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A B S T R A C T

Corrosion resistant amorphous mixed zinc/aluminium (oxy)hydroxide films were electrodeposited on zinc 
coated steel from aqueous solutions containing sodium nitrate, zinc nitrate and aluminium nitrate. The ratio of 
Zn2+ and Al3+ in the solution was 5:2. Homogeneous films were cathodically deposited within 10 s. The resulting 
microstructure of the films was analyzed by means of field-emission scanning electron microscopy (FE-SEM). The 
film deposition rate was estimated by determination of the cross-sectional film thickness to be about 0.5 nm/s. 
The deposition mechanism was revealed based on the film composition, which was characterized by means of X- 
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Raman spectroscopy, and time-dependent Fourier 
transform infrared reflection-absorption spectroscopy (FT-IRRAS) measurements. The formation of a predomi
nantly amorphous aluminium (oxy)hydroxide enriched film was observed. Electrochemical corrosion analysis by 
electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV) showed that the deposited 
films led to a significant inhibition of both cathodic and anodic corrosion reactions already at deposition time of 
10 s corresponding to a film thickness of about 5 nm.

1. Introduction

The corrosion resistance of galvanized steels can be significantly 
improved by suitable conversion coatings [1]. The purpose of the sur
face chemical conversion of the zinc coating is the creation of an addi
tional electrochemical barrier supplementing the active corrosion 
protection provided by the zinc coating itself [1]. This type of additional 
protection by passivation can for instance be achieved by aluminium- 
containing conversion coatings [2–5]. The majority of approaches for 
such coatings are based on the formation of layered double hydroxides 
(LDH) [4–6]. However, the preparation of LDH conversion coatings 
usually requires unfavorable long immersion times and high bath tem
peratures [6,7]. The possible application of other aluminium (oxy)hy
droxide coatings for the corrosion protection of zinc coated steel has 
scarcely been investigated so far [8]. Multiple approaches exist for the 

preparation of aluminium oxide-based barrier films. However, most of 
them are based on physical vapor deposition (PVD) [9–11], chemical 
vapor deposition (CVD) [2,12] or sol-gel techniques [13].

Electrochemically supported depositions may be a suitable alterna
tive to harness the use of aluminium oxide-based coatings for corrosion 
protection, as electrodeposition is a fast and efficient method to prepare 
homogeneous coatings even on demanding surfaces. However, this 
approach has rarely been used for the deposition of aluminium oxides 
[14–16]. Haleem et al. report the cathodic electrodeposition of 
aluminium oxide in solutions containing aluminium sulfate and sodium 
thiosulfate, but did not investigate their corrosion inhibition [15]. 
Watkins et al. report an aluminium oxide layer based on electrodepo
sition using organic aluminium salts along with significant corrosion 
inhibition [16].

Mixed zinc and aluminium nitrate solutions are usually employed for 
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the cathodic electrodeposition of aluminium doped zinc oxide (AZO) 
[17,18] and ZnAl-LDH [4,19,20]. Tseng et al. investigated the influence 
of the aluminium nitrate concentration on the electrodeposition of AZO 
on a zinc oxide coated substrate, revealing the formation of a mixed 
amorphous film for Zn:Al ratios lower than 8, while at higher ratios AZO 
nanorods were deposited [17]. The electrodeposition of ZnAl-LDH was 
investigated by Yarger et al. revealing a strong dependence of the 
deposited phases on the potential and pH of the aqueous nitrate solution 
[20]. They further hypothesize that elevated temperatures lead to 
increased formation of byproducts [20] based on a study by Otani et al. 
on the temperature dependence of zinc oxide electrodepositions [21]. 
Packter et al. investigated the pH dependence of the coprecipitation of 
zinc and aluminium hydroxides in aqueous nitrate solutions revealing 
that aluminium hydroxides start to precipitate at a lower pH (4.5) 
compared to zinc hydroxides (7.2), whereas coprecipitation starts at pH 
5.5 [22].

The deposition of zinc/aluminium hydroxide films on zinc coated 
steel has recently shown promising results regarding an application as 
conversion coatings for corrosion protection [23–26]. Xu et al. [26] 
successfully deposited a ZnAl-LDH conversion coating on galvanized 
steel within 300 s by electrodeposition. Yasakau et al. [25] deposited a 
ZnAl-LDH coating on a zinc substrate by hydrothermal growth for 20 h.

We here present the fast electrodeposition of amorphous mixed hy
droxide films on zinc coated steel from aqueous electrolytes containing 
nitrates. Thereby the films grown from an electrolyte consisting of basic 
chemicals are homogeneous, as shown by field-emission scanning elec
tron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy 
(EDX) imaging. Electrochemical measurements showed promising re
sults regarding the application of the coating as a temporary corrosion 
protection or as a conversion layer for organic sealings.

2. Materials and methods

2.1. Chemicals and materials

All chemicals were used without further purification. Zinc nitrate 
hexahydrate (extra pure) and sodium nitrate (99 %) were purchased 
from Arcos ORGANICS, Spain. Aluminium nitrate nonahydrate, boric 
acid, sodium sulfate, sodium chloride, and sodium borate decahydrate 
were purchased in Reag. Ph Eur. grade from Merck KGaA (Germany). 
Purified water was received by use of water system SG Ultra Clear UV 
plus (Evoqua Water Technologies, Germany).

Zinc coated steel (Dörken Coatings GmbH & Co. KG, Germany) was 
chosen as substrate. The zinc coating was electrodeposited (− 15.8 mA/ 
cm2, 45 min) from an alkaline solution with a zinc concentration of 15 
g/L and 150 g/L NaOH. The zinc coating had an approximate thickness 
of 3.7 μm. The sheet metal was immersed in 1 % HNO3 for 20 s, washed 
with purified water and blown dry in a purified airstream as a 
pretreatment.

2.2. Deposition process

Deposition was performed in an aqueous electrolyte consisting of 
0.01 M Zn(NO3)2, 0.004 M Al(NO3)3 and 0.1 M NaNO3 with a pH of 4.05. 
For deposition, the electrolyte was heated to 60 ◦C and a current density 
of − 0.15 mA/cm2 was applied. The experimental parameters were 
chosen and optimized starting from common parameters for the elec
trodeposition of nanocrystalline zinc oxide and LDH films. Deposition 
time was varied from 10 to 300 s. Specimens are referred to their 
deposition times, e.g., ED10 is the specimen obtained after 10 s of elec
trodeposition. Samples were thoroughly rinsed with purified water and 
dried using purified air after the deposition.

2.3. Characterization

The film morphologies were investigated by means of FE-SEM and 

EDX using a NEON 40 (Carl Zeiss SMT AG, Germany) equipped with a 
focused ion beam (FIB) and an UltraDry EDX detector (Thermo Fisher 
Scientific Inc., USA). Cross-section images were recorded at a tilt angle 
of 36◦. The layer thickness was approximated from one cross-section 
using the integrated tilt correction of the Zeiss software. EDX imaging 
was performed with a low acceleration voltage (5 kV) to increase the 
surface sensitivity.

The adhesion of the electrodeposited coating was examined by 
means of a tape test. An aluminium tape (Optima Tape Sp. z o.o., 
Poland) was applied at room temperature using a 2 kg rubber roller that 
was moved over the surface five times. The relative humidity was 36 % 
and the tape was removed using an angle of 180◦ after 1 min of 
attachment. The surfaces were examined by FE-SEM before and after the 
test to identify the fracture mode.

Fourier transform infrared reflection-absorption spectroscopy (FT- 
IRRAS) measurements were performed by means of a spectrometer 
Vertex 70 (Bruker Corporation, USA) at an angle of incidence of 72◦ with 
a resolution of 4 cm− 1. For each spectrum 256 single spectra were 
recorded and averaged. For referencing a clean gold substrate was used. 
For evaluation on-board software OPUS 7 was used.

For Raman spectroscopic investigations a dispersive spectrometer In- 
Via (Renishaw, UK) was used. Excitation was conducted by a RL633 nm 
HeNe laser and a 50× objective resulting in a power density of 5.8 mW/ 
μm2.

X-ray diffraction (XRD) measurements were performed in grazing 
incidence geometry (GIXRD) using a Bruker D8 DiscoverPlus multi- 
purpose diffractometer system. A copper source (λ = 1.5406 Å) was 
utilized with a Goebel mirror focusing optic, a Ni kβ-filter, a 0.1 mm slit 
and a scatter guard on the primary beam path. The secondary beam path 
consisted of 0.3◦ equatorial soller slits and a 300 × 300 px 0D detector 
(EIGER2 R 500 k). The measurements were performed at an incidence 
angle of 0.6◦ between 20 and 80◦ 2θ, with a step size of 0.025◦ and a 
counting time of 20 s per data point.

For X-ray photoelectron spectroscopy (XPS) measurements an 
ESCA+ system (Omicron NanoTechnology GmbH, Germany) equipped 
with a hemispherical energy analyzer was used. The base pressure was 
<5 × 10− 10 mbar and the analyzer pass energy was 100 eV for survey 
and 20 eV for element spectra. Photoelectron excitation was conducted 
by a monochromated Al Kα (1486.7 eV) X-ray source (Omicron XM 
1000) with a spot diameter of 600 μm. The take-off angle of detected 
photoelectrons was set to 60◦ with respect to the plane of the probed 
surface. Neutralization was performed with an electron flood gun. The C 
1s peak of adventitious carbon was set to a binding energy of 284.6 eV as 
an internal reference. Data evaluation was performed by means of 
software Casa-XPS (Casa Software Ltd., Japan). For peak fitting, com
binations of Gaussian and Lorentzian distributions and Shirley back
grounds were used.

Electrochemical measurements were performed by means of a 
Reference 3000 potentiostat (Gamry Instruments, USA) in a custom 
designed cell at room temperature. Electrodes were arranged in classical 
three electrode set-up, with a Pt-wire as counter electrode, an Ag/AgCl 
electrode (sat. KCl) as reference electrode and the probed specimen as 
working electrode. The probed area was 0.785 cm2. A borate buffer (pH 
~ 8.3) with addition of NaCl was chosen as the electrolyte for electro
chemical corrosion studies. The electrolyte consisted of 0.2 mol/L boric 
acid, 0.05 mol/L sodium sulfate, 0.05 mol/L sodium tetraborate and 
0.05 mol/L sodium chloride. After equilibrium time of 400 s the mea
surements were started. Electrochemical impedance spectroscopy (EIS) 
measurements in potentiostatic mode were conducted in the range of 
100,000–0.1 Hz. Thereby AC voltage was set 10 mV rms and DC voltage 
was set 0 V with respect to open circuit potential. Linear sweep vol
tammetry (LSV) was performed in the range of − 0.3 to +0.8 V vs. open 
circuit potential. The scan rate was set to 0.5 mV/s, and the step size was 
0.5 mV. Corrosion current densities (icorr) and potentials (Ecorr) were 
obtained from the LSV measurements by Tafel slope extrapolation using 
the Gamry E-Chem analyst software. The results of two measurements 
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were averaged for each deposition time.
An estimation of the interfacial pH during the electrodeposition at 

60 ◦C was calculated using COMSOL Multiphysics 5.6 (COMSOL AB, 
Sweden). The pH was approximated based on the assumption that one 
OH− is generated at the electrode surface per transferred electron during 
the galvanostatic deposition. The transport of H3O+ and OH− was 
assumed to be exclusively diffusive. In addition, the autoprotolysis of 
water and recombination of H+/OH− was taken into account based on 
kinetic constants as shown by Murer et al. [27]. Bulk concentrations 
were assumed at 2 mm distance to the electrode. The transport, hy
drolysis and precipitation of Zn2+/Al3+ were not considered for the 
approximation.

3. Results

3.1. Galvanostatic deposition

The time-depending development of the electrode potential during 
galvanostatic deposition (− 0.15 mA/cm2) was monitored (see Fig. 1). At 
the beginning, the potential has a value between − 0.64 and − 0.62 VSHE. 
While the slope of the curves is very steep at the beginning, it flattens 
more at prolonged deposition time. No steady state was reached within 
the maximum deposition time of 300 s.

The curves encode the kinetics of the deposition process and 
resemble typical galvanostatic ZnO depositions [28,29]. At the begin
ning, the potential of the galvanostatic process shifts negatively as the 
nitrate reduction starts most probably due to the depletion of nitrate at 
the interfaces. However, after reaching a potential of about − 0.64 VSHE 
after a few seconds the film formation leads to a positive shift of the 
potential [28–30]. After 300 s, a potential of − 0.5 VSHE is reached.

This trend leads to the hypothesis that the formed surface layer al
lows an electron transfer to the nitrate ions not only in remaining pores 
but across the electrolyte/film interface [29,31]. This could be 
explained by the formation of ZnO as part of the deposited film.

3.2. Characterization of film morphology

FE-SEM micrographs of the surface of all specimens and the bare zinc 
coated substrate are shown in Fig. 2A–F. In comparison to the bare 
substrate (Fig. 2A) after 10 s of electrodeposition the surface of the 
substrate is already homogeneously coated with a porous film (Fig. 2B). 
The deposited films show a nanogranular structure. This morphology 
does not change significantly with deposition times of 30 s, 60 s 120 s 

and 300 s (see Fig. 2C–F).
The FE-SEM images indicate the existence of nanoscopic pores, 

however, on a mesoscopic and macroscopic scale the films are very 
homogeneous already at short deposition times. Complementary to the 
top-view analysis, Fig. 3 shows the FE-SEM micrograph of a FIB cross 
section of film ED300. After 300 s of deposition the film has a thickness of 
about 60–230 nm. This leads to a deposition rate of about 0.5 nm/s, 
which is within the expected range of coatings deposited from zinc and 
aluminium nitrate solutions by hydrothermal- or electrodeposition 
[18,28,30,32–35]. The adhesion of the coating on the zinc coated steel 
substrate was tested by application and removal of an adhesive tape 
(Supplementary material, Fig. S1). Fracture mainly occurred within the 
adhesive and at the adhesive/ED300 interface, indicating strong adhe
sion of deposited films.

3.3. Spectroscopic analysis

Analysis of chemical composition and microstructure was conducted 
by means of Raman spectroscopy, XRD, FT-IRRAS, EDX and XPS.

The resulting Raman spectra of deposited films after varying film 
deposition times are shown in Fig. 4. All spectra exhibit a single peak at 
560 cm− 1 which gets more pronounced after a deposition time of 60 s 
(specimen ED60). This peak indicates the presence of disordered nano
crystalline ZnO [36–38]. As the signal is increasing with deposition 
time, the formation of ZnO is clearly part of the deposition mechanism, 
which is in accordance with the following XRD investigation. The 
absence of signals at 496 cm− 1 (M-OH EgT) and 1080 cm− 1 (ν1 NO3

− ) 
indicates that no ZnAl-LDH-NO3 phases are present in the film [39–41].

FT-IRRAS data of the films and an additional deposition time- 
dependent evaluation of selected peaks are shown in Fig. 5, the as
signments of the peaks are listed in Table 1. The spectrum of the sub
strate shows only weak signals of water and hydroxyl-groups in the 
3700–3000 cm− 1 regime [42] and a peak sequence in the 2960–2850 
cm− 1 regime specific for CH2/CH3-groups due to aliphatic contamina
tions, which appears in all spectra. The spectrum of ED10 also shows a 
broad peak of water/hydroxyl groups, but in this case, it is more pro
nounced. Additionally, new peaks are visible in the fingerprint region, 
namely at 1630 cm− 1, 1500–1200 cm− 1 and 1090–960 cm− 1 indicating 
presence of water/hydroxides [43,44], carbonates/nitrates [45,46] and 
zinc/aluminium hydroxides/oxides [43,44,47], respectively. While the 
spectrum of ED30 is similar to ED10, the spectra of ED60 and ED120 show 
an additional band at 730 cm− 1 which also indicates the presence of 
Al–O [44,48]. The spectrum of ED300 shows another band at 1084 cm− 1 

which could be assigned to (pseudo) boehmite [44] or zinc hydroxide 
[47].

Quantification of peak integrals in the time dependent IR spectra 
allowed qualitative statements to be made about the development of the 
layer as a function of the deposition time. The evaluation of the OH-peak 
at ~3500 cm− 1 by peak integration (Fig. 5) revealed a stepwise increase 
of the detectable number of OH-groups. During the first 10 s of depo
sition, the integral rapidly increases, probably due to the beginning 
nucleation of hydroxides on the surface, which is in agreement with the 
transient of the potential during the galvanostatic deposition. After
wards, the increase of the integral is almost linear, indicating a relatively 
constant growth of the layer. In combination with the continuously 
decreasing cathodic overpotential, this indicates that the nitrate 
reduction takes place in existing nanopores enabling a homogeneous 
increase of the pH within the interfacial electrolyte and thereby a 
continuous deposition of the mixed hydroxide layer.

Evaluation of the metal oxide/hydroxide related band at 1020 cm− 1 

revealed an almost identical trend. This may show that the composition 
of the layer remains approximately constant during the deposition, as 
the ratio of oxides and (oxy)hydroxides does not change. However, as 
already discussed, the outline of the metal oxide/hydroxide band 
changed for ED300, which could indicate an increased formation of 
(pseudo) boehmite and/or zinc hydroxide. Due to the high number of 

Fig. 1. Time-dependent development of the potential during galvanostatic 
deposition (− 0.15 mA/cm2) for different film deposition times. The indices 
indicate the total time of electrodeposition of the samples.
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possible components in this spectral region, further assessment of the 
composition based on FT-IRRAS measurements was not possible.

Fig. 6 shows XPS survey spectra of bare zinc coated steel, and the 
mixed hydroxide film deposited for 300 s (ED300). The atomic compo
sition of the specimens obtained from survey spectra are listed in 
Table 2. The survey spectrum of the substrate revealed the presence of 
oxygen, carbon, and zinc, which is expected due to the application of 
zinc coated steel. Deposition of the mixed hydroxide coating is evident 
from the additional signals of aluminium and nitrogen for ED300. The 
small nitrogen contribution is most likely caused by the presence of 
residual nitrate/nitrite in the coating.

The results show that zinc and aluminium are both incorporated in 

the mixed hydroxide film during the electrodeposition process. The 
quantification of the measurements revealed a Zn:Al ratio of 1:4 in the 
ED300 film which shows that aluminium ions are preferentially incor
porated in the surface film. The EDX analysis (Fig. S2) indicated a ho
mogenous distribution of the two elements across the surface.

C 1s and O 1s high-resolution spectra of the substrate and ED300 are 
shown in Fig. 7. The corresponding ratios of oxygen and carbon species 
are listed in Table 3. The C 1s element spectra of the substrate and ED300 
were fitted following a procedure described by Payne et al. for adven
titious carbon on chromium oxide surfaces [51]. Five components at 
binding energies 284.6 eV (C–C), 286.1 eV (C–O), 287.3 eV (C=O), 
288.5 eV (COO) and 289.5 eV (CO3

2− ) were fitted accordingly.

Fig. 2. (A–F): FE-SEM micrographs of surface; (A) bare zinc coated steel substrate, (B) ED10, (C) ED30, (D) ED60, (E) ED120 and (F) ED300.
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Fitting of the O 1 s spectrum of the bare zinc coating was done using 
two components at 529.8 and 531.5 eV corresponding to the contribu
tions of zinc oxide and hydroxide/carbonate/organic oxygen respec
tively [52,53]. As the contributions of hydroxides and carbonates could 
not be meaningfully secluded by the O 1s fitting, the percentages of 
carbonate and organic oxygen were determined based on the C 1s fitting. 
The percentage of hydroxide was in turn determined by subtraction of 
the contribution of carbon-bound oxygen atoms from the O 1 s signal. 

Thereby, an approximate passive film composition of 19 % zinc car
bonate, 16 % zinc hydroxide and 65 % zinc oxide was found. The Zn:O 
atomic ratio of 1:1 (without organic oxygen but including carbonate) on 
the other hand indicated pure ZnO. However, the positions of zinc 
related peaks (Zn 2p3/2 1021.3 eV) suggested the presence of metallic 
zinc [53], as the oxide layer is thinner than the depth of the XPS mea
surement, whereby the high percentage of zinc can be explained. 
Overall, the quantification of zinc hydroxide by XPS must be considered 
with caution, as Durchoslav et al. reported radiation induced acceler
ated transformation to zinc oxide using standard XPS parameters [54].

The O 1s spectrum of the film ED300 was fitted by the same 

Fig. 3. SEM micrograph of cross-section of ED300 obtained by FIB-cut.

Fig. 4. Raman spectra of the bare zinc coated steel substrate and film coated 
specimens. The wavelength of the excitation laser was 630 nm.

Fig. 5. Left: FT-IRRAS data of the bare zinc coated steel substrate and film coated specimens. A clean gold mirror was used as reference. Right: Evaluation of the OH- 
stretching regime at ~3500 cm− 1 and the metal oxide/hydroxide regime at ~1020 cm− 1 as a function of the deposition time.

Table 1 
Assignments of relevant peaks of FT-IRRAS spectra.

Peak position 
(cm− 1)

Assigned group/ 
species

Assigned 
vibrations

Peak position (cm− 1) 
assigned in literature

3700–3000 Water, hydroxyl ν(OH) 3700–3000 [42,43]
3000–2850 CH2, CH3 ν (CH) 3000–2850 [49]
1630 Water ν (OH) 1680–1600 [42]
1505 Carbonate ν (CO3)2− 1505 [50]
1410 Carbonate ν (CO3)2− 1400 [42]
1360 Carbonate, Nitrate ν (CO3)2− 1350 [42,46]
1084 (Pseudo) Boehmite 

Zinc hydroxide
δ(OH) 1080/1090 [43,44,49]

1086/1039 [47]
1020 Gibbsite/Bayerite δ(OH) 1020 [44]
960 Al-O ν (Al–O) 950/970 [43,44]
730 Al-O ν (Al–O) 740 [44]

Fig. 6. XPS survey spectra of the bare zinc coated steel substrates, and the 
mixed hydroxide film deposited for 300 s (ED300).
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procedure, but due to the high number of possible contributing zinc/ 
aluminium species, many possible components were combined in a 
single peak, wherefore the resulting quantification should be considered 
with caution. However, the peak position of 531.5 eV indicates a mixed 
(oxy)hydroxide film [52,55,56]. The ratio of oxygen to the sum of zinc 
and aluminium (O:M) including carbonate and organic contributions 
was approximately 1.45. This low ratio indicates that the film consists of 
a considerable amount of zinc/aluminium oxide in addition to the hy
droxides already confirmed by FT-IRRAS measurements. The Al 2p peak 
of ED300 (Fig. S3) is therefore most likely a superposition of aluminium 
oxide and (oxy)hydroxide contributions. However, the corresponding 
signals could not be secluded due to their small binding energy shifts 
[55,56].

The Zn 2p3/2 spectrum of the bare zinc coated steel shown in Fig. S4 
indicates the superposition of contributions from Zn(0) and Zn(II) [53]. 
The corresponding Zn LMM auger peaks clearly show both contributions 
[57]. The modified Auger parameter was calculated as reported by 
Gaarenstroom and Winograd [58] and the resulting parameter of 
2009.7 eV indicates the presence of zinc carbonate and/or hydrozincite 
[45]. However, the differentiation between Zn species is difficult, as 
their Auger parameters are close and measurements may be affected by 
radiation induced transformations [45,54]. The Zn 2p3/2 peak of ED300 

is shifted compared to the substrate due to the absence of Zn(0). The 
Auger parameter is 2009.4 eV, which is a shift towards values reported 
for zinc hydroxide [45]. Taking the Raman measurements into account, 
we assume that ZnO/Zn(OH)2 phases are both part of the growing film.

The grazing incidence XRD measurements shown in Fig. S5 reveal 
the expected presence of zinc and zinc oxide for the zinc coated steel 
substrate and ED300. The zinc coated steel shows two additional un
identified peaks at 38.3◦ and 44.6◦. No contributions of aluminium ox
ides, − hydroxides or layered double hydroxides were found. Therefore, 
we posit that the aluminium oxide and zinc/aluminium hydroxide 
phases identified in the previous spectroscopic analysis are most likely 
amorphous. Since the XRD measurements of the bare substrate and 
ED300 both show weak ZnO signals, it is unlikely that the absence of 
crystalline Al phases is due to a detection limit. The XRD results are thus 
consistent with the prepared films mostly consisting of amorphous 
aluminium (oxy)hydroxides with minor contributions of crystalline zinc 
oxide.

Overall, XRD, FT-IRRAS, Raman and XPS showed the presence of 

Table 2 
Elemental composition of zinc coated steel substrate and ED300 gained by the 
analysis of XPS survey spectra. Indicated errors are standard deviations of the 
intensity calculations by CASA XPS.

C 1s (at.%) O 1s (at.%) Zn 3s (at.%) Al 2s (at.%)

Substrate 22.5 ± 0.4 43.3 ± 0.4 34.2 ± 0.4 –
ED300 25.3 ± 0.2 47.2 ± 0.2 5.6 ± 0.2 21.9 ± 0.2

Fig. 7. XPS C 1s and O 1s core level measurements of bare zinc coated steel (Substrate) and after 300 s electrodeposition (ED300).

Table 3 
Concentrations of oxygen and carbon species in different oxidation states gained 
from peak fitting of O1s and C1s XPS spectra of the bare substrate and the film 
deposited at 300 s.

C 1s O 1s

C-C 
(at. 
%)

C-O 
(at. 
%)

C=O 
(at. 
%)

COO 
(at. 
%)

CO2−
3 

(at.%)
Oxide 
(at.%)

OH/ 
CO2−

3 /Org. 
O (at.%)

Substrate 63.5 13.6 1.5 11.3 10.1 40.8 59.2
ED300 72.8 11.0 2.6 8.7 4.9 14.7 85.3
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zinc oxide, zinc hydroxide, aluminium (oxy)hydroxide, and zinc/ 
aluminium carbonates. Aluminium is preferentially incorporated in the 
electrodeposited film. Furthermore, FT-IRRAS measurements indicated 
that the percentage of aluminium oxy(hydroxide) or zinc hydroxide may 
increase with deposition time.

3.4. Electrochemical corrosion analysis

Electrochemical impedance (EIS) measurements were conducted 
over 24 h of immersion in borate buffer. Bode plots of time-dependent 
EIS measurements of the specimens are depicted in Fig. 8. An addi
tional plot of the impedance values in the pore region at 0.1 Hz versus 
time is shown in Fig. 9. It is visible that the deposition of the mixed 
hydroxide layer strongly affects the electrochemical properties of the 
specimens, since the minimum of the phase of ED10 differs from the bare 
substrate (Fig. 8). The phase angles for specimens with increased film 
thickness show two minima instead of one minimum at small immersion 
times. With prolonged immersion time two minima were only observed 
in the phase of ED120 and ED300 (Figs. S6 and 8). The corresponding 
impedance values at 0.1 Hz show that all films provide corrosion pro
tection of the zinc coating as displayed in Fig. 9B. In agreement with the 
phase analysis, the thicker films (ED120 and ED300) lead to the largest 
impedance values over the complete time of immersion. The achieved 
lowering of the corrosion activity based on EIS analysis can be estimated 
to be more than one order of magnitude as the impedance at 0.1 Hz for 
the bare substrate is ~6.7 kΩcm2 and the corresponding impedance of 
ED300 is 94.2 kΩcm2 after 24 h of immersion, respectively. The mixed 
hydroxide films thereby clearly act as an electrochemical barrier. Bode 
plots of ED300 and the zinc coated steel were additionally fitted (Figs. S7 
and S8), whereby a significantly increased charge transfer resistance 
was confirmed. The electrodeposited film can be fitted using a typical 
model for porous coatings (Fig. S7). The Bode plots of films with lower 
deposition time clearly show the presence of a similar coating. However, 
the coatings are not stable at longer immersion in the chloride con
taining solution. Therefore, the impedances at lower and medium fre
quencies decrease, showing reduced corrosion inhibition and 
breakdown of the barrier film, respectively. The additional phase 
minima disappear accordingly, and the surfaces approach the behavior 
of the zinc coated steel. The coating deposited for 300 s on the other 
hand shows continuously increasing impedances and stronger manifes
tation of the second phase minimum. The results indicate that, despite 
its porosity, the layer formed within 300 s provides significant 

protection in the chloride solution within the 24 h measurement period. 
In addition, further passivation is evident, presumably due to corrosion 
products formed within the porous layer.

Complementary potentiodynamic polarization measurements were 
conducted. The results are shown in Fig. 10 as time-dependent Tafel- 
plots. Calculated Tafel-parameters are listed in Table 4. The corrosion 
potential (Ecorr) of the bare zinc coated steel is at − 0.9 VSHE. The 
deposition of the mixed oxyhydroxide layer leads to an anodic shift of 
the corrosion potentials indicating the inhibition of metal dissolution. 
Parallel to the anodic shift of the corrosion potential, the corrosion 
current density (icorr) decreases with the film thickness. It is noticeable 
that icorr of ED300 is about two orders of magnitude lower than icorr of the 
substrate which is in reasonable agreement with the EIS data. The bare 
zinc coated steel shows noticeable passivation, which can be expected 
due to the formation of zinc hydroxides at the pH of the borate buffer. 
However, the condition is not stable due to the presence of chlorides. 
Similar behavior was observed in the time-dependent Bode-plots. The 
electrodeposited coatings do not show additional passivation by hy
droxide formation and clear signs of pitting corrosion at sufficiently 
anodic potentials, which is expected in chloride solutions. For the 300 s 
electrodeposition, the potential of the breakthrough is clearly shifted, 
and the current is significantly reduced compared to the shorter depo
sition times. The results are in good agreement with the stability of 
ED300 in the impedance experiment. Overall, the potentiodynamic 
measurements show significant inhibition of cathodic oxygen reduction 
and anodic zinc dissolution by the deposited films.

4. Discussion

The mixed hydroxide film is deposited by a precipitation- 
transformation mechanism as sketched in Fig. 11. By the increase of 
the pH due to the reduction of nitrate (Eq. (1)), zinc and aluminium 
(oxy)hydroxides precipitate at the interface (Eqs. (2)–(4)) [17,59,60]. In 
principle, these conditions can result in the formation of ZnAl-LDH 
coatings [19]. However, the formation of LDH strongly depends on 
many factors, including the pH and the ratio of the cations [7]. In our 
case, XRD measurements indicated that no crystalline LDH phase was 
formed, which may result from low pH due to the comparatively low 
current density of the experiment. Additionally, the films were not aged/ 
calcinated after their deposition. An approximation of the development 
of the interfacial pH based on the galvanostatic nitrate reduction can be 
found in Fig. S9. Due to the rapid hydroxide formation at the electrode 

Fig. 8. Bode plots of electrochemical impedance spectroscopy measurements of specimens immersed in borate buffer at pH = 8.3 with addition of 0.05 M NaCl.
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surface, the interfacial pH rises to 11 within 30 s. The actual interfacial 
pH during the experiment is expected to be lower because of the 
beginning deposition of zinc and aluminium hydroxides. 

NO−
3 +H2O+2 e− →NO−

2 +2 OH− (1) 

Zn2+ +2 OH− →Zn(OH)2 (2) 

Al3+ +3 OH− →Al(OH)3 (3) 

Al3+ +3 OH− →AlOOH+H2O (4) 

Even though the Zn:Al ratio in the solution was 5:2, XPS measure
ments showed that the resulting layer is enriched with aluminium, 
which could be caused by the precipitation of aluminium hydroxide at a 
lower pH compared to zinc hydroxide [19,22]. In a second step, the 
mixed hydroxides could transform to a mixed metal oxide film via 

Fig. 9. (A, B): Time-dependent evolution of the impedance extracted from electrochemical impedance measurements in borate buffer at pH = 8.3 with addition of 
0.05 M NaCl. (A) Impedance values at 100 Hz and (B) Impedance values at 0.1 Hz.

Fig. 10. Top: Potentiodynamic analysis of film coated specimen recorded in 
borate buffer (pH ~ 8.3) with addition of 0.05 M NaCl in comparison to the 
bare zinc coated steel substrate. Bottom: Corrosion current density icorr and 
corrosion potential Ecorr determined by potentiodynamic analysis as a function 
of the film deposition time.

Table 4 
Tafel-fit parameters of polarization tests conducted in borate buffer (pH = 8.3) 
with addition of 0.05 M NaCl.

Ecorr (VSHE) icorr (μA/ 
cm2)

bc (mV/ 
dec)

ba (mV/ 
dec)

Bare Zn-coated 
steel

− 0.913 ± 0.001 8.50 ± 1.66 74 ± 36 60 ± 6

ED10 − 0.447 ± 0.286 0.62 ± 0.60 82 ± 5 59 ± 28
ED30 − 0.557 ± 0.060 0.53 ± 0.10 62 ± 14 119 ± 67
ED60 − 0.447 ± 0.119 0.72 ± 0.06 137 ± 27 112 ± 46
ED120 − 0.356 ± 0.030 0.27 ± 0.06 302 ± 232 60 ± 8
ED300 − 0.362 ± 0.030 0.07 ± 0.01 137 ± 23 89 ± 10

Fig. 11. Scheme of the mixed (oxy)hydroxide film deposition by precipitation 
and transformation mechanism. The deposition is promoted by the rise in pH at 
the electrolyte/zinc interface.
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dehydration reactions [61–63]. 

Zn(OH)2→ZnO+H2O (5) 

Al(OH)3→AlOOH+H2O (6) 

2 AlOOH→Al2O3 +H2O (7) 

Additionally, zinc aluminate could be deposited in sufficiently 
alkaline conditions [64]. 

2
[
Al(OH)4

]−
+Zn2+→ZnAl2O4 +4 H2O (8) 

However, the resulting films were not artificially dehydrated and still 
contain (oxy)hydroxides, resulting in an amorphous mixed layer. The 
findings are consistent with the investigations of Tseng et al. reporting 
the formation of an amorphous phase in very similar conditions, which 
they interpreted as a polynuclear hydroxo-complex [17]. The time 
dependence of the composition observed in the FT-IRRAS measurement 
of ED300 may be a result of the decreasing concentration of aluminium at 
the interface wherefore more zinc hydroxide is deposited.

The formed films lead to an effective inhibition of corrosion reactions 
in chloride containing electrolytes as shown by the electrochemical 
analysis. Both the anodic reactions as well as the cathodic reactions are 
slowed down as the film thickness increases.

5. Conclusion

Cathodic electrodeposition of corrosion resistant mixed zinc/ 
aluminium hydroxide films on zinc coated steel was achieved within 
short deposition times from aqueous electrolyte containing aluminium 
and zinc nitrate. FE-SEM cross sectional analysis showed that the 
deposited layers had a maximum layer thickness of about 200 nm after 
300 s deposition.

The spectroscopic analysis of the film composition revealed that 
aluminium and zinc hydroxides are deposited at first, which subse
quently can transform to aluminium oxyhydroxide, aluminium oxide 
and zinc oxide via dehydration reactions. As the deposition of 
aluminium hydroxide is faster than the deposition of zinc hydroxide, the 
resulting films are enriched with aluminium hydroxide resulting in an 
Al:Zn ratio of about 4:1 as shown by XPS. XRD and FIB-SEM studies 
revealed that the formed films are predominantly amorphous and 
contain nanopores. Moreover, we assume that the incorporated zinc 
oxide is responsible for the electronic conductivity of the films.

The deposited mixed layers provide efficient barrier properties even 
at 24 h of corrosive exposure in chloride containing aqueous electro
lytes, as measured by means of EIS. The inhibition of corrosion reactions 
by the deposited thin films was also confirmed by linear sweep vol
tammetry, showing an anodic shift of the corrosion potential and 
corrosion current density which is decreased by two orders of magnitude 
compared to the uncoated substrate.

Deposited films already provide an inhibiting effect at thickness 
values of few nanometers corresponding to a deposition time of about 
10 s. This property could promote the application of this thin film 
deposition process for technical applications which require short cycle 
times.
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