

tals. Based on the above discussion, as GO-PPy was added, 

the (4) and (5) reactions of phosphate crystal crystallization 

were accelerated to form Zn2Fe(PO4)2·4H2O and 

Zn3(PO4)2·4H2O crystals in phosphating coating. Phosphating 

baths generated many Zn2+ ions as depicted in Table 1, which 

were conducive to form Zn3(PO4)2·4H2O crystals. Addition-

ally, the added excessive GO-PPy nanosheets restricted (1) re-

action and Fe2+ ions were inadequate, which led to the gradual 

decrease in the peak intensities of Zn2Fe(PO4)2·4H2O.  

In brief, the steel specimen in phosphating bath absorbed 

the added GO-PPy nanosheets and was regarded as the depos-

ited bed to capture the generated metal ions (Zn2+ and Fe2+), 

which could accelerate the reaction of the crystallization reac-

tion. However, excessive GO-PPy nanosheets would overlap 

the surface of steel substrate and surpassed the dissociation of 

phosphoric acid and dissolution of irons. Therefore, Fe2+ and 

PO43− ions were inadequate, which inhibited the following 

crystallization reactions. Moreover, hydrophilic PPy function-

alized GO improved the dispersion ability in phosphating bath 

owing to the increase of interlayer spacing, resulting in more 

uniform nanosheets absorbed on the surface of mild steel com-

pared to GO nanosheets.   

 

4.  Conclusions 

In this paper, GO-PPy was prepared by in-situ process to grow 

PPy film on the surface of GO, and investigated the probability 

of using the functionalized GO as accelerator to accelerate 

phosphating process on mild steel. Results demonstrated that 

the addition of GO-PPy into the phosphating bath could accel-

erate the phosphating process and promote the crystallization 

of phosphate crystals, acquiring a better corrosion protection. 

The specific mechanism was that GO-PPy could be absorbed 

on the mild surface, then acted as sedimentary beds which 

captured metal ions and promoted the nucleation of phosphate 

crystals. Moreover, the functionalized GO had a better disper-

sion in phosphate baths compared to GO, which strengthened 

the above role. As the concentration of GO-PPy was optimized 

to be 1.2 g/L, the specimen possessed the most compact and 

uniform phosphate crystals, indicating its best corrosion pro-

tection performance. However, excessive GO-PPy nanosheets 

would overlap mild steel surface, which surpassed the disso-

ciation process of phosphoric acid and dissolution process of 

irons. As a result, PO4
3− and Fe2+ ions were inadequate, which 

inhibited the following crystallization reactions. But owing to 

the fact that the co-deposited GO-PPy sheets acted as addi-

tional barrier to block the permeation of corrosive medias, the 

phosphate coatings with high contents of GO-PPy showed 

stronger corrosion protection compared to pure phosphate 

coating. Therefore, GO could be used as a new accelerator to 

apply in the traditional phosphating industry.  
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