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Abstract

The electrolytic composition plays an important role in the structure and corrosion pro-
tection performance of electro-polymerized coating. In the present work, oxalic acid,
hydrochloric acid, sulfuric acid, phosphoric acid and benzoic acid were utilized as electrode-
position electrolytes to prepare a PANI coating. The PANI coating deposited in benzoic acid
showed a compact and uniform structure with an adhesion grade of 0. Electrochemical tests
revealed that the benzoic acid-doped PANI coating exhibited the smallest value of corrosion
current density of 2.571 pA-cm~2 and the largest inhibition efficiency of 92.6% among the
investigated acidic electrolytes. Moreover, the influence of co-electrodeposition conditions,
including cerium nitrate concentration, ammonium acetate concentration and electrolyte
pH value on the corrosion protection performance of co-electrodeposited PANI/CeO, was
investigated and the optimal co-electrodeposition condition was found to be 0.3 mol/L
aniline, 0.04 mol/L benzoic acid, 0.10 mol/L cerium nitrate, 0.10 mol/L ammonium acetate
and pH of 5.5, under which condition the corrosion current density was decreased to
0.199 pA-cm~2 and the inhibition efficiency reached 99.4%.

Keywords: polyaniline; electrolyte composition; CeO,; corrosion

1. Introduction

Due to the outstanding electrochemical and electrical/electronic capabilities and
good mechanical and thermal stability, conductive polymers have attracted great attention
in recent years, which have a widespread application in many areas, such as energy
storage [1,2], flexible electronics [3,4], supercapacitor [5,6], electrochemical sensors [7],
corrosion protection [8-10], and so on. Among the developed conducting polymers, the
polyaniline (PANI) and PANI-based materials have been the most widely investigated,
owing to their facile synthesis, low cost and good environment stability [11]. In the field
of corrosion protection, PANI has been utilized as an efficient corrosion inhibitor because
soluble PANI can adsorb on the metal substrate surface to inhibit the corrosion rate through
the functional group C=N in the PANI molecules [12]. Another popular usage of PANI
is as a coating filler [13,14]. For example, Chen [15] dispersed perfluorooctanoic acid-
adopted PANI nanoparticles into epoxy coating for enhanced anti-corrosion. The prepared
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perfluorooctanoic acid-adopted PANI nanoparticles exhibited excellent hydrophobicity
and dispersibility. The impedance modulus of the fabricated composite coating at 0.01 Hz
was higher than 6 x 108 Q-cm? after 9 days. Liu [16] introduced plate-like structure PANI
in the waterborne epoxy matrix. The well-dispersed PANI plate significantly improved the
anti-corrosion performance and the impedance modulus of this coating was over 109 Q-cm?
after corrosion in a 3.5 wt.% NaCl solution for 40 days. Gao [17] compared the corrosion
performance of epoxy coatings in the absence and presence of PANI nanowires in neutral
salt, alkaline and acidic aqueous solution. The enhanced corrosion protection property of
PANI/epoxy coatings was assigned to the passivation capability and physical barrier effect
of PANI nanowires. Another important use of PANI is as protective coatings [9,18-20].
The supporting electrolytes for electro-polymerizing PANI coating influence significantly
the structure and corrosion protection ability of the obtained layer. Kraji¢ [21] electro-
synthesized polyaniline coatings using sulfuric acid and phosphoric acids. The PANI
layer deposited in a phosphate electrolyte showed better protective property than that in a
sulfuric acid solution. Moradi [22] deposited series of PANI films doped with CH;COO™,
HSO4~,NO3;~, Hy,PO4~, and NaSO, ™~ on the 304 SS substrate. Experimental and theoretical
tests revealed that the PANI coating doped with CH3COO™ presented the most durable anti-
corrosion performance, which charge transfer resistance increased 100-fold after corrosion
20 days in the 3.5 wt.% NaCl solution. Till now, owing to the complicated corrosion
systems (different corrosive solutions, different preparation methods, different electro-
polymerization conditions), the impact of electrolyte composition on the protective property
of electro-polymerized PANI coating for mild steel substrate in NaCl solution is still
controversial and needs a systematical investigation.

In recent years, CeO, has been utilized as a promising corrosion-protective species and
exhibits good self-healing capability [23-25]. For example, Han [26] studied the corrosion
behavior of epoxy resin coating loading CeO, and benzotriazole. The optimal protective
performance was supplied by the composite coating containing 0.3% CeO, and 20% BTA.
The strengthened corrosion protection ability was originated from the barrier effect of CeO,
particles and chemical inhibition of BTA molecules. Chen [27] prepared a BTSPA /CeO;
composite film to prevent carbon steel from corrosion in an alkaline NaCl solution. The
polarization resistance of this hybrid was about seven times larger than that of the control.
Some researchers have reported the corrosion protection performance of PANI coating by
implanting CeO, particles [28,29]. The added CeO, particles on the one hand acted as
additives to fill the holes or cracks of organic coatings, and on the other hand served as
corrosion inhibitors. Alsaad [30] constructed a hydrophilic PANI/CeO, nanocomposite
film by introducing CeO, nanoparticles into the PANI matrix. The composite film showed
a high protection efficiency of 92.25% for carbon steel in 3.5 wt.% NaCl solution. However,
the directly added CeO, particles may aggregate in the organic coating, which subsequently
cannot achieve its best protection performance. Sasikumar [29] synthesized a PANI/CeO,
nanocomposite (PCN) to protect mild steel against corrosion in 0.5 M HCl solution. The
fabricated PCN acted as a mixed-type inhibitor and showed an inhibition efficiency of
69.25%. The low inhibition efficiency may be originated from a relatively weak adhesion.
Although the loading of CeO, particles into PANI film has been investigated and an
enhanced corrosion protection performance was evaluated, the co-electrodeposition of
PANI/CeO, composite coating using a proper electrolyte containing aniline monomer and
Ce’* using in situ electrodeposition method has rarely been reported.

In our previous work, we reported a PANI/CeO, composite coating by in situ elec-
trochemical method [31]. However, the impact of the electrodeposition electrolyte on the
composite coating structure and anti-corrosion performance has not been systematically
studied and optimized. In this study, the effect of different acidic electrolytes on the
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structure and anti-corrosion property of electrodeposited PANI film was initially stud-
ied. Then the superior acid electrolyte was utilized to prepare the PANI/CeO, composite
coating by introducing Ce®* in the electrolyte solution. Furthermore, the influence of
co-electrodeposition conditions, including cerium nitrate concentration, ammonium ac-
etate concentration and electrolyte pH value on the corrosion protection performance was
investigated and the optimal co-electrodeposition condition was successfully obtained.

2. Experiments
2.1. Materials

The mild steel substrate was purchased from Changzhou Shengtak Seamless Steel
Tube Co., Ltd. (Changzhou, China). Aniline (>99.5%), cerium nitrate (99.95%) and ethanol
were obtained from Shanghai Macklin Biochemical Technology CO., Ltd. (Shanghai, China).
Oxalic acid (98%), benzoic acid (>99.5%), sulfuric acid (95.0~98.0%), hydrochloric acid
(36.0~38.0%), phosphoric acid (>85.0%) and ammonium acetate (>98.0%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were used
without further purification.

2.2. Electro-Polymerization of PANI and PANI/CeO, Coatings

The electro-polymerization was performed on a Shanghai Chenhua CHI660A elec-
trochemical workstation (Shanghai, China) using a classic three-electrode system, where
mild steel samples, a saturated calomel electrode (SCE) and a large platinum sheet were
served as the working electrode, reference electrode and counter electrode, respectively.
The mild steel samples were abraded with different grades of silicon carbide (SiC) paper
from 600# to 2000#, washed with ethanol several times and at last dried in air. In a typical
electro-polymerization, the solution composed of 0.3 mol/L aniline and 0.3 mol/L oxalic
acid were employed as the electrodeposition electrolyte and the pH was adjusted to 5.0.
The coatings were electro-polymerized using a cyclic voltammetry (CV) technique between
—0.5and 1.6 V (vs. SCE) at a scan rate of 20 mV /s, and the cycle number is 10. Different
kinds of acids, including hydrochloric acid, sulfuric acid, phosphoric acid, benzoic acid
were utilized to electrodeposit PANI coating. In the case of preparing PANI/CeO, compos-
ite coating, the electrolyte was changed to a mixed solution containing acid, cerium nitrate
and ammonium acetate. The electrochemical deposition condition was the same as that of
synthesizing pure PANI coating.

2.3. Structure Characterization and Corrosion Tests

The thickness of prepared pure PANI coating and PANI/CeO, composite coating
was measured using a Dektak 150 profilometer (Veeco, Germany) and found to be ap-
proximately 28.5 and 32.8 pum, respectively. The surface morphology of prepared PANI
coatings using different electrolytes was characterized using a Hitachi SU-8010 scanning
electron microscopy (SEM). The adhesion of the coatings was tested according to the ISO
2409 standard [32]. The corrosive medium of 3.5 wt.% NaCl solution was prepared by
diluting a proper amount of NaCl in deionized water. The open circuit potential (OCP),
electrochemical impedance spectroscopy (EIS) and Tafel polarization curves were carried
out to evaluate the corrosion protection performance of synthesized PANI and PANI/CeO,
composite coatings. The EIS was conducted at the open circuit potential (Eocp) in the fre-
quency range from 10° kHz to 10~2 Hz with an AC amplitude of 20 mV. The experimental
EIS data was fitted using Z-view 3.3 software. The Tafel polarization curves were recorded
in the potential range from Eocp —250 mV to Eoep +250 mV with a scanning rate of 0.1 mV/s.
All the electrochemical measurements were repeated three times to ensure reliability.
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3. Results and Discussion
3.1. The Effect of Acid Composition on the Physicochemical Properties of PANI Coating

The effect of acid composition on the physicochemical properties of electro-polymerized
PANI coatings is summarized in Table 1. It can be seen that during the polymerization
of PANI coating using hydrochloric acid electrolyte, the pitting simultaneously occurs on
the mild steel substrate which significantly destroys the isolation structure of the electro-
polymerized PANI coating between the substrate and the corrosive medium, leading to
a weak adhesion of grade 2. When electro-polymerized in a phosphoric acid, a uniform
and light green PANI coating was successfully prepared, but it fails to provide sufficient
adhesion and the synthesized coating easily detaches from the mild steel substrate in
large pieces even with a gentle rinse using deionized water. Therefore, the utilization of
hydrochloric acid and phosphoric acid as ideal electrolytes for PANI electro-polymerization
is ruled out. Although the sulfuric acid medium is also prone to produce minor corrosion
of mild steel substrate, a lower concentration promotes the formation of a relatively well-
adhered and dense PANI coating. In comparison, the electrolytes of oxalic acid and benzoic
acid facilitate a compact and uniform PANI coating on mild steel substrate.

Table 1. The effect of acid composition on the physicochemical properties of electro-polymerized
PANI coatings.

Electrolyte
Composition

Concentration (M)  Coating Appearance Surface Appearance  Adhesion (Grade)

oxalic acid
hydrochloric acid
sulfuric acid
phosphoric acid
benzoic acid

0.3 green, uniform no visible corrosion 0
0.1 green, uneven pitting corrosion 2
0.2 green, uniform pitting corrosion 0
0.1 light green, uniform  no visible corrosion 3
0.04 dark green, uniform  no visible corrosion 0

Figure 1 displays the surface morphologies of prepared PANI coatings from different
acid compositions. In the case of oxalic acid electrolyte, the PANI coating presents relatively
smooth morphologies with few small particles on the surface. When utilizing hydrochloric
acid electrolyte, some holes and defects appear on the coating surface, which may be
related to the simultaneous strong acid attack on the mild steel substrate during the electro-
polymerizing PANI coating process. The same phenomenon was also observed when
employing sulfuric acid electrolyte. This loose and porous structure will inevitably weaken
the corrosion protection property of the fabricated PANI coating. For phosphoric acid
electrolyte, few aggregates can be detected to form an uneven morphology. Conversely, the
deposited PANI coating in benzoic acid electrolyte exhibits uniform and dense structure,
which is helpful to better protect the mild steel substrate.

Figure 2 depicts the EIS plots of blank mild steel and the PANI coatings prepared in
oxalic acid, sulfuric acid and benzoic acid in 3.5 wt.% NaCl solution. It can be seen from
the Nyquist diagram that the constructed PANI coating doped with oxalic acid exhibited
an almost overlapped arc with that of the bare sample. The PANI coating deposited in
benzoic acid electrolyte possessed a significantly larger radius of the semicircle than that
in the sulfuric acid media. This result suggests that the PANI coating synthesized in
benzoic acid electrolyte has the largest corrosion resistance and the corrosion of mild steel
substrate in NaCl solution is markedly suppressed. Additionally, two capacitive loops at
high and middle frequencies were observed for the prepared PANI coatings from different
acidic electrolytes, which was assigned to the charge transfer process and PANI coating
capacitance, respectively [33]. Meanwhile, only one time constant appeared for bare mild
steel sample in the middle frequency region, which was due to the charge transfer process
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during mild steel corrosion. As a result, two different types of electric equivalent circuits, as
presented in Figure 3, were performed to analyze the EIS data. The fitted results are listed in
Table 2. The polarization resistance R}, is defined as the sum of the charge transfer resistance
(Ret) and coating resistance (R.), which was utilized to calculate the corrosion protection
efficiency (PE%) of electro-polymerized PANI coatings in different acidic electrolytes from
the following equation [34].

Rp = Ret + R (1)
l;ure
PE(%) =1— 3 @)

where R’;,“re and R}, represent the polarization resistance of bare mild steel and PANI coated
samples, respectively. The calculated values of PE% are also listed in Table 2.

Figure 1. Surface morphologies of prepared PANI coatings from (a) oxalic acid, (b) hydrochloric acid,
(c) sulfuric acid, (d) phosphoric acid, and (e) benzoic acid.

Table 2. EIS fitting results for blank mild steel and the PANI coatings prepared in oxalic acid, sulfuric
acid and benzoic acid in 3.5 wt.% NaCl solution.

Rc CPEC Rct CPEdl Xz RP o,

Sample (Q-em?) (Qlem-2-sY) ng (Q-cm?) (Q1.cm2-s") N4 10-3 (Q-cm?) PE%
blank - - - 1.06 x 103 3.81 x 107° 0.832 0.89 1.06 x 10° -

oxalic acid 25.1 6.86 x 1074 0.704 1.14 x 10° 3.17 x 1073 0.865 1.64 1.17 x 10° 9.40

sulfuric acid 43.8 1.19 x 107> 0.733 7.23 x 10° 7.54 x 10°° 0.813 1.15 7.27 x 10° 85.4

benzoic acid 67.4 8.37 x 10° 0.750 8.47 x 10° 6.26 x 107 0.756 1.52 8.54 x 10° 87.6

The PANI coating-covered samples showed larger values of charge transfer resis-
tance in comparison with the bare mild steel, suggesting the restrained corrosion rate
of mild steel substrate in NaCl solution by the deposited PANI coatings. The protection
efficiency was calculated to be 9.40% for oxalic acid, for which a small value has also been
observed by other researchers [35,36]. Notably, the PANI coating doped with benzoic acid
exhibits the largest R, value, which is indicative of superior anti-corrosion performance
and consequently possesses the largest PE% of 87.6%. Obviously, the values of double-layer
capacitance present a downward trend: bare mild steel substrate (3.81 x 107> Q~!.cm~2.s")
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-70

> oxalic acid (3.17 x 107> O~ '.em~2-s") > sulfuric acid (7.54 Q~!-cm—2-s™) > benzoic acid
(6.26 O~ 1.cm~2.g"). It is reported that a smaller value of CPEg usually corresponds to a
smaller corrosion area with a constant thickness [37]. Therefore, the smallest value of CPEy
further verifies the enhanced corrosion protection capability of the PANI coating prepared
from benzoic acid electrolyte.
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Figure 2. (a) Nyquist diagram and (b,c) Bode diagram of blank mild steel and the PANI coatings
prepared in oxalic acid, sulfuric acid and benzoic acid in 3.5 wt.% NaCl solution.

Figure 4 displays the polarization curves of blank mild steel and PANI coatings pre-
pared in oxalic acid, sulfuric acid and benzoic acid electrolytes in 3.5 wt.% NaCl solution.
It is apparent that the corrosion potential shifts positively in the presence of PANI coatings
on mild steel substrate. Both the anodic and cathodic parts were influenced by the elec-
trodeposited pure PANI coating. The informative electrochemical parameters, including
corrosion potential (Ecor), corrosion current density (Irr) and anodic and cathodic slopes
(Ba and B.) were obtained from an extrapolation method and the results are presented in
Table 3. In addition, the inhibition efficiency of the fabricated coatings was calculated as
follows [38],

IE(O/O) - ]. - Igorr/[fgyyf (3)
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where I¢,,, and I2%¢ correspond to the corrosion current density of bare mild steel and
PANI coated samples, respectively. The calculated values of IE% were also summarized
in Table 3. As seen, the Ey, of blank mild steel and PANI coatings prepared in oxalic
acid, sulfuric acid and benzoic acid electrolytes were —0.923, —0.776, —0.569 and —0.681 V,
respectively. The corrosion potential of the electro-polymerized PANI coatings moves in
the positive direction compared to the control, which matches with the OCP tests. The
PANI coating deposited in benzoic acid electrolyte shows the smallest value of I, and
the largest inhibition efficiency of 92.6%, indicating the best anti-corrosion ability among
the tested acidic electrolytes. It is notable that the calculated inhibition efficiency from EIS
tests is different from that by polarization curves. That is because EIS test was performed
under weak polarization with just 20 mV potential amplitude, while polarization curves
were recorded in a wilder potential range. Based on the above analysis, benzoic acid was
utilized as the superior electrolyte for electro-polymerization of PANI composite coating in
the following study.

3.5 wt.% NaCl solution a 3.5 wt.% NaCl solution

o

Figure 3. Electric equivalent circuits for fitting the EIS data of blank (a), and PANI coatings (b).
(Rs: solution resistance; Ret: charge transfer resistance; CPEg;: double-layer capacitance; CPE.:
coating capacitance; R.: coating resistance).

The open circuit potential (Eocp) of blank mild steel and the electro-polymerized PANI
coatings prepared in oxalic acid, sulfuric acid and benzoic acid electrolytes in 3.5 wt.% NaCl
solution is shown in Figure 5. Apparently, the Eop of the blank sample decreases gradually
during the whole immersion period, which may be attributed to the dissolution process of
the oxide film on the mild steel surface [39]. After electro-polymerizing PANI coating, the
Eocp initially decreases and then reaches a relatively stable value after immersion about
2500 s. The initial reduction is owing to the permeation of corrosive species through the
microdefects into the substrate/coating interface. Meanwhile, the blank sample showed
the most negative Eocp value at around —0.751 V after immersion 1 h. When covered by
PANI coatings, the Eqcp moved positively to the passive region. As also shown in Table 3,
the mild steel substrate presents a more positive corrosion potential than that of the control.
This phenomenon has also been reported by other researchers and explained by the anodic
corrosion mechanism of PANI coating [40,41]. It is worth noting that the sample doped
with benzoic acid presented the largest Eocp value of approximately —0.625 V.
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Figure 4. Polarization curves of blank mild steel and PANI coatings prepared in oxalic acid, sulfuric

acid and benzoic acid electrolytes in 3.5 wt.% NaCl solution.

Table 3. Potentiodynamic polarization parameters for blank mild steel and the PANI coatings
prepared in oxalic acid, sulfuric acid and benzoic acid in 3.5 wt.% NaCl solution.

ECOI‘]’ ICOI‘I‘ _ﬁC ﬂﬂ 0,
Sample V) (uA-cm—2) (mV-dec1) (mV-dec1) TE%
blank —0.923 £+ 0.028 34.62 + 1.05 193 +7.3 78 +3.4 -
oxalic acid —0.776 £ 0.015 5.344 £+ 0.14 182 +£4.8 161 =55 84.6
sulfuric acid —0.569 £ 0.018 3.219 £+ 0.12 416 = 9.5 69 £+ 2.6 90.7
benzoic acid —0.678 £ 0.021 2.571 £ 0.07 265 £ 5.2 187 £ 5.2 92.6
-0.40
—&— blank
-0.45 | —e— oxalic acid
—4— sulfuric acid
-0.50 - —v— benzoic acid
-0.55
Z—O 60 |-
m
-0.65 -
-0.70
-0.75 |
1 L 1 " 1 L 1 " 1 L 1 L 1 L 1

500 0 500 1000 1500 2000 2500 3000 3500 4000
t/s

Figure 5. Open circuit potential of blank mild steel and the electro-polymerized PANI coatings
prepared from oxalic acid, sulfuric acid and benzoic acid electrolytes in 3.5 wt.% NaCl solution.
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3.2. The Effect of Electrolyte Composition on the Corrosion Protection Properties of PANI/CeO,
Composite Coating

The electrolyte composition, including cerium nitrate concentration, ammonium ac-
etate concentration and electrolyte pH value, plays an important role in the corrosion protec-
tion performance of co-electrodeposited PANI/CeO, composite coating. According to the
above results, benzoic acid was applied in the composite electrolyte for co-electrodeposition
of PANI/CeO, composite coating. Therefore, different conditions to electro-polymerize
PANI/CeO, composite coating, as shown in Table 4, were systematically investigated.

Table 4. Electrolyte composition for co-electrodeposition of PANI/CeO, composite coatings.

No Cerium Nitrate (M) Ammonium Acetate (M) pH
1 0.05 0.10 5.5
2 0.10 0.10 5.5
3 0.15 0.10 5.5
4 0.10 0.05 5.5
5 0.10 0.15 5.5
6 0.10 0.10 5.0
7 0.10 0.10 6.0

3.2.1. Cerium Nitrate Concentration

Figure 6 shows the open circuit potential of PANI/CeO, composite coatings co-
electrodeposited at different concentrations of cerium nitrate in 3.5 wt.% NaCl solution.
PANI/CeO; (0.10 M cerium nitrate) presented the highest potential, about —0.525V, fol-
lowed by PANI/CeO; (0.15 M cerium nitrate) at about —0.538 V, and PANI/CeO, (0.05 M
cerium nitrate) at approximately —0.563 V, with the lowest potential. The PANI/CeO, com-
posite coating deposited in the electrolyte containing 0.10 M cerium nitrate exhibited the
most positive value of Eocp, which demonstrates the strongest stability against corrosion.

20.46 F —=—005M
—e—0.10M
048 F —4—0.15M
-0.50
-0.52
2 . .
(88
-0.54
-0.56
-0.58
_0.60 L 1 1 1 L | " | " 1 L | " | " 1 L
-500 0 500 1000 1500 2000 2500 3000 3500 4000

t/s

Figure 6. Open circuit potential of PANI/CeO, composite coatings prepared at different concentra-
tions of cerium nitrate in 3.5 wt.% NaCl solution.
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Figure 7 depicts the EIS result of PANI/CeO, composite coatings prepared at different
concentrations of cerium nitrate in 3.5 wt.% NaCl solution. It is well accepted that the
impedance modulus (Z g11,) at 0.01 Hz was effective to assert the corrosion protection
performance of a coating [42]. Based on the Bode plots in Figure 7, PANI/CeO; (0.10 M
cerium nitrate) has the largest Zj g1y, value of 22.07 kQ-cm?, while PANI/CeO, (0.05 M
cerium nitrate) has the lowest Zg o111, value of 11.04 kQ-cm?, indicating a relatively good
and poor corrosion resistance, respectively. These values are much larger than that of the
bare mild steel substrate (1.08 kQ-cm?) and pure PANI coating (8.17 kQ)-cm?), revealing that
the co-electrodeposited CeO, particles markedly improve the anti-corrosion ability of pure
PANI coating. It is interesting that the frequency corresponding to the phase angle peak
follows the trend: PANI/CeO, (0.10 M cerium nitrate) < PANI/CeO, (0.15 M cerium nitrate)
< PANI/CeO; (0.05 M cerium nitrate), which suggests that the co-electro-polymerized
PANI/CeO, composite coating prepared from 0.10 M cerium nitrate electrolyte possesses
the slowest corrosion rate. The electric equivalent circuits, as shown in Figure 4, were also
utilized to fit the experimental EIS data and the obtained electrochemical parameters are
summarized in Table 5. The synthesized PANI/CeO, composite coating prepared from
0.10 M cerium nitrate exhibits the largest value of R, and consequently the highest PE
of 98.3%.

-25000

a = 005M
e 0.10M
A 0.I5M
fitting

-20000

-15000

Z"/Q-cm?

-10000 ~
0.3162 Hz

phase angle/degree

0.04642 Hz

0.6813 Hz

-5000

0 5000 10000 15000 20000 25000 10? 10" 10° 10' 10° 10° 10* 10°
7'/Q-cm’ Hz
10°
c " 005M
e (0.10M
re A 0.I5M

10\ L | L L L L
107 10" 10° 10' 10° 10° 10* 10°

f(Hz)

Figure 7. (a) Nyquist, (b,c) Bode plots of PANI/CeO, composite coatings prepared at different
concentrations of cerium nitrate in 3.5 wt.% NaCl solution.
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Table 5. EIS fitting results for PANI/CeO, composite coatings prepared at different concentrations of
cerium nitrate in 3.5 wt.% NaCl solution.

. R CPEq4 R, CPE, 2 R, .
Concentration (M) kQ-cm? O-1l.cm—2.g" e O-cm? O-1l.cm—2.s" nai 10-3 kQ-cm? PE%
0.06 M 20.65 483 x 107° 0.813 131.9 1.74 x 1075 0.857 1.68 20.78 949

0.10 M 55.78 7.79 x 1077 0.899 4934 241 x 107 0.842 1.25 60.71 98.3
0.15M 26.91 1.07 x 10~° 0.847 810.6 513 x 10~ 0.844 147 27.72 96.2

Figure 8 presents the potentiodynamic polarization curves of PANI/CeO, composite
coatings prepared at different concentrations of cerium nitrate in 3.5 wt.% NaCl solution.
The calculated electrochemical parameters are listed in Table 6. The corrosion potential of all
the samples shifts to a positive value in comparison to the blank (—0.923 V) and pure PANI
coating (—0.678 V), revealing the enhanced anti-corrosion property. In addition, the fabri-
cated PANI/CeO, composite coating deposited in the electrolyte containing 0.10 M cerium
nitrate shows the smallest corrosion current density of 0.199 pA-cm~2 and a corresponding
largest inhibition efficiency of 99.4%, which agrees well with the EIS measurements.
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Figure 8. Potentiodynamic polarization curves of PANI/CeO, composite coatings prepared at
different concentrations of cerium nitrate in 3.5 wt.% NaCl solution.

Table 6. Potentiodynamic polarization parameters of PANI/CeO, composite coatings prepared at
different concentrations of cerium nitrate in 3.5 wt.% NaCl solution.

. . -2 _,Bc .Ba 0
Concentration (M) Ecorr (V) Icorr (UA-cm—2) (mV-dec-1) (mV-dec1) IE%
0.05 —0.598 + 0.021 2.57 +0.08 338 + 6.3 158 £5.1 92.6
0.10 —0.524 £+ 0.013 0.199 £ 0.007 324 £ 7.2 173 £ 4.9 99.4
0.15 —0.487 £ 0.015 1.380 + 0.04 267 £ 6.5 116 + 3.2 96.0

3.2.2. Ammonium Acetate Concentration

The influence of ammonium acetate concentration on the corrosion protection property
of PANI/CeO, composite coating was conducted at a constant cerium nitrate concentration
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of 0.10 M and electrolyte pH of 5.5. The open circuit potential of PANI/CeO, composite
coatings prepared at different concentrations of ammonium acetate in 3.5 wt.% NaCl
solution is shown in Figure 9. The Eqcp of all these specimen moves gradually in the positive
direction during the initial immersion period, which may be related to the passivation effect
of the covered coating. After 2500 s, the Eocp reaches a stable value. Figure 10 presents
the EIS results of PANI/CeO, composite coatings prepared at different concentrations of
ammonium acetate in 3.5 wt.% NaCl solution. It can be seen that the PANI/CeO; hybrid
deposited in the electrolyte containing a 0.10 M ammonium acetate exhibits the largest
diameter of the capacitive loops. On the other hand, this composite also possesses the
largest impedance modulus, suggesting a superior anti-corrosion ability. The fitted results,
as listed in Table 7, indicate that the values of Rt present a downward trend: PANI/CeO,
(0.10 M ammonium acetate) > PANI/CeO, (0.15 M ammonium acetate) > PANI/CeO,
(0.05 M ammonium acetate). The opposite variation trend was detected for double-layer
capacitance (CPEq)), further confirming the significantly strengthened corrosion resistance
of the PANI/CeO; composite that co-electrodeposited in the electrolyte containing 0.10 M
ammonium acetate.
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Figure 9. Open circuit potential of PANI/CeO, composite coatings prepared at different concentra-

tions of ammonium acetate in 3.5 wt.% NaCl solution.

Figure 11 depicts the potentiodynamic polarization curves of PANI/CeO, composite
coatings prepared at different concentrations of ammonium acetate in 3.5 wt.% NaCl
solution. It is obvious that the corrosion potentials of the constructed PANI/CeO; coatings
show a positive value compared to the pure mild steel substrate (approximately —0.923 V).
The electrochemical parameters, as shown in Table 8, demonstrate that the I.orr value
decreases from 34.62 pA-cm~2 (blank sample) to 3.052, 0.199 and 1.608 for the prepared
PANI/CeO; composite from 0.05 M, 0.10 M and 0.15 M ammonium acetate, respectively.
The PANI/CeO; coating fabricated in the electrolyte containing 0.10 M ammonium acetate
exhibits the highest inhibition efficiency of 99.4%.
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Figure 10. (a) Nyquist, (b,c) Bode plots of PANI/CeO, composite coatings prepared at different
concentrations of ammonium acetate in 3.5 wt.% NaCl solution.
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Figure 11. Potentiodynamic polarization curves of PANI/CeO, composite coatings prepared at
different concentrations of ammonium acetate in 3.5 wt.% NaCl solution.
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Table 7. EIS fitting results for PANI/CeO, composite coatings prepared at different concentrations of
ammonium acetate in 3.5 wt.% NaCl solution.

CPEy, R, CPE, x? Rp

. 0,
Concentration (M) kQ-cm? O-1l.cm—2.g" e O-cm? O-1l.cm—2.s" nai 10-3 kQ-cm? PE%
0.05 15.15 7.07 x 1076 0.832 673.4 515 x 10 0.825 1.06 15.82 93.3

0.10 55.78 7.79 x 1077 0.899 4934 241 x 107 0.842 1.25 60.71 98.3

0.15 22.73 328 x 10~ 0.854 1101 408 x 10~ 0.891 1.32 23.83 95.6

Table 8. Potentiodynamic polarization parameters of PANI/CeO, composite coatings prepared at
different concentrations of ammonium acetate in 3.5 wt.% NaCl solution.

. . -2 _,Bc .Bﬂ 0
Concentration (M) Ecorr (V) Leorr (LA-cm—2) (mV-dec-1) (mV-dec-1) IE%
0.05 —0.615 £ 0.016 3.052 4+ 0.06 315+ 6.6 164 £45 91.2
0.10 —0.524 £ 0.013 0.199 £ 0.007 324 +7.2 173 + 49 994
0.15 —0.528 £+ 0.012 1.608 £+ 0.05 309 £ 6.8 203 £5.5 954
3.2.3. pH

The electrolyte pH is a crucial factor that affects the adhesion of synthesized
PANI/CeO, composite coating. The adhesion was measured to be grade 1, 0, and 3
for the electrolyte pH at 5.0, 5.5 and 6.0, respectively. The moderate electrolyte pH slows
down the production of radical cations, allowing the polymer chains to align and grow
more uniformly, leading to an improved adhesion to mild steel substrate. The open circuit
potential of PANI/CeO, composite coatings prepared at different pH values in 3.5 wt.%
NaCl solution is shown in Figure 12. It can be seen that the open circuit potential of
the prepared hybrid PANI/CeO, coatings shifts slightly to the positive value during the
soaking period. The finally reached stable Eocp was much larger than the blank sam-
ple and pure PANI coating. The EIS plots of PANI/CeO, composite coatings prepared
at different pH values in 3.5 wt.% NaCl solution are depicted in Figure 13. The elec-
trolyte pH influences significantly the corrosion protection property of co-electrodeposited
PANI/CeO; coatings. Typically, the PANI/CeO; coating electro-polymerized in the elec-
trolyte with pH of 5.5 shows the largest diameter of the capacitive loops and exhibits
the largest value of Zy1p,, suggesting the best anti-corrosion capability. The fitted
electrochemical parameters, as shown in Table 9, indicate that the R}, follows the order:
pH =5.5 (60.71 kQ-cm?) > pH = 5.0 (22.03 kQ-cm?) > pH = 6.0 (11.68 kQ-cm?).

Figure 14 displays the potentiodynamic polarization curves of PANI/CeO, composite
coatings prepared under different pH conditions in 3.5 wt.% NaCl solution. Both the anodic
and cathodic current density were reduced by the coated PANI/CeO; hybrid fabricated
under different pH conditions. The calculated parameters are listed in Table 10. All these
samples exhibit a positively shifted corrosion potential in comparison with the blank mild
steel and pure PANI coating. On the other hand, the corrosion current density decreases
approximately one order of magnitude for the deposited coating at pH of 5.0 and 6.0,
and two orders of magnitude at pH value of 5.5, respectively. As a result, the fabricated
PANI/CeO; composite coating at pH value of 5.5 possesses the highest IE of 99.4%. From
the above analysis, the optimal co-electrodeposition condition was found to be: 0.3 mol/L
aniline, 0.04 mol/L benzoic acid, 0.10 mol/L cerium nitrate, 0.10 mol/L ammonium acetate
and pH of 5.5. The enhanced anti-corrosion property of PANI/CeO; composite coating
may be ascribed to the synergistic effect of the PANI coating and the co-electrodeposited
CeO; nanoparticles. Firstly, the bulk PANI coating protects the mild steel substrate from
corrosion through the anodic passivation effect. On the other hand, the reduction of PANI
coating from an emeraldine salt form to an undoped leuco form will release inhibitive
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dopant ions, which then adsorbed onto the mild steel substrate surface to form a protective
film. Then, the co-electrodeposited CeO; nanoparticles act as inorganic additives to fill
the defects in the PANI coating, leading to a much denser and more compact structure.
Moreover, when the corrosive electrolyte permeates the physical barrier and diffuses into
the interface, the deposited CeO; nanoparticles can serve as corrosion inhibitors to form a
stable cerium oxide layer and consequently restraint the propagation of corrosion.

-0.40
-0.45 -
-0.50
-0.55 - } A Ps b § A
. . A
L -
_— —a—— 8
_———a
-0.60 P
_065 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
-500 0 500 1000 1500 2000 2500 3000 3500 4000

t/s

Figure 12. Open circuit potential of PANI/CeO, composite coatings prepared at different pH values
in 3.5 wt.% NaCl solution.
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Figure 13. (a) Nyquist, (b,c) Bode plots of PANI/CeO, composite coatings prepared at different pH
values in 3.5 wt.% NaCl solution.
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Table 9. EIS fitting results for PANI/CeO, composite coatings prepared under different pH conditions

in 3.5 wt.% NaCl solution.

R. CPEy, R, CPE, x? R o
pH kQ-ctm2 0O-l.cm—2.g" ne Q-cm? 0O-l.cm—2.g" a1 103 k()-(r:,’m2 PE%
6.0 11.55 1.83 x 107° 0.803 131.9 7.49 x 107° 0.837 1.36 11.68 90.9
5.5 55.78 7.79 x 1077 0.899 4934 241 x 107 0.842 1.25 60.71 98.3
5.0 21.12 2.95 x 107> 0.828 912.4 4.88 x 10°° 0.824 1.77 22.03 95.2
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Figure 14. Potentiodynamic polarization curves of PANI/CeO, coatings prepared under different
pH conditions in 3.5 wt.% NaCl solution.
Table 10. Potentiodynamic polarization parameters of PANI/CeO, composite coatings prepared
under different pH conditions in 3.5 wt.% NaCl solution.
pH Ecorr (V) Leorr (MA-cm—2) —pe Pa IE%
corr corr (mV-dec™1) (mV-dec1)
6.0 —0.599 £+ 0.011 3.080 £ 0.08 317 £ 6.8 166 - 4.2 91.1
5.5 —0.524 £0.013 0.199 £ 0.007 324+ 7.2 173 £4.9 994
5.0 —0.551 £+ 0.013 1.419 4+ 0.06 302 + 6.9 147 £5.1 95.9

4. Conclusions

The electrolytic composition plays a crucial role in the structure and anti-corrosion
performance of electro-polymerized coating. In this work, oxalic acid, hydrochloric acid, sul-
furic acid, phosphoric acid and benzoic acid were utilized as electrodepositing electrolytes
to prepare a PANI coating. The pitting occurred simultaneously when electro-polymerizing
PANI coating using hydrochloric acid and sulfuric acid electrolyte, leading to a porous
morphology. While depositing PANI coating in benzoic acid electrolyte, a compact and
uniform structure with the adhesion grade of 0 was obtained. Electrochemical results indi-
cated that the benzoic acid doped PANI coating possessed the smallest value of corrosion
current density of 2.571 pA-cm~2 and the largest inhibition efficiency of 92.6% among the
investigated acidic electrolytes. Moreover, the impact of co-electrodeposition conditions,
such as cerium nitrate concentration, ammonium acetate concentration and electrolyte pH
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value, on the protective performance of co-electrodeposited PANI/CeO, composite coating
was investigated and the optimal co-electrodeposition condition was found to be 0.3 mol/L
aniline, 0.04 mol/L benzoic acid, 0.10 mol/L cerium nitrate, 0.10 mol/L ammonium acetate
and pH of 5.5, under which condition the corrosion current density was decreased to
0.199 pA-cm~2 and the inhibition efficiency reached 99.4%. Future nanoscale investigations
using techniques such as AFM, high-resolution electron microscopy or surface-sensitive
spectroscopies could provide further insight into the distribution of cerium species, the
morphology of the composite coating and the mechanisms responsible for the enhanced
corrosion resistance, which significantly guide us to explore functional coatings with better
protective properties.
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