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In this study, two kinds of Co–Ni-layer double hydroxide (LDH)/ZnO films were prepared
with different morphologies by a simple electrochemical method. The properties of the
films were investigated by SEM, XRD, UV–Vis DRS, XPS, and electrochemical techniques.
It was found that Co–Ni-LDH-modified ZnO films exhibited excellent photocathodic
properties in a scavenger-free environment. This is mainly due to the absorption of
visible light by LDH, the formation of p–n heterojunction, and the depletion of photo-
generated holes by the cycling process of Co (II)/Co (III). Compared with CoNi-LDH/ZnO
nanorods, CoNi-LDH/ZnO nanoclusters showed better photocathodic protection
performance and physical barrier effect. Under illumination conditions, the rough
surface of ZnO nanoclusters and the deposition of a large amount of LDH can provide
more photoelectrochemical active sites, thus improving the light absorption capacity and
photocathodic protection performance of CoNi-LDH/ZnO nanoclusters. Under dark
conditions, the physical barrier effect of CoNi-LDH/ZnO nanoclusters was also
enhanced by the dense ZnO nanoclusters and thick CoNi-LDH layers.
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INTRODUCTION

Photocathodic protection is one of the most promising anticorrosion technologies, which has
attracted widespread attention in recent years (Bu and Ao, 2017; Xu et al., 2021). This technology can
protect the connected metal by injecting the photo-generated electrons into the metal and shifting
the potential negatively, which requires no applied current and very little consumption of the
photoanode material (Yuan and Tsujikawa, 1995). At present, a variety of semiconductor
nanomaterials (Xuan et al., 2018; Yang and Cheng, 2018; Bai et al., 2019; Ding et al., 2019; Qiu
et al., 2019; Liu et al., 2020; Lu et al., 2020; Jing et al., 2021) have been applied as the photoanode
materials, such as TiO2, G-C3N4, BiVO4, and ZnO. According to the published work (Bu and Ao,
2017; Xu et al., 2021), most photoanodes show good photoelectrochemical performance in solutions
containing hole scavengers but are not suitable for actual seawater environments. In order to realize
the practical application of photocathodic protection technology, it is necessary to develop
photoanode materials suitable for the marine environment.
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ZnO has been commonly adopted due to its high
photocatalytic activity (Kang et al., 2019; Xu et al., 2021) and
suitability for seawater applications (Li et al., 2018; Li et al., 2019;
Liu et al., 2020). ZnO is an n-type semiconductor with
controllable microstructure, which can form a variety of
nanostructures, including nanorods (He and Wang, 2011;
Yang and Cheng, 2018; Wei et al., 2020), nanowires (Lin and
Liu, 2021), and nanoparticles (Sun et al., 2014). The morphology
of ZnO has a great influence on its photocathodic protection
performance (Liu et al., 2021), which can be regulated by the
deposition temperature, material concentration, current density,
etc (Jabbar et al., 2017; Yasin et al., 2018a; Yasin et al., 2018b).

Despite this, as a photoanode, ZnO has a large band gap and
can only absorb ultraviolet light; thus, its utilization efficiency of
sunlight is very low. In addition, the rapid recombination of
photo-generated carriers is another problem to be considered. To
solve these problems, modification of ZnO with other
semiconductor materials is a feasible way to improve its
photoelectric properties in practical applications (Xu et al.,
2014; Jing et al., 2015; Yang et al., 2019; Wei et al., 2020).

As one kind of hydrotalcite-like material (Cao et al., 2022),
layered double hydroxides (LDHs) are used as barriers against
corrosive media due to their excellent physical barrier and
trapping ability of corrosive ions (Guo et al., 2019; Tabish
et al., 2021; Zhou et al., 2021). Some LDHs were also used as
semiconductor materials owing to their excellent absorption
capacity for visible light (Guo et al., 2019; Zhou et al., 2021).
In particular, LDHs containing transition metal elements, such as
Co, Ni, or Fe, have a good performance in the field of photo-
electrochemical water-splitting due to their high specific surface
area, short photo-carrier transmission path, and low-cost (Shao
et al., 2014; Wang G. et al., 2018; Zhu et al., 2018). The ZnO@
CoNi-LDH nanowire was prepared by the hydrothermal
synthesis method, and the nanowire array exhibited excellent
photo-electrochemical water oxidation activity (Shao et al., 2014).
Not only in the field of water-splitting, LDHs also played an
important part in the photocathodic protection field. ZnFeAl-
LDHs modified by TiO2 had superior photocathodic protection
performance under visible light (Wang X.-T. et al., 2018). A layer
of NiGa-LDH was prepared on TiO2 by the hydrothermal
method, and the formation of heterojunction improved the
photocathodic protection performance during the long-term
test (Chen et al., 2021). Some researchers prepared α-Fe2O3

photoanode modified by NiFe(OH)X and confirmed that the
LDH materials could capture holes and enhance the
photocathodic protection performance (Fan et al., 2020). In
addition, LDHs have excellent physical barrier effect and
hydrophobicity, which can inhibit the entry of aggressive ions
and protect the underlying metal substrate under dark conditions
(Tedim et al., 2016). For example, the NiAl-LDH film was
covered on the surface of 304SS by the electrodeposition
method, and the LDH film exhibited excellent protective
properties under dark and light conditions (Zhou et al., 2021).

In this work, considering the excellent physical barrier and
photo-electrochemical properties of LDHs, two kinds of CoNi-
LDH/ZnO films were prepared by a simple and rapid
electrochemical method. Then, the properties of the films were

characterized, the photocathodic protection performances were
measured, and the anticorrosion mechanism was discussed.

EXPERIMENTAL DETAILS

Preparation of the ZnO Film
The 304SS specimens were connected with copper wires and
sealed with epoxy resin, leaving the exposure area of 1 × 1 cm2.
Then, they were polished with 2000 grit SiC papers and cleaned
with ethanol and water, successively. ZnO nanoclusters (ZnO-C)
were prepared on 304SS by a facile electrochemical method. A
three-electrode system was used, and 304SS, platinum foil, and
saturated calomel electrode (SCE) were selected as the working
electrode (WE), the counter electrode (CE), and the reference
electrode (RE), respectively. Electrodeposition was carried out in
5 mM Zn(NO3)2 solution in the potentiostatic mode for 1 h with
a potential of −1.0 V (vs. SCE). The temperature of the electrolyte
was maintained at 40°C to obtain ZnO-C. The ZnO nanorod
(ZnO-R) was prepared according to the previous literature (Liu
et al., 2021), and the electrodeposition temperature was
maintained at 60°C.

Preparation of CoNi-LDH/ZnO Film
The 304SS electrodes covered with the ZnO film (ZnO-C or ZnO-
R) were used as the working electrode to deposit the CoNi-LDH/
ZnO film in the mixed solution of 20 mM Co(NO3)2 and 10 mM
Ni(NO3)2. The electrodeposition was operated at −1.0 V (vs. SCE)
for 300 s to obtain the LDH/ZnO-C, while the LDH/ZnO-R was
prepared by the method according to the previous literature with
a deposition time of 60 s (Shao et al., 2014). Afterward, the
samples were rinsed with deionized water and dried for
12 h (60°C).

Characterization
The microstructure of the samples was analyzed by scanning
electron microscopy (SEM, ZEISS Gemini Sigma 300). Elemental
analysis was investigated by the energy-dispersive spectroscopy
(EDS). X-ray diffraction (XRD, Rigaku Ultima IV) in
Bragg–Brentano configuration with Cu–Kα radiation was used
for phase identification. UV–Visible diffuse reflectance spectra
(UV-DRS) of the samples were recorded by using a UV–Vis
spectrophotometer (Hitachi U-3900H) with an integrating
sphere attachment to evaluate the photo absorption
performance of the samples.

Photoelectrochemical and Electrochemical
Measurements
An electrochemical workstation (CHI660E, Shanghai Chenhua
Instrument Co. Ltd., China) was used to investigate the
photoelectrochemical (PEC) performance of the prepared
samples. The modified 304SS electrode, Pt electrode, and
saturated calomel electrode (SCE) were used as WE, CE, and
RE, respectively. All electrodes were tested in 3.5 wt% NaCl
solution using cylindrical quartz beakers as containers. The
open-circuit potential (OCP) was recorded under intermittent
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illumination with a 300-W xenon lamp (CEL-HXF300, Beijing
Zhongjiaojinyuan Technology Co. Ltd., China) as the light
source. The photocurrent was obtained by measuring the

coupling current between 304SS and the FTO electrode
deposited with different composite films. As a comparison, the
OCP and current density of the samples were also measured when

FIGURE 1 | SEM images of ZnO-C (A), ZnO-R (B), LDH/ZnO-C (C), and LDH/ZnO-R (D).

FIGURE 2 | EDS elemental mapping of LDH/ZnO-C (A) and current density—time response during the electrodeposition of ZnO films (B).
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hole scavengers (0.1 M Na2SO3 mixed with 0.2 M NaOH) were
added in the electrolyte.

The potentiodynamic polarization curves were plotted from
−50 to 150 mV relative to OCP, with the scan rate of 1 mV·s−1.
Electrochemical impedance spectroscopy (EIS) was carried out
with the AC amplitude of 5 mV and frequency ranging from
0.01 Hz to 100 kHz. The Mott–Schottky plots were conducted in
the dark environment with the frequency and AC magnitude of
1,000 Hz and 10 mV, respectively.

RESULTS AND DISCUSSION

Morphologies and Chemical Compositions
Figure 1 shows the morphologies of ZnO and CoNi-LDH/ZnO
deposited on the surface of 304SS. In Figure 1A, the diameter of
the ZnO nanocluster varied from 200 to 300 nm, with dense and
rough structures, while ZnO, as shown in Figure 1B, was a
hexagonal columnar nanorod with a diameter of about 150 nm
and a length of about 1 μm, which was consistent with that in
previous studies (Liu et al., 2021). Figure 2B recorded the
variation curves of current density during the
electrodeposition process of the ZnO nanocluster (denoted as
ZnO-C) and ZnO nanorod (denoted as ZnO-R). The current
density of ZnO-R was higher in the initial stage (stage I),
indicating more surface nucleation, while during the
equilibrium stage (stage II), the current density of ZnO-C was
almost three times than that of ZnO-R. The larger deposition
current represented faster deposition speed, which was the reason
that the diameter of ZnO-C was larger than that of ZnO-R. In
Figure 1C, the morphology of CoNi-LDH/ZnO-C exhibited
foliated structure, which was the typical morphology of LDHs
(Nguyen et al., 2017). Because of the overlapped and large
deposition amount of LDH nanosheets, ZnO-C was

completely covered by the LDH layer, and the thickness of
CoNi-LDH/ZnO-C was 15.7 ± 2.4 µm. The EDS elemental
distribution of LDH/ZnO-C is shown in Figure 2A. It can be
concluded that LDH deposited uniformly on the surface of ZnO-
C. Different from the foliated structure of LDH/ZnO-C, the
morphology of LDH/ZnO-R was similar to ZnO nanorods,
and some LDH nanosheets deposited at the bottom or on the
surface of ZnO nanorods, which was consistent with the literature
(Shao et al., 2014). The thickness of CoNi-LDH/ZnO-R was 8.3 ±
1.2 µm, which was less than that of CoNi-LDH/ZnO-C. The
difference of morphologies could be related to the difference of
deposition time and electrical conductivity of ZnO films.

The XRD spectra of ZnO-C, ZnO-R, LDH/ZnO-C, and LDH/
ZnO-R are presented in Figure 3. It can be seen from the spectra
that the diffraction peaks of ZnO-R and ZnO-C were both narrow
and clear, indicating that the crystallinity of ZnO was excellent.
The peaks were consistent with a standard diffraction pattern
(PDF#89–1397). In detail, the peaks at 31.6°, 34.3°, and 36.1°

represented the crystal planes of (100), (002), and (101),
respectively. Therefore, the crystal structure of ZnO was
hexagonal wurtzite (Skompska and Zarębska, 2014). After the
deposition of LDH nanosheets, the intensity of the related
diffraction peaks of ZnO was weakened in the spectra of
LDH/ZnO-C and LDH/ZnO-R, which could be ascribed to the
physical shielding function of LDH deposited on ZnO.
Simultaneously, in the spectrum of LDH/ZnO-C, the emerging
peaks of LDH at 11.3°, 22.7°, and 59.9° belonged to (003), (006),
and (110) planes of the hydrotalcite-like phase, respectively.
Among them, the (003) plane is a typical peak for
hydrotalcite-like materials. Therefore, it can be concluded that
LDH was successfully deposited on ZnO-C. In addition, the
characteristic peak of LDH was not obvious in the spectrum
of LDH/ZnO-R, which could be due to the low deposition
amount of LDH.

In order to analyze the surface components and valences of the
elements of the LDH/ZnO-C film, the XPS analysis is depicted in
Figure 4. In Figure 4A, the full survey scan indicated the main
elements of the LDH/ZnO-C film, such as C, O, Co, Ni, and Zn.
The peak of the C element was probably ascribed to the doping of
CO3

2- originated from CO2 in the air. The high-resolution spectra
of Zn 2p, O 1s, Ni 2p, and Co 2p are presented in Figures 4B–E.
In the spectrum of Zn 2p (Figure 4B), the peaks at 1,021 eV and
1,045 eV confirmed the presence of Zn–O in the LDH/ZnO-C
composite. Specifically, in Figure 4C (O 1s spectrum), the peak at
530.6 eV belonged to Zn–O, and the O2 (531.1 eV) and O3

(531.6 eV) peaks represented Ni–O and Co–O, respectively;
the O4 peak at 532.1 eV was ascribed to the –OH group in the
metal hydroxide; the O5 (532.8 eV) was attributed to adsorbed
water. In Figure 4D, the double-spin orbit peak and
corresponding satellite peaks can be observed in the spectrum
for Ni 2p. The peaks located at 856.4 and 873.8 eV corresponded
to 2p3/2 and 2p1/2 of Ni, respectively. Correspondingly, the
satellite peaks appeared at 862.0 and 879.6 eV. Hence, Ni with
a chemical state of +2 existed as a form of Ni–O. In the spectrum
of Co 2p (Figure 4E), the atomic orbitals of Co 2p3/2 and Co 2p1/2
can be confirmed by the peaks at 781.0 and 796.6 eV, respectively.
Four peaks appeared in the fitting curve in Figure 4E. Co 2p3/2

FIGURE 3 | XRD spectra of ZnO-C, ZnO-R, LDH/ZnO-C, and LDH/
ZnO-R.

Frontiers in Materials | www.frontiersin.org June 2022 | Volume 9 | Article 9045554

Zhang et al. CoNi-LDH/ZnO for Photocathodic Protection

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


peak split to the double peaks at 780.8 and 782.2 eV; at the same
time, Co 2p1/2 peak split to the double peaks at 796.0 and
797.5 eV. The peaks at 780.8 and 796.0 eV were caused by the
presence of Co3+, while the peaks at 782.2 and 797.5 eV were
referred to the presence of Co2+. The results were similar to those
of the previous investigation about the Co 2p atomic orbital (Bai

et al., 2019), indicating that the valence of Co in the film was
mainly Co2+ and Co3+.

Optical Absorption Properties
As presented in Figure 5, the UV–Vis diffuse reflectance spectra
were used to analyze the absorption performance of the samples.

FIGURE 4 | XPS spectra of the LDH/ZnO-C composite: (A) the full survey scan, (B) Zn 2p, (C) O 1s, (D) Ni 2p, and (E) Co 2p.
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FIGURE 5 | UV/Vis diffuse reflectance spectra (A) and Tauc plots of (αh])2 vs. h] (B) for the fabricated ZnO-C, ZnO-R, LDH/ZnO-C, and LDH/ZnO-R
composite films.

FIGURE 6 | (A) Photo-induced OCP variations of different specimens in 3.5 wt% NaCl solution; (B) photo-induced current density between
different photoanodes and the 304SS electrode in 3.5 wt% NaCl solution; (C) photo-induced OCP variations of LDH/ZnO-C/304SS after immersion in
3.5 wt% NaCl for 40 d; and (D) photo-induced OCP and current density of ZnO-C/304SS and LDH/ZnO-C/304SS in 3.5 wt% NaCl with hole
scavengers.
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In Figure 5A, ZnO showed absorbance capacity from 250 to
400 nm owing to the intrinsic property of ZnO (Segets et al.,
2009). The edge of the absorption band was approximately
400 nm, indicating that the absorption was mainly in the
ultraviolet region. In addition, the absorbance of ZnO-C was
higher than that of ZnO-R, which could be attributed to the
coarse surface of the nanoclusters and larger active surface of
ZnO-C. In the spectra of LDH/ZnO, an obvious absorption band
could be observed in the range of 550–650 nm. The emergence of
new peaks in visible region indicated that the deposition of LDH
broadened the absorption range of the composite film. Moreover,
both the absorption peaks of LDH/ZnO-C and LDH/ZnO-R
showed red shift. Although the absorbance of LDH/ZnO-C
weakened in the ultraviolet region due to the physical
shielding effect of LDH, the absorbance was enhanced in the
visible region.

In order to obtain the band gap (Eg) of the prepared sample,
UV/Vis diffuse reflectance spectra were transferred to the Tauc
plot method by Eq. 1 (Tauc et al., 1966):

αh] � A(h] − Eg)
η
, (1)

where α, h, v, A, and η represent the absorption coefficient,
Planck’s constant, light frequency, constant, and transition
characteristics of semiconductor, respectively. As the electron
in ZnO is excited directly from VB to CB, η is determined as 0.5.
The Tauc plots of (αh])2 vs. h] are exhibited in Figure 5B. The
band gap (Eg) was determined by the intersection of the slope of
the curve and the X axis. It could be derived that Eg of ZnO-C,
ZnO-R, and LDH were 3.12, 3.16, and 2.35 eV, respectively.
Moreover, the Eg of LDH/ZnO-C was 2.70 eV, lower than that
of LDH/ZnO-R 3.06 eV. The lower Eg was beneficial for the
absorption of light, indicating that the LDH/ZnO-C film might
exhibit improved photoelectrochemical activity.

In addition, the valence band (EVB) and the conduction band
(ECB) positions can be determined by Eqs 2, 3 (Zhao et al., 2018):

EVB � X − EC + 0.5Eg (2)
ECB � X − EC − 0.5Eg. (3)

where Ec is about 4.5 eV, which represents the energy of the free
electrons on the hydrogen scale; Eg and X represent the band gap
energy and absolute electronegativity, respectively. For ZnO-C
and CoNi-LDH, X values were 5.79 and 4.33 eV, respectively.
Therefore, ECB and EVB of ZnO-C were determined to be −0.27
and 2.85 eV vs. SCE (equivalent to −0.03 and 3.09 eV vs. NHE),
respectively. Similarly, for CoNi-LDH, ECB, and EVB were
calculated to be −1.35 and 1.00 eV vs. SCE (equivalent to
−1.11 and 1.24 eV vs. NHE).

Photocathodic Protection Performances
To investigate the photocathodic protection performance of ZnO
and LDH/ZnO films, the variations of OCP and current density
were measured under different conditions without applying any
bias voltage, as shown in Figure 6. Without the hole scavengers,
the open-circuit potential of the 304SS electrode deposited with
ZnO or LDH/ZnO presented significant negative shift under
illumination condition. Moreover, the deposition of LDH
promoted the negative shift of OCP (Figure 6A), which could
be attributed to the enhanced light absorption and the capture of
holes of LDH. Simultaneously, the potential of the 304SS
electrode deposited with LDH/ZnO-R decreased to −360 mV,
while the electrode deposited with LDH/ZnO-C decreased to
−430 mV. The larger negative shift of the photo-induced OCP
indicated that the LDH/ZnO-C film exhibited a better cathodic
protection effect. This was consistent with the result of the
photocurrent density experiment. As shown in Figure 6B, the
LDH/ZnO-C film showed the maximum transient photocurrent
(48 μA cm−2) and steady photocurrent (4.0 μA cm−2) without the
hole scavengers. Combined with the SEM and UV–Vis results,
the photocathodic protection performance of large-sized LDH/
ZnO-C was better than that of small-sized LDH/ZnO-R because
the larger actual surface area can provide more
photoelectrochemical active sites. In order to realize the
application in the marine environment, the prepared LDH/
ZNO-C/304SS sample was immersed in 3.5 wt% NaCl
solution for 40 days to study the long-term effect of
immersion on the sample. As depicted in Figure 6C, the
photo-induced potential stabilized at −320 mV after
immersion for 40 days. Compared with the newly prepared
LDH/ZnO-C/304SS electrode, the photo-induced potential
drop decreased, but it could still provide partial protection for
the metal. The decrease of the protection performance could be
attributed to the local damage of the LDH surface, which resulted
from the erosion of chloride ions during long time immersion
(Supplementary Figure S1).

For comparison, the hole scavengers (0.1 M Na2SO3 mixed
with 0.2 M NaOH) were added in 3.5 wt% NaCl solution, as
shown in Figure 6D. With the hole scavengers, the photo-
induced OCP dropped and current density increased
significantly due to the capture of the holes and the effective
separation of electron–hole pairs. Although excellent
photocathodic protection performance can be achieved with

FIGURE 7 | Polarization curves of different specimens under dark or
illumination conditions.
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the addition of hole scavengers, it is difficult to apply the hole
scavengers such as Na2S or Na2SO3 in practical applications.
Supplementary Table S1 shows a comparison of our work with
the most recent report. The CoNi-LDH/ZnO-C in our work
exhibited competitive photocathodic performance and practical
application prospect.

Figure 7 shows the polarization curves of the 304SS
electrode with or without the CoNi-LDH/ZnO film under
dark or illumination conditions. The calculated
electrochemical parameters are listed in Supplementary
Table S2. Under dark condition, the LDH/ZnO-C/304SS
electrode showed positive corrosion potential (−150 mV)
and lower current density in the anodic polarization curve
than bare 304SS (−170 mV). This could be related to the denser
and thicker film of LDH/ZnO-C, which provided a protective
film to reduce the contact between the metal and corrosive
medium. However, the LDH/ZnO-R/304SS electrode exhibited
negative corrosion potential (−180 mV) and higher current
density in the anodic polarization curve. This abnormal
phenomenon might be caused by the higher temperature
during the deposition process of ZnO-R, which had a
certain effect on the stainless steel substrate.

Under the illumination condition, the Ecorr of LDH/ZnO-C/
304SS and LDH/ZnO-R/304SS electrodes decreased to −420 mV
and −390 mV, respectively. This was consistent with the trend
observed in photo-induced potential tests (Figure 6A). This
result revealed that the photoelectric conversion efficiency of

the LDH/ZnO-C film was higher than that of the LDH/ZnO-R
film. Moreover, LDH/ZnO-C/304SS had the largest Icorr
(3.61 μA cm−2), indicating that LDH/ZnO-C can produce more
photoelectrons than LDH/ZnO-R. It could be deduced that the
LDH/ZnO-C film had more effective physical blocking effect
under dark conditions and better photocathodic protection
performance under illumination conditions. Therefore, the
LDH/ZnO-C film had more comprehensive anticorrosion
protection for metals.

The EIS tests were performed in 3.5 wt% NaCl solution under
simulated solar illumination conditions, as shown in Figure 8. In
order to fit the EIS data, the equivalent circuits are shown in
Figure 9, where Rs, Rct, Cdl, Rf, and Cf represent the solution
resistance, charge transfer resistance, double layer capacitance,
film resistance, and film capacitance, respectively. Because the
response of interface capacitance is not ideal, the constant phase
angle element is used instead of standard capacitance.

The fitting results of the equivalent circuit are shown in
Table 1. Compared with LDH/ZnO-R/304SS, LDH/ZnO-C/
304SS had a smaller Rct value, indicating that the LDH/ZnO-C
film had a faster charge transfer rate, which was more favorable
for the separation and transmission of photo-generated
carriers. Moreover, LDH/ZnO-C/304SS had a higher Rf

value, illustrating that the LDH/ZnO-C film had a better
physical blocking effect. The high Rf value could be
attributed to the deposition and stacking of LDH on the
denser and thicker ZnO-C film. Moreover, the deposition of

FIGURE 8 | Nyquist (A) and Bode (B) plots of bare 304SS and 304SS covered with ZnO or LDH/ZnO in 3.5 wt% NaCl solution under simulated solar light
illumination.

FIGURE 9 | Equivalent circuits proposed to fit the EIS data: (A) bare 304SS; (B) 304SS covered with ZnO or LDH/ZnO films.
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the visible light responsive CoNi-LDH could provide more
catalytic active sites and achieve higher photoelectric
conversion efficiency.

Photocathodic Protection Mechanism
Analysis
Figure 10 shows the Mott–Scottky (MS) curves of the prepared
material. The slope of the MS curve corresponding to ZnO was
positive (Figure 10A), indicating that the prepared ZnOwas an n-type
semiconductor while the slope was negative for CoNi-LDH in
Figure 10B, which confirmed that CoNi-LDH was a p-type
semiconductor. As for the CoNi-LDH/ZnO-C film (Figure 10C),

the slope of the MS curve was positive as the potential was lower than
0.2 V, but the slope changed to be negative when the potential became
larger than 0.2 V. In summary, the trend of the slope presented an
inverted “V” shape from positive to negative, indicating that the p–n
heterojunction was formed successfully by the composition of ZnO-C
and CoNi-LDH. The formation of the heterojunction made the
photoelectrons and holes move toward the opposite direction,
which suppressed the recombination of photo-generated carriers
and enhanced the efficiency of photoelectric conversion.

Figure 11 shows the anticorrosion mechanism of the CoNi-
LDH/ZnO film. Under simulated solar light illumination, the
electrons in the VB of ZnO and CoNi-LDH were excited and
jumped to their CB, leaving holes in the VB. ZnO, as n-type

TABLE 1 | Fitting results of EIS data for different specimens in 3.5 wt% NaCl solution under simulated solar light illumination (the error is presented).

Sample Rs (Ω·cm2) Cf (μF) Rf (Ω·cm2) Cdl (μF) Rct (Ω·cm2)

304SS 3.90 (1.8%) — — 46.49 (1.5%) 134,750 (3.5%)
ZnO-R/304SS 21.76 (10.5%) 27.52 (3.4%) 15.95 (15.9%) 16.98 (2.7%) 89,544 (6.6%)
LDH/ZnO-R/304SS 12.79 (3.0%) 135.63 (1.4%) 6.95 (9.0%) 12.83 (2.5%) 68,483 (9.2%)
ZnO-C/304SS 11.92 (0.5%) 170.96 (0.6%) 24.82 (7.6%) 12.30 (5.1%) 15,205 (1.0%)
LDH/ZnO-C/304SS 26.78 (2.9%) 382.82 (2.2%) 386 (18.7%) 12.07 (16.0%) 54,512 (18.6%)

FIGURE 10 | Mott–Schottky plots of ZnO-C (A), CoNi-LDH (B), and CoNi-LDH/ZnO-C (C).

Frontiers in Materials | www.frontiersin.org June 2022 | Volume 9 | Article 9045559

Zhang et al. CoNi-LDH/ZnO for Photocathodic Protection

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


semiconductor, formed p–n heterojunction at the interface with
CoNi-LDH, which had p-type semiconductor properties. Due to
the interfacial potential difference, the photoelectrons were
transferred from the CB of CoNi-LDH to the CB of ZnO, and
the photo-generated holes in the VB of ZnO were transferred to
the VB of CoNi-LDH. The photoelectrons accumulated in the CB
of ZnO were continuously transferred and accumulated on the
surface of the metal, polarizing its potential to a more negative
value, thus achieving effective photocathodic protection.

CoNi-LDH had a narrower band gap than ZnO, which enhanced
the absorption of visible light.Moreover, CoNi-LDH, as a co-catalyst
(Shao et al., 2014), provided abundant active sites for photocatalysis.
In the process of charge transfer, Co (II) was oxidized to Co (III), and
the photo-generated holes were captured and consumed.
Furthermore, Co (III) reacted with water molecules and could be
reduced to Co (II) again. Therefore, the cycle of the redox couples Co
(II)/Co (III) inhibited the recombination of electron hole pairs (Fan
et al., 2020) and improved the photoelectric conversion efficiency of
the composite film. In addition, ZnO-C deposited with a thick LDH
layer had a good blocking effect and excellent ability to trap chlorine
ions, forming a physical barrier on the metal surface in a dark state.
Therefore, the CoNi-LDH/ZnO film can effectively protect themetal
from corrosion under light or dark conditions.

CONCLUSION

The CoNi-LDH/ZnO nanocluster film exhibits good photocathodic
protection and physical isolation performance in NaCl solution, which
has the potential of application in the marine environment. The
photocathodic protection performance of the CoNi-LDH/ZnO
nanocluster film was better than that of the ZnO nanocluster,
which was attributed to the visible light response of CoNi-LDH,
the formation of p–n heterojunction at the interface, and the
following depletion of holes by CoNi-LDH. Compared with the
traditional CoNi-LDH/ZnO nanorods, CoNi-LDH/ZnO
nanoclusters have a higher electron transfer rate and better ability

to capture holes, which was beneficial for the separation of photo-
generated carriers and the application in the marine environment
without extra hole scavengers. In addition, the dense ZnOnanoclusters
and the thick LDH layers could provide superior physical blocking
ability to isolate corrosive media under dark condition.
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