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The high surface roughness of dip polydopamine (dPDA) coating on magnesium alloy could decrease the
quality of secondary modification. In the present study, we report an electropolymerized dopamine
(ePDA) coating on Mg-Zn-Y-Nd alloy from sodium salicylate aqueous solutions by galvanostat method
to address this problem. The coating formation process and coating structure were investigated. Then,
a Poly (L-lactic acid) (PLLA) coating was prepared on ePDA and dPDA treated samples. The SEM results
reveal that the ePDA film appeared to be more uniform than dPDA coating and was doped with salicylate
and magnesium ions. ASTM D3359-09 ‘‘Tape test” shows excellent adhesion of the ePDA/PLLA layer. The
electrochemical impedance spectroscopy and polarization curves demonstrate ePDA/PLLA film has a
better corrosion resistance than dPDA/PLLA film, owing to the structural difference of polydopamine
anchoring layer.

� 2019 Published by Elsevier B.V.
1. Introduction

The poor corrosion resistance of Mg alloys is a vital challenge to
achieve wide application in bioimplants [1]. Polydopamine (PDA)
has excellent adhesion properties and could improve the corrosion
resistance of Mg alloys as an intermediate coating [2–5]. In the
preparation of dip polydopamine (dPDA) coating, Mg(OH)2, H2

and numerous PDA aggregates could be formed [6,7]. These lead
to high roughness of the dPDA coating, and thereby reduce the
quality of the subsequent modification. A smooth electropolymer-
ized dopamine (ePDA) coating is more favorable for the secondary
modification compared with dPDA coating [6,8]. To our knowledge,
there is still no report related to ePDA film on Mg alloy surfaces
possibly on account of anodic dissolution of Mg alloys during the
electrodeposition process. Recently, taking the advantages of
sodium salicylate (SS), Turhan et al. [9] prepared polypyrrole
coatings on AZ91D alloy and the anodic dissolution of Mg alloy
was significantly inhibited.
In this study, we prepared the ePDA films on Mg-Zn-Y-Nd alloy
by galvanostat method in SS aqueous solution. The surface mor-
phology and chemical constitution of ePDA films were character-
ized. Furthermore, as a proof-of-concept, Poly (L-lactic acid)
(PLLA) was prepared on the surface of ePDA, dPDA and Mg alloy
samples to investigate the effect of PDA coatings on composite
coatings.
2. Experimental details

The detailed information of chemicals and materials are con-
sulted in Supporting information 2. 1 M SS solution was prepared
by distilled water and bubbled with high purified nitrogen for
20 min to remove oxygen, then DA was dissolved into the solution
at a concentration of 2 g/L. The pH of the solution decreases to
about 6.8 and was not readjusted. The electropolymerization of
DA was carried out by galvanostat method with a standard
three-electrode cell by RST 5200F electrochemical workstation
(Shiruisi, Zhengzhou, China), where saturated calomel electrode
(SCE) and platinum electrode acted as the reference electrode
and counter electrode, respectively. The current density was
14.5 mA/cm2 and lasted for 40 s. The solution temperature was
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kept at 25 sC. Afterwards, each sample was rinsed three times with
ethanol and dried at 80 sC for 1 h.

The dPDA, PLLA and PDA/PLLA coating were fabricated by dip-
ping method. All these experimental steps are consulted in Sup-
porting information 3. And the subsequent characterization
experiments are consulted in Supporting information 4.
3. Results and discussion

The N1s high-resolution patterns of the ePDA, and ePDA* (Ar-
ions etching 120 s) samples are shown in the Fig. 1a and b, respec-
tively. There is almost no signal in the N1s pattern of ePDA. How-
ever, a peak at 398.8 eV for –NH- species appears in the N1s
spectrum of ePDA*, confirming the anchoring of ePDA film.

The O1s spectra of ePDA (Fig. 1c) presents two fitted peaks, one
at 531.5 eV is assigned to the C=O and second (532.2 eV) is linked
to the O=C-O- in salicylate anions. It could be inferred that the
absence of N1s signal of ePDA is mainly caused by salicylic acid
Fig. 1. High-resolution N1s patterns of (a) ePDA and (b) ePDA*; high-resolution O1s patte
precipitated on the ePDA film. During polymerization process, H+

produced by oxidation of DA could lead to the protonation of sali-
cylate anion [10], and then salicylic acid crystallizes due to its low
solubility in water [11]. As for O1s signal of ePDA*, apart from the
C=O species at 530.8 eV and the C-O species at 531.6 eV, a newly
peak at 529.0 eV is responsible for Mg-O species, suggesting that
Mg2+, produced by anodic dissolution, participated in the forma-
tion of the coating. The XPS data of Mg and dPDA were consulted
in Supporting Information 5.

The ATR-FTIR of ePDA and dPDA samples are presented in
Fig. 1e. The peaks appeared at 1560 cm�1 and 1430 cm�1 are
attributed to the C = C stretching vibration [7]. The peak around
1270 cm�1 may be due to the stretching vibration of C-O species
and the appearance of bands at 1364 cm�1 in ePDA sample is pos-
sibly a cue to the appearance of CNC stretching vibration [6]. These
results suggest that the ePDA film was successfully deposited.
Additionally, the peak appears at 1640 cm�1 could be assigned to
the skeleton vibration of the benzene ring in the salicylate ions.
It is worth mentioning that a C=N peak at 1491 cm�1 in dPDA is
rns of (c) ePDA and (d) ePDA*; (e) ATR-IR spectrum of dPDA (black) and ePDA (red).
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not found in the ePDA sample [7], suggesting the different ways of
DA electropolymerization and self-polymerization.

To control the electrochemical behavior of the Mg-Zn-Y-Nd
alloy, the Mg alloy is polarized in 1 M SS solution (Fig. 2a). The first
oxidation peak (�0.75 V) indicates that the anodic dissolution of
electrode is inhibited by SS, while the second oxidation peak
(0.65 V) results from the oxidation of SS [11]. Furthermore, accord-
ing to Supporting information 7 and the literatures reported previ-
ously [6,12], it is known that the oxidation reaction of DA could
occur in �0.5 V � 0.6 V. Therefore, these results provide a possibil-
ity for DA to electropolymerize after passivation of the electrode
and prior to the oxidation of SS. Fig. 2b presents the chronopoten-
tiometric curve obtained from the preparation of ePDA. The poten-
tial increases sharply at the beginning and the working electrode
occurs anodic dissolution. As time prolonged, a peak appears
resulted from the passivation of the substrates by SS. Then, the
ePDA film grows and ensures the stabilization of the potential on
a bearing.

In comparison with dPDA (Fig. 2c), AFM image of ePDA (Fig. 2d)
has a continuous structure and the surface roughness (RMS) is
13.0 nm, which is lower than that of dPDA (31.1 nm). As seen in
Fig. 3a-b, unlike the rough surface of the dPDA coating, a relatively
flatter ePDA film covers the whole surface of Mg alloy (Fig. 3b). The
ePDA film thickness measured by spectroscopic ellipsometry is
about 92 nm, which is far less than that of dPDA coating reported
in the literature [7]. These are mainly due to the high electropoly-
merization rate of DA, which alleviates the substrates corrosion in
solution.

To investigate the impact of different PDA layers on the proper-
ties of composite coating, we prepared PLLA coatings on Mg, dPDA
and ePDA samples. As shown in Fig. 3c, d, the dPDA/PLLA coating
surface has masses of noncontinuous ridges, while that of ePDA/
PLLA is much flatter and has no obvious flaw. The results suggest
Fig. 2. (a). Voltammetric curve of Mg-Zn-Y-Nd alloy in 1 M SS solution, 20 mV/s. (b) pote
AFM image of (c) dPDA and (d) ePDA.
that the smooth ePDA film surface could induce a more uniform
PLLA coating. Additionally, the layer thickness (Fig. 3e, f) were
found to be approximately 8 lm and 3.1 lm for dPDA/PLLA and
ePDA/PLLA samples, respectively. In accordance with the ASTM
D3559-09, the ePDA/PLLA film adhesion was rated 5B, showing
better adhesion compared with PLLA coating [13], which might
be connected to the hydrogen bond between ePDA and PLLA.

From EIS (Fig. 3h), it could be seen that the ePDA/PLLA sample
shows a significant increase of the charge transfer resistance,
inductive resistance and inductance as compared to other coatings.
In polarization curves (Fig. 3i-j), although the ePDA sample does
not increase the corrosion resistance obviously, the ePDA/PLLA
coating exhibits lower corrosion rate (4.407 � 10-7 A/cm2) com-
pared with PLLA (2.308 � 10-6 A/cm2) and dPDA/PLLA coating
(2.419 � 10-6 A/cm2). The mechanism for this phenomenon is that
the insulativity of ePDA film hinders the transfer of electrons, and
the compactness of ePDA/PLLA prohibited the penetration of corro-
sive ions [4]. In addition, the cathodic polarization current of the
hydrogen evolution reaction on the ePDA/PLLA sample is lower
than that on other samples which may be due to the uniform sur-
face and the excellent adhesion strength. Accordingly, it could be
concluded that ePDA film could provide better secondary modifica-
tion effect compared with dPDA coating.
4. Conclusions

In this study, ePDA film on Mg-Zn-Y-Nd alloy was successfully
achieved in SS aqueous solution. The ePDA film is a kind of salicy-
late and magnesium ions doped film. The smooth surface of ePDA
film could induce a higher homogeneity PLLA layer than traditional
dPDA coating and thus shows a better corrosion protection. Adhe-
sion test shows ePDA film could improve the adhesion between
ntial-time curves for electropolymerization of dopamine on Mg-Zn-Y-Nd alloy in SS;



Fig. 3. SEM images of the surface morphology of (a) dPDA, (b) ePDA, (c) dPDA/PLLA and (d) ePDA/PLLA; cross-section SEM morphology of (e) dPDA/PLLA and (f) ePDA/PLLA;
(g) macroscopic picture of ePDA/PLLA after adhesion test; (h) Nyquist EIS spectra, (i)-(j) Polarization curves in SBF of (I) Mg, (II) ePDA, (III) dPDA, (IV) PLLA, (V) ePDA/PLLA and
(VI) dPDA/PLLA samples.

C. Song et al. /Materials Letters 252 (2019) 202–206 205



206 C. Song et al. /Materials Letters 252 (2019) 202–206
PLLA and Mg. This study suggested the ePDA film may provide a
new insight into the surface modification of Mg alloys by DA since
such ePDA film have a high potential for subsequent modification.
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Supplementary data to this article can be found online at
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