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Fig. 1 XRD patterns of different samples
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Fig. 5 EIS curves of different samples under 3.5% NaCl solution
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LDH is layer double hydroxides. CPE is constant phase angle element.
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Fig. 6 Equivalent electrical circuits used to fit EIS results
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Table 1 Fitting results of EIS

5 CPELDH o CPEdl )
Sample Rg/(Q-cm ™) ~ 5 Ripw/(Q-cm ™) - 5 R./(Q-cm ©)
Y1/(107-Q-cm ~+s") m Y>/(107:Q-cm ~+s") 1y
Blank steel 19.06 84.42 0.829 963
Z, 20.97 2.327 0.990 3.18 22.31 0.769 1945
Zs 22.45 9.826 0.811 1227.00 155.20 0.719 6953
M, 21.13 5292 0.895 2 722.00 17.42 0.664 30 500
M, 21.06 6.078 0914 10 380.00 4.742 0.674 842 000
Rg is solution resistance. Ry py is LDH resistance. R is charge—transfer resistance.
01 = AN AN ~ ANY
—ea— Blank steel R B R AT (Ecor) o JE T HEALAR R B PR 45 #0 T
00 M BB I G R P SR
—0.1f ——7, LDH JER {7 A R R4 Bk, ol 180 % A= Bl
Z,

E(SCE)V
&
W

3 7 1l ! 1 1l !
107 10°® 107 10¢ 107 107 107 107

i/(A-cm2)
E is potential. 7 is current density.
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Fig. 7 Polarization curves of different samples under 3.5%
NaCl solution

Pt Hrh My, 2 SRR oA, B
I3 SCH IR AL X 8, R M, AR A
R A SR )

R E F e PR B P (o) X ARA R R HUL 5
gE RN 2 B, R R1ES T A B /N B AR IR
HFN: My M. Zy+ Z;+ Blank steel, H:iv,
R %) 5 oty P VA 2 FEE ARG LI 110 i o i 2 R0 B 4 (1)
i J&5 Tt e, 1X 5 EIS PEARBILIBIT 8 e 1 HEF — 21
FHAR AR 26.(Ba) I B FELJAL I LR () AR A AR R, B R
SV T O N T Sy SO = ek ]
PRCR(iE L N Rk AT



ES2EE 2

VR A BRI AR [ B R RO S SR B T Bk e « 519 -

77(%) — icorr,.() B icorr,l x100%

Teorr,0

Ho deomo F doory 43 AR 2 FIHRAE S R LDH AT
iR T . 20 Z Zys MR M, FE
TE 3.5% NaCl ¥ ¥ R BN (1 B J8 AR 37 280550 il oA
63.86%- 78.21%- 97.43%#1 99.13%. 5 Zn/Al-NO; -
LDH JEA L, Mg/Al-NOs -LDH Jis 5 I A 2o {73
BRI SRS T2 0, X AR T AR R (4 38 FH RS
KT HIER, HIZIWA Ca(OH), ¥R 24 h 5
FHLE NaCl 3 T I, AR R 97.43%
FETEF] 99.13%.
%2 WMILmERIEE

Table 2 Fitting results of polarization curves

Sample Eeorr (SCE)YMV  icor/(nA-cm ) Ba 0%
Blank steel —629.78 34.431 101.49

7 —534.62 12.444 82.98  63.86

Z, —479.20 7.502 21157 7821

M, 27527 0.885 243.09 9743

M, -220.61 0.299 45336  99.13

fa is anode slope; 7 is corrosion protection efficiency.
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LDH FIER2 T e A AN, Mg/Al-NO; -LDH )
{REF R 2 BB & 755 i Mg/Al-NO; /OH -LDH fi.
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Extended Abstract

Introduction Steel corrosion is particularly severe in marine environments with a high concentration of chloride ions, which causes
huge economic losses and also hinders engineering construction in coastal areas. Coating treatment is one of the common methods to
protect steel from corrosion. Conventional thicker organic coatings are prone to local breakage, reduced mechanical interlocking force
between steel and concrete, and being easy to deteriorate. Since the anions and cations of layered double hydroxides (LDH) both are
tunable, this designability gives them a variety of potentials for metal corrosion protection, such as physical barrier, chlorine fixation,
corrosion inhibition and chemical self-repair. In this paper, Mg/Al-NO;z -LDH and Zn/Al-NO; -LDH films were grown in-situ on the
surface of steel Q235 by an electrodeposition-hydrothermal method, and their adaptability in a simulated high-alkaline concrete
environment and corrosion inhibition performance in NaCl solution were investigated.

Methods The in-situ growth of LDH film on steel surface includes electrodeposition and hydrothermal treatment. In the
electrodeposition, a three-electrode system was used, with a steel sheet as a working electrode, an Ag/AgCl electrode as a reference
electrode, and a platinum sheet as a counter electrode. The electrolyte solution consisted of 50 mL of 0.045 mol/L Mg(NOs),-6H,0
and 0.015 mol/L AI(NO3);-9H,0, and the steel sheet was immersed in the electrolyte solution to stabilize it for 500 s, and then a
potential of —1.5 V was applied for 300 s. The hydrothermal treatment used a hydrothermal solution consisting of 50 mL of 0.06 mol/L
Mg(NO3),"6H,0 and 0.02 mol/L AI(NO;);-9H,0. NH;-H,O was added dropwise to adjust the pH value of the solution to 9.
Subsequently, the electrodeposited steel sheet was vertically placed into a Teflon®-lined autoclave containing the hydrothermal
solution, and reacted in a homogeneous reactor at 90 C for 18 h. After the reaction was completed and cooled down to room
temperature, the sheet with the film was removed and named M,. Similarly, the obtained sample was named Z; when replacing
Mg(NO3), 6H,0 with Zn(NOs),-6H,0. To examine the adaptability of the two samples in a high-alkaline concrete environment, the
samples M; and Z; were immersed in saturated Ca(OH), solution for 24 h and then taken out, resulting in samples named M, and Z,,
respectively.

The crystal structures of the different samples were characterized using a model D8 Advance X-ray diffractometer (Bruker Co.,
Germany, A=0.154 06 nm). Sample’s functional groups and chemical bonds were detected using a model Spotlight 200 Fourier
transform infrared spectrometer (PerkinElmer Co., USA). The surface morphology and chemical composition of the samples were
determined by a model APREO S high-resolution scanning electron microscope with an X-ray energy spectrometer (Thermo
scientific Co., The Netherlands). The impedance and corrosion resistance of the four samples in 3.5% (mass fraction) NaCl solution
were analyzed via electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization in a ParStat 4000 electrochemical
workstation (AMETEK Co., USA).

Results and discussion The electrodeposition and hydrothermal method was employed to in-situ grow a dense and uniform
Mg/Al-NO; -LDH film and a lamellar porous Zn/Al-NO; -LDH film on the surface of steel Q235. After immersing these two LDH
films in a saturated Ca(OH), solution for 1 d, the lamellar structure of Mg/Al-LDH remains unchanged, and the interlayer anions are
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partially exchanged from NO; to OH due to the slightly higher affinity of OH in the solution. Also, the lamellar structure of
Zn/Al-LDH undergoes a chemical reaction due to the presence of a large amount of Ca** and OH ", resulting in the generated portion
of Ca/Al-NO; /OH -LDH and amorphous hydroxides remaining on the carbon steel surface. The results above indicate that
Zn/Al-LDH is difficult to be stabilized in highly alkaline concrete environments since its constituents, i.e., Zn(OH), and Al(OH);,
both are amphoteric hydroxides. In contrast, Mg(OH), is an alkaline hydroxide, allowing Mg/Al-LDH to maintain a structural
stability in high alkaline environments.

The EIS results show that in a 3.5% (in mass fraction) NaCl solution, the impedance of the Zn/Al-NO; -LDH film is only
3.18 Q/cm?, whereas the Mg/AI-NO, -LDH film exhibits a greater impedance of 2 722 Q/cm? which is attributed to the dense
structure of the Mg/Al-NO; -LDH film. The results of dynamic potentiodynamic polarization tests indicate that the corrosion
protection efficiency of the Zn/Al-NO; -LDH film and the Mg/AI-NO; -LDH film for carbon steel is 63.86% and 97.43%,
respectively. Clearly, the Mg/Al-NO; -LDH film is more effective in protecting carbon steel against chloride ion erosion due to its
superior physical barrier and the double protection effect of "fixing chlorine".

Conclusions Zn/Al-NO; -LDH and Mg/Al-NO; -LDH films with a high crystallinity were grown in-situ on the surface of steel
Q235 by an electrodeposition-hydrothermal method for corrosion protection. The microscopy showed that the Zn/Al-NO; -LDH films
were lamellar and porous, and the Mg/Al-NO; -LDH films were dense and uniform. The electrochemical results indicated that in
3.5% (in mass fraction) NaCl solution, the corrosion protection efficiency of Zn/Al-NO; -LDH film on carbon steel substrate was
63.86%, while the Mg/Al-NO; -LDH film had a higher impedance and a lower corrosion current density, and its corrosion protection
efficiency was 97.43%, effectively protecting the carbon steel against chloride ion erosion. In a high-alkaline saturated Ca(OH),
solution, the Zn/Al-NO; -LDH film exhibited an instability, leading to the formation of partially Ca/Al-NO; /OH -LDH and
amorphous hydroxides. In contrast, the Mg/Al-NO; -LDH film remained stable, and the anion exchange resulted in the formation of
Mg/Al-NO; /OH -LDH film.

Keywords electrodeposition-hydrothermal; layered double hydroxide; metal cation; alkali resistance; corrosion resistance



