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Abstract: Detecting heavy metals in seawater is challenging due to the high salinity and complex
composition, which cause strong interference. To address this issue, we propose using a multistage
energy barrier as an electrochemical driver to generate electrochemical responses that can resist
interference. The Ni-based heterojunction foams with different types of barriers were fabricated to
detect Cr(VI), and the effects of the energy barriers on the electrochemical response were studied.
The single-stage barrier can effectively drive the electrochemical response, and the multistage barrier
is even more powerful in improving sensing performance. A prototype Ni/NiO/CeO,/Au/PANI
foam with multistage barriers achieved a high sensitivity and recovery rate (93.63-104.79%) in
detecting seawater while resisting interference. The use of multistage barriers as a driver to resist
electrochemical interference is a promising approach.

Keywords: CeO;; heterojunction; interface; Cr(VI); electrochemical

1. Introduction

The pollution of seawater by heavy metals, including Cr(VI), is a significant and
pressing issue [1-3]. Cr(VI) pollution, in particular, poses a severe threat to marine ecology,
fisheries, and human health [4-7]. Thus, accurately detecting trace amounts of Cr(VI) in
seawater is essential.

However, conventional methods are ineffective in seawater detection due to the strong
interference caused by high salinity and complex composition. Various methods have
been tried for the detection of Cr(VI), including fluorescence probe, colorimetry, and so
on [8,9], but the reliable methods used in seawater are still the traditional atomic absorption
spectrometry and plasma mass spectrometry [10,11]. Although these methods are accurate,
there are deficiencies that limit their application, such as their high equipment cost, time-
consuming process, and complex technical requirements. The rapid online Cr(VI) detection
in seawater remains a challenge. Electrochemical sensors have significant advantages in
online detection due to their rapid response, high sensitivity, and simple operation. Since
most electrochemical tests are performed on a redox basis, it is difficult to avoid interference
from redox reactions in the test system. This shortcoming limits its application in complex
water environments [12].

Semiconductor heterojunctions have been widely applied in fields such as photo-
electric materials, sensors, batteries, and more, as they can effectively regulate electron
transport through their interfacial effect [13-15]. For instance, the CuO/In;O3 p-n junction
interface has been shown to promote the catalytic process of dimethyldichlorosilane [16],
while Rh/ZnO Schottky contacts have been found to improve the asymmetric rectification
properties of materials [17]. Special heterojunction interfaces can form interfacial barriers
that hinder electron transport, and changes in these barriers can affect resistance [18]. In
the context of electrochemical sensing, changes in impedance can affect electrochemical
current response. As a result, barriers hold promise as an electrochemical sensing driver
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to generate electrochemical response. Moreover, as barriers are primarily changed by
physical factors independent of redox reactions, electrochemical interference is expected to
be largely suppressed.

Two typical barriers that can be formed are p-n junctions and Schottky junctions.
NiO (a p-type semiconductor) and CeO; (an n-type semiconductor) can form a p-n junc-
tion [19]. Au, with a work function of 5.1 eV, can form Schottky junctions with NiO and
CeO,, respectively [20-22]. The matching energy band structures enable them to form the
NiO/CeO,/Au heterojunction with multistage barriers. Polyaniline (PANI) has abundant
amine and imine groups, which allow it to selectively adsorb Cr(VI) [23].

Herein, the Ni/NiO/CeO,/Au/PANI foam was prepared for direct Cr(VI) detection.
A multistage barrier was used as an electrochemical driver to generate an electrochemical
current response to Cr(VI) by combining it with a selective adsorption film. Different
types of barriers were investigated, and the sensing performance was improved signifi-
cantly by using multistage barriers. The trace detection of Cr(VI) with a high recovery
rate (93.63-104.79%) in seawater was achieved by resisting the strong interference of sea-
water. Using a multistage barrier as an electrochemical driver is an effective approach to
resist interference.

2. Experimental
2.1. Reagents

All the reagents used in this research were of analytical grade. Uric acid, xylene,
aspartic acid, hydroquinone, p-phenylenediamine, KCl, NaCl, AgCl, Zn(NO3),-6H;0,
COSO4'7H20, CUSO4-7H20, SI’ICIZ'ZHzO, Bi(NO3)3'5H20, Fe(NO3)3-9H20, and K2CI‘207
were all purchased from Aladdin Reagent (Shanghai, China) Co., LTD. Polyvinylpyrroli-
done (PVP), hemoglobin (Hb), and dopamine (DA) were purchased from Alfa Aesar.
Ce(NOs3)3-6H,0, acetone, ethanol, and hydrochloric acid (HCI) were all bought from
Sinopharm Chemical Reagents Co., LTD. (Shanghai, China). Ni foam was purchased
from Hengxin Research Metal Co., LTD. (Baoji, China). All of the water used was deion-
ized water.

2.2. Equipment and Measurements

All electrochemical experiments were performed using the electrochemical worksta-
tion (CHI760E, Chenhua, Shanghai, China). Scanning electron microscopy (SEM) images
were captured using an S-4800 SEM equipment (Tokyo, Japan). X-ray diffraction (XRD) anal-
ysis was conducted using an Ultima IV X-ray diffractometer (Tokyo, Japan) (26 = 10-80°,
scan velocity 10°/min, Cu K« radiation). Infrared spectroscopy data were collected using
the Nicolet iS10 Fourier Transform Infrared (FTIR) spectrometer (Waltham, MA, USA).

During the FTIR test in a dry environment, the attenuated total reflectance (ATR)
accessory was placed in the optical path of the spectrometer, and the air background was
scanned. The surface of the bulk sample (1 cm wide and 1 cm long) was snared to the
crystal surface of the ATR accessory. The infrared spectrum of the sample was collected
with a resolution of 4 cm~!. Scanning was performed 32 times.

In the XRD test, the sample was cut into a small piece with a width and length of 1cm
to ensure that the test surface was smooth, and the sample was fixed on the sample table
with plasticine. Then, the XRD test was started.

The SEM test involved directly gluing the sample to the conductive adhesive and
using the scanning electron microscope to photograph the sample morphology and energy
spectrum mapping.

2.3. Preparation of the Ni/NiO/CeO,/Au/PANI Foam

The Ni foam (1 x 1.5 cm) was first cleaned sequentially in propanone, ethanol, and
deionized water using ultrasonic cleaning for 15 min each. After drying with nitrogen,
it was transferred to a tube furnace and heated to 700 °C within 300 min; then, it was
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held at that temperature for 240 min. The Ni/NiO foam was obtained after cooling to
room temperature.

Furthermore, 0.185 g of Ce(NOs3)3-:6H,O and 0.06 g of PVP were dissolved in 50 mL of
deionized water and stirred at ambient temperature for 30 min. The resulting mixture was
then transferred into a 100 mL TEFLON reactor. Ni/NiO foam was added and subjected to
a hydrothermal reaction at 180 °C for 12 h. After cooling, the sample was removed, and the
surface impurities were cleaned using ethanol and deionized water. The Ni/NiO/CeO,
foam was obtained after drying at 60 °C.

Au was sputter-coated on the Ni/NiO/CeO, foam for 90 s on both sides to obtain
Ni/NiO/CeO,/Au foam. PANI film was deposited onto the surface of the prepared
Ni/NiO/CeO,/Au foam via the three-electrode potentiostatic method. The electrodeposi-
tion was carried out at a voltage of 1.2 V using 0.5 M HCl as electrolyte with 0.3 M aniline
monomer at 35-40 °C. The Ni/NiO/CeO,/Au/PANI foam was obtained after cleaning
and vacuum drying at 40 °C for 6 h.

2.4. Electrochemical Test

A three-electrode system was used for electrochemical testing, with the Ni/NiO/CeO,/
Au/PANI foam serving as the working electrode, a platinum electrode as the counter elec-
trode, and an Ag/AgCl electrode as the reference electrode. Phosphate-buffer solution
(PBS) with a pH of 5.8 was used as the electrolyte.

3. Results and Discussion
3.1. Characterization of the Ni/NiO/CeO,/Au/PANI Foam

The synthesis process of the Ni/NiO/CeO,/Au foam is presented in Figure S1, which
involves a layered assembly process. Initially, a NiO nanolayer was thermally oxidized
on the surface of the Ni foam. Next, a CeO, nanolayer was deposited on the NiO surface
but not entirely covering it. Afterward, the Ni/NiO/CeO, foam was sputter-coated with
Au nanoparticles to form the Ni/NiO/CeO,/Au foam. The SEM images in Figure 1 show
that the Ni/NiO foam has a three-dimensional porous framework (Figure 1a) with nu-
merous NiO nanofolds distributed on its surface (Figure 1b). The CeO; cubes, with an
edge length of approximately 200-300 nm, are uniformly distributed on the NiO nanofolds
but not completely covering them (Figure 1c). As a result, the sprayed Au nanoparti-
cles are in contact with both NiO and CeO,. Finally, Figure 1d presents a photo of the
Ni/NiO/CeO,/Au/PANI foam with a porous 3D frame structure. The pleated PANI film,
with a thickness of about dozens of nanometers, uniformly covers the Ni/NiO/CeO,/Au
foam after electrodeposition. The EDS images show that N, Ni, O, Ce, Au, and C elements
are uniformly distributed on the Ni/NiO/CeO,/Au/PANI foam (Figure S2).

The XRD patterns of the Ni/NiO/CeO; foam and the Ni/NiO/CeO,/Au foam are
shown in Figure 2a. The diffraction peak at 51.8° corresponds to the (200) crystal plane of
Ni, while the diffraction peaks at 37.2°,43.3°, 62.9°, 75.4°, and 79.4° correspond to the (111),
(200), (220), (311), and (222) crystal planes of NiO, respectively. The diffraction peaks at
28.6°,47.5°,56.3°, and 76.7° correspond to the (111), (220), (311), and (331) crystal planes
of CeO,, respectively [24]. The diffraction peak at 44.4° corresponds to the (200) crystal
planes of Au. There are no impurity peaks in the XRD patterns, indicating that the samples
were successfully prepared.

The FTIR spectra of the Ni/NiO/CeO,/Au/PANI foam are shown in Figure 2b. The
absorption peak at 1116 cm~! and 1398 cm ™! are related to the C-H bond vibration of
the aromatic ring and the C-N stretching vibration of the aromatic amine, respectively.
The absorption peak at 1250 cm~! corresponds to the C-N* stretching vibration in the
polaron structure [25]. The absorption peaks at 1515 cm ™! and 1627 cm ™! are caused by the
stretching vibration of the C=C bonds of quinone and benzene rings separately, while the
absorption peaks at 3400 cm ! are mainly caused by the stretching vibration of N-H bonds
in PANI [26,27]. The absorption peak at 3750 cm ™! corresponds to the vibration of the free
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O-H group [28]. The existence of multiple functional groups in the FTIR spectra further
confirms that PANI film was successfully deposited on the Ni/NiO/CeO,/Au foam.

Figure 1. SEM images of (a) the Ni/NiO foam, (b) locally amplified surface of the Ni/NiO foam,
(c) locally amplified surface of the Ni/NiO/CeO, foam, and (d) locally amplified surface of the
Ni/NiO/CeO,/Au/PANI foam. The inset is a photograph of the Ni/NiO/CeO,/Au/PANI foam.
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Figure 2. (a) XRD patterns of the Ni/NiO/CeO, foam and the Ni/NiO/CeO,/Au foam. (b) FTIR
spectra of the Ni/NiO/CeO,/ Au/PANI foam.

3.2. Detection Mechanism

The barrier (®) acts as a hindrance to electron transport, and any change in its height
(A®) can affect the electrochemical current response by altering the impedance. The
equipotential point for Hb is at pH = 7.4, and when the pH is 5.8, the ion is positively
charged [29]. This can create electrostatic induction, leading to a change in A® by modifying
the energy bands of the heterojunction. Hence, the barrier effects on the electrochemical
current response can be studied by utilizing the electrostatic induction of Hb.

The electrochemical current response to DA was used as a reference basis, and the
results are shown in Figure 3. For the Ni/NiO foam and the Ni/CeO; foam without an inter-
facial barrier (Figure 3a,b), the electrochemical current response changed slightly with the
addition of Hb. However, for the Ni/NiO/Au foam, Ni/CeO,/Au foam, Ni/NiO/CeO,
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foam, and Ni/NiO/CeO,/Au foam with an interfacial barrier, the electrochemical current
response increased significantly with the addition of Hb (Figure 3c—f). These results indicate
that the barrier can indeed be used as an electrochemical sensing driver to generate an
electrochemical current response. A further comparison found that the prepared foams
with a Schottky barrier (Ni/NiO/Au foam, Ni/CeO, /Au foam) produced a larger response
than the prepared foam with a p-n junction barrier (Ni/NiO/CeO, foam), and the foam
with a multistage barrier (Ni/NiO/CeO,/Au foam) had the most significant response.
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Figure 3. The electrochemical current response to DA is used as a reference basis; DPV curves of the
prepared foams in the presence and absence of 0.5 mg/mL positively charged Hb in PBS, respectively.
(a) The Ni/NiO foam, (b) the Ni/CeO, foam, (c) the Ni/NiO/Au foam, (d) the Ni/CeO,/Au foam,
(e) the Ni/NiO/CeO, foam, (f) the Ni/NiO/CeO,/Au foam.

The above results can be explained by referring to the energy band diagram presented
in Figures 4 and S3. For the Ni/NiO/Au foam and the Ni/CeO,/Au foam with a Schottky
barrier (Figure 4a), the positively charged Hb induces negative charges in the semiconductor
conduction band of NiO or CeO, on one side, resulting in a decrease in barrier height
(AP < 0), a decrease in impedance, and an increase in current response. In contrast,
for the Ni/NiO/CeO; foam with a p-n junction barrier (Figure 4b), since CeO; does
not completely cover the NiO nanolayer, both the conduction bands of NiO and CeO,
decrease due to the electrostatic induction of Hb. In this case, the p-n junction barrier height
changes as Acbpn = CDpn’ — CDpn < 0 [30], leading to an increase in electrochemical current
response. Compared to the Schottky junction, where the conduction band lowers on only
one side, the decrease in the conduction bands on both sides of the p-n junction weakens
the reduction in barrier height, namely, | Adg| > | Aqun |. Hence, the foam with a p-n
junction barrier exhibits a smaller change in response than the foam with a Schottky barrier.
In the case of the Ni/NiO/CeO,/Au foam with a multistage barrier (Figure 4c), three
barriers, including two Schottky barriers (NiO/Au and CeO,/Au) and one p-n junction
barrier (NiO/CeQ;), are present. The electrostatic induction reduces the height of all three
barriers simultaneously (A®y, = Adg + Adg + Adpy), leading to the largest change in
electrochemical current response. The above results demonstrate that the barrier can be
employed as an electrochemical driver to generate an electrochemical response, and the
performance can be enhanced by employing a multistage barrier.
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Figure 4. The energy band diagram of the prepared foams with (a) Schottky barrier, (b) p-n junction
barrier, and (c) multistage barrier. Electrostatic induction of Hb causes the height of the three kinds of
barrier to reduce.

The form of Cr(VI) in solution is dependent on the pH value, existing as HCrO4~ at
1 < pH < 6.8 [31]. Under acidic conditions, PANI exhibits specific adsorption to HCrO4 ™ [32].
The proposed sensing mechanism is illustrated in Figure 5. The fabricated foam electrode
comprises three functional layers, namely, the selective adsorption layer, barrier layer, and
conductive layer (Figure 5a). The outer PANI film selectively adsorbs HCrO,~ to form a
negatively charged layer, which obtains holes from the semiconductor (analogous to the
semiconductor gaining electrons) to maintain the charge balance. The conduction bands of
the semiconductors reduce as they gain electrons from the negatively charged layer, leading
to changes in barrier height, which generate the driving force for the electrochemical current
response (Figure 5b,c). Thus, Cr(VI) detection is achieved through the use of a barrier as an
electrochemical driver combined with specific adsorption. The barrier serves as the driver,
and different barrier layers can achieve distinct sensing performance.

b & 22000 c
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Figure 5. The proposed sensing mechanism for Cr(VI) detection. (a) Schematic diagram of the
Ni/NiO/CeO;/Au/PANI foam for adsorption of HCrO4~, (b) the formed negative-charge layer
causes the height of barrier change, (c) the changed barrier drives electrochemical current response.

A® as electrochemical driver

CeO,

Current

3.3. Electrochemical Detection

Based on the above analysis, electrochemical tests were performed on Ni/NiO/CeO,/
Au/PANI foams at different pH values, and the optimal pH for the reaction was obtained
through experimental evidence (Figure S4). The foams with different barriers were tested
for Cr(VI) detection in PBS at pH = 5.8. The results in Figure 6 demonstrate that all the
prepared foams can achieve linear detection of Cr(VI), with the electrochemical current re-
sponse increasing proportionally to the concentration of Cr(VI). The detection performance
of the foams is summarized as follows:

The Ni/NiO/CeO,/PANI foam with a p-n junction barrier: the sensitivity is
247 x 1073 pA-nm~'-cm2. The linear regression equation is I = 0.00247C + 71.1343
(R =0.9619) (0-4500 nM). The lowest detection limit (LOD) is 244.43 nM. The Ni/NiO/Au/
PANI foam with a Schottky barrier: the sensitivity is 3.44 x 1073 pA-nm~!-cm~2. The
linear regression equation is I = 0.00344C + 51.9129 (R = 0.9829) (0-11,000 nM). LOD is
175.51 nM. The Ni/NiO/CeO,/Au/PANI foam with a multistage barrier: the sensitivity
is 16.92 x 1073 pA-nm~!-cm~2. The linear regression equation is I = 0.01692C + 411.0720
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(R =0.9948) (0-11,000 nM). LOD is 35.68 nM. From the above results, it can be found that the
order of Cr(VI) detection performance is as follows: the Ni/NiO/CeO,/PANI foam < the
Ni/NiO/Au/PANI foam < the Ni/NiO/CeO,/Au/PANI foam. Compared with much
of the previous work presented in Table 1, the Ni/NiO/CeO,/Au/PANI foam is able to
maintain a lower detection limit while detecting a wide concentration range.
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Figure 6. DPV curves of the prepared foams for various Cr(VI) concentrations in 0.1 M PBS at pH = 5.8.
(a) The Ni/NiO/Au/PANI foam with Schottky barrier, (b) the Ni/NiO/CeO, /PANI foam with p-n
junction barrier, (c) the Ni/NiO/CeO,/Au/PANI foam with multistage barrier. The electrochemical
current response increases with increased Cr(VI) concentrations. (d—f) The corresponding calibration
curve of Cr(VI) concentration versus current.

Table 1. Comparison of the sensing performance of various sensors to Cr(VI).

LOD Linear Ranges

Electrode Materials Method M) (UM) Ref
Single-atom Fe catalysts Colorimetric 3.00 0.0300-3.00 [33]
Cu-PyC Colorimetric 51.0 0.500-50.0 [34]
CTAB-MoS, /rGO Colorimetric 1.25 0.0100-10.0 [35]
Au NDC@Ag NRs Colorimetric 1.69 x 103 2.50-40.0 [36]
Cr(VI) Colorimetric 100 0.200-50.0 [37]
g-C3Ny/AgM/Nf/GCE Electrochemistry 1.60 0.100-0.700 [32]
GCE/PSF+-MS-SO3~ Electrochemistry 500 1.00-1.00 x 102 [38]
Ni/NiO/CeO,/Au/PANI Electrochemistry 35.7 0.500-11.0 This work

The sensing mechanism is further discussed in Figure 7. The outer PANI film specif-
ically adsorbs HCrO4 ™ to form a negatively charged layer. For the Ni/NiO/Au/PANI
foam, NiO gains electrons from the layer, and the conduction band reduces. Therefore,
the height of the Schottky barrier decreases, and the current response increases (A®g < 0).
For the Ni/NiO/CeO;/PANI foam, NiO and CeO; gain electrons from the negatively
charged layer, and their conduction bands reduce. In this case, the height of the p-n
junction barrier also decreases (A®py < 0) [30], resulting in the increased electrochemical
current. Since the band of the Schottky barrier reduces on one side, | A®g| > | AdDp, .
Therefore, the sensing performance of the Ni/NiO/Au/PANI foam is better than that of
the Ni/NiO/CeO, /PANI foam. For the Ni/NiO/CeO,/Au/PANI foam, NiO and CeO,
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gain electrons from the negatively charged layer, and their conduction bands reduce. In
this case, the height of two Schottky barriers (NiO/Au, CeO,/Au) and one p-n junction
barrier (NiO/CeO,) decreases simultaneously (A®y = Adg + Adg + Adpy), so the
electrochemical current increases even more. The above theoretical analysis is consistent
with the DPV results and the electrochemical impedance spectroscopy test (Figure S5).

a Negative charge layer b Negative charge layer C Negative charge layer
o © e o a e e -
e ey
. E E NiO CeO,
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100
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Figure 7. The energy band diagram of the prepared foams with (a) Schottky barrier, (b) p-n junction
barrier, and (c) multistage barrier. The negatively charged layer formed through HCrO,~ adsorption
causes the height of the three kinds of barrier to reduce.

In addition, the controls without interfacial barriers (the Ni/NiO/PANI and the
Ni/CeO,/PANI foam) were also tested in Cr(VI) detection. As shown in Figure S6, no
effective electrochemical current response is found with the increased HCrO4~ concen-
tration, indicating that the interfacial barrier is the electrochemical driver to generate
electrochemical response.

The detection of Cr(VI) in seawater can be affected by various metal ions and or-
ganic pollutants, making it crucial to ensure interference resistance. As depicted in
Figure 8a,b, the Ni/NiO/CeO,/Au/PANI foam exhibits a significantly higher response to
HCrO,4 ™~ than other interfering substances with the same concentration, such as common
metal ions and organic pollutants found in seawater. These results demonstrate that the
Ni/NiO/CeO,/Au/PANI foam is capable of resisting common interferences in seawater.

b

- E3 S %X WX ,"K ,\'x g s 2
A ¢S F TS c<°:'
>

~100F

80

60

201
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Figure 8. The selectivity of the Ni/NiO/CeO,/Au/PANI foam to HCrO,4~ in the presence of other
interfering substances with the same concentration (2000 nM), including (a) common metal ions and
(b) organic pollutants in seawater.

Real-life samples from tap water and seawater were examined, and the results are
shown in Table 2. The recoveries of the tap water samples range from 94.72% to 106.09%
with relative standard deviations (RSD) of 2.53-5.59%. The recoveries of seawater are
93.63-104.79% with RSD of 1.58-5.40%. These results demonstrate that the Ni/NiO/CeO,/
Au/PANI foam is capable of resisting common interferences in seawater.
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Table 2. Detection of Cr(VI) in real environment by using the Ni/NiO/CeO,/Au/PANI foam.

Tapwater Seawater
Added Found Recovery o Found Recovery o
M) M) %) RSD (%) (M) (%) RSD (%)
1000 1060.87 106.09 3.62 936.30 93.63 5.40
2000 1984.36 94.72 2.53 1880.06 94.00 1.66
3000 2937.46 97.92 5.59 3143.90 104.79 2.40
4000 4043.72 101.09 4.29 3853.69 96.34 1.58

The resistance to interference in seawater is mainly attributed to the following fac-
tors. Firstly, the multistage barrier is used as the electrochemical driver to generate the
electrochemical response, which is different from the traditional electrochemical response
based on a redox reaction. This sensing mode relies on physical electrostatic induction,
which shields the interference of many chemically active substances. In addition, the
electrochemical current response produced by changing the barrier takes the form of expo-
nential amplification: Jo-exp(®/2k(T) [29]; thus, other interference signals are suppressed
correspondingly. Thirdly, other interfering metal ions cannot be absorbed by the PANI film
to generate electrostatic induction, which means they cannot change the barrier to generate
an electrochemical response.

The stability of the Ni/NiO/CeO,/Au/PANI foam was studied using the cyclic
electrode method. As shown in Figure 9a, no significant change in current response can
be observed after 20 consecutive tests, and the RSD is 1.13%, indicating good short-term
stability. In addition, the DPV response to HCrO, ™ is measured every 2 days for 20 days.
The final electrochemical response remains above 80% (Figure 9b), indicating good long-
term stability.
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Figure 9. (a) Short-term stability of the Ni/NiO/CeO,/Au/PANI foam from 20 consecutive tests.
(b) Long-term stability of the Ni/NiO/CeO,/Au/PANI foam with the addition of 2000 nM HCrO4 ™.

4. Conclusions

The Ni based foams with different interfacial energy barriers were prepared for
Cr(VI) detection. It was found that a barrier can be used as an electrochemical driver to
generate an electrochemical response. The electrostatic interaction of Cr(VI) regulates the
energy barrier without causing redox and improves the specificity in seawater. Different
types of barriers have different levels of performance. Compared with the traditional
single-stage barriers, the multistage barriers designed in this experiment can improve
the sensing sensitivity by 5-7 times. The fabricated Ni/NiO/CeO,/Au/PANI foam
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achieved the highly sensitive detection of Cr(VI) by resisting the strong interference
of seawater. The obtained outstanding LOD (35.68 nM) and recovery (93.63-104.79%)
make it promising for practical applications. The development of electrochemical sensors
using multistage barriers as electrochemical drivers to resist interference represents a
new approach.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/mal6227154/s1, Figure S1. The synthesis process of the Ni/NiO/CeO,/Au
foam. Figure S2. EDS mapping of N, Ni, O, Ce, Au and C on the Ni/NiO/CeO,/Au/PANI foam.
Figure S3. The actual band positions with (a) NiO/CeO; and (b) NiO/CeO, /Au. Figure S4. Effect
of pH value on Cr (VI). Reaction conditions: pH = 1-11, 2 uM Cr (VI), 0.1 M PBS and 25 °C. The
maximum point in curve was set as 100%. Figure S5. The electrochemical impedance spectroscopy
of the Ni/NiO/CeO, /PANI foam (a) and the Ni/NiO/CeO,/Au/PANI foam (b) in presence and
absence of HCrO4 ™. Figure S6. DPV curves of the Ni/NiO/PANI foam (a) and the Ni/CeO, /PANI
foam (b) for various C(VI) concentrations in 0.1 M PBS at pH = 5.8.

Author Contributions: Methodology, Q.H.; Formal analysis, K.P.; Writing—original draft, M.Z.,
Y.H. and X.D.; Writing—review & editing, Y.M. and H.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was sponsored by National Natural Science Foundation of China (52072353,
22106152); Fundamental Research Funds for the Central University (202042009); Natural Science
Foundation of Shandong Province (ZR2021QB059); and the Fellowship of China Postdoctoral Science
Foundation (2020M672146).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Pan, D.; Tang, J. The effects of heterogeneous environmental regulations on water pollution control: Quasi-natural experimental
evidence from China. Sci. Total. Environ. 2021, 751, 141550. [CrossRef] [PubMed]

2. Karaouzas, I.; Kapetanaki, N.; Mentzafou, A.; Kanellopoulos, T.D.; Skoulikidis, N. Heavy metal contamination status in Greek
surface waters: A review with application and evaluation of pollution indices. Chemosphere 2021, 263, 128192. [CrossRef]
[PubMed]

3. Vareda, ].P; Valente, A.J.M.; Duraes, L. Assessment of heavy metal pollution from anthropogenic activities and remediation
strategies: A review. ]. Environ. Manag. 2019, 246, 101-118. [CrossRef] [PubMed]

4. Li, LX; Li, Q; Tang, YJ.; Li, S.L.; Cheng, X.R.; Li, ZW.; Wang, X.L.; Li, Z.G. Effects of different nutritional conditions on
accumulation and distribution of Cr in Coix lacryma-jobi L. in Cr®*-contaminated constructed wetland. Ecotoxicol. Environ. Saf.
2021, 225, 112763. [CrossRef] [PubMed]

5. Xu, Y; Chen, J.; Chen, R; Yu, P.; Guo, S.; Wang, X. Adsorption and reduction of chromium (VI) from aqueous solution using
polypyrrole/calcium rectorite composite adsorbent. Water. Res. 2019, 160, 148-157. [CrossRef]

6. Yao,L;Hu,Y,; Zou, Y. i, Z;Hu, S.; Wang, C.; Zhang, P.; Yang, H.; Shen, Z.; Tang, D.; et al. Selective and Efficient Photoextraction
of Aqueous Cr(VI) as a Solid-State Polyhydroxy Cr(V) Complex for Environmental Remediation and Resource Recovery. Environ.
Sci. Technol. 2022, 56, 14030-14037. [CrossRef]

7.  Jayaraman, N.; Palani, Y.; Jonnalagadda, R.R.; Shanmugam, E. Covalently dual functionalized graphene oxide-based multiplex
electrochemical sensor for Hg(II) and Cr(VI) detection. Sens. Actuators B 2022, 367, 132165. [CrossRef]

8. Chen, Y.; Cui, H.; Wang, M,; Yang, X.; Pang, S. N and S doped carbon dots as novel probes with fluorescence enhancement for fast
and sensitive detection of Cr(VI). Colloids Surf. A 2022, 638, 128164. [CrossRef]

9.  Wang, D.; Gong, C.; Zhao, H. Au NPs@NC@MnO, with exceptional nano-enzyme activity for sensitive colorimetric detection of
Cr (VI). Microchem. J. 2022, 181, 107706. [CrossRef]

10. Zou, W.; Li, C,; Hu, J.; Hou, X. Selective determination of Cr(VI) and non-chromatographic speciation analysis of inorganic

chromium by chemical vapor generation-inductively coupled plasma mass spectrometry. Talanta 2020, 218, 121128. [CrossRef]


https://www.mdpi.com/article/10.3390/ma16227154/s1
https://www.mdpi.com/article/10.3390/ma16227154/s1
https://doi.org/10.1016/j.scitotenv.2020.141550
https://www.ncbi.nlm.nih.gov/pubmed/32871310
https://doi.org/10.1016/j.chemosphere.2020.128192
https://www.ncbi.nlm.nih.gov/pubmed/33297157
https://doi.org/10.1016/j.jenvman.2019.05.126
https://www.ncbi.nlm.nih.gov/pubmed/31176176
https://doi.org/10.1016/j.ecoenv.2021.112763
https://www.ncbi.nlm.nih.gov/pubmed/34544025
https://doi.org/10.1016/j.watres.2019.05.055
https://doi.org/10.1021/acs.est.2c03994
https://doi.org/10.1016/j.snb.2022.132165
https://doi.org/10.1016/j.colsurfa.2021.128164
https://doi.org/10.1016/j.microc.2022.107706
https://doi.org/10.1016/j.talanta.2020.121128

Materials 2023, 16, 7154 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Goodarzi, L.; Bayatloo, M.R.; Chalavi, S.; Nojavan, S.; Rahmani, T.; Azimi, S.B. Selective extraction and determination of Cr(VI) in
food samples based on tandem electromembrane extraction followed by electrothermal atomic absorption spectrometry. Food
Chem. 2022, 373, 131442. [CrossRef]

Wang, Y;; Ma, Y.; Zhao, Q.; Hou, L.; Han, Z. Polyoxometalate-based crystalline catalytic materials for efficient electrochemical
detection of Cr(VI). Sens. Actuators B 2020, 305, 127469. [CrossRef]

Su, C.; Wang, T.; Zeng, M.; Su, Y.; Hu, N.; Zhou, Z.; Wang, Y.; Yang, Z.; Xu, L. Glucose-assisted synthesis of hierarchical NiO-ZnO
heterostructure with enhanced glycol gas sensing performance. Sens. Actuators B 2021, 329, 129167. [CrossRef]

He, Y; Liao, Y.; Zhang, B.; Xu, R.; Ma, Y.; Zhao, M.; Cui, H. Using the photo-enhanced barrier effect on electrochemical response
for highly sensitive detection of melamine. Food Chem. 2024, 432, 137246. [CrossRef]

Yadav, A.A.; Hunge, YM,; Kim, B.-K.; Kang, S.-W. Hierarchically designed NiCo,O4 nanowire/NiCo,0O4 nanosheet electrodes for
high-performance energy storage applications. Surf. Interfaces 2022, 34, 102340. [CrossRef]

Zhang, Y.; Li, J.; Liu, H.; Ji, Y,; Zhong, Z.; Su, F. Promoting effect of InO3; on CuO for the Rochow reaction: The formation of P-N
junctions at the hetero-interfaces. J. Catal. 2017, 348, 110-124. [CrossRef]

Khan, M.A.; Nayan, N.; Ahmad, M.K,; Fhong, S.C.; Tahir, M. ZnO nanowires based Schottky contacts of Rh/ZnO interfaces for
the enhanced performance of electronic devices. Surf. Interfaces 2020, 21, 100649. [CrossRef]

Wang, A.; Wu, S.; Dong, ].; Wang, R.; Wang, J.; Zhang, J.; Zhong, S.; Bai, S. Interfacial facet engineering on the Schottky barrier
between plasmonic Au and TiO; in boosting the photocatalytic CO, reduction under ultraviolet and visible light irradiation.
Chem. Eng. |. 2021, 404, 127145. [CrossRef]

Li, J.C,; Cui, H.P; Hou, X.Y. Effect of p-n interface on resistive switching of NiO/CeO; thin films. J. Alloys Compd. 2018, 752,
247-252. [CrossRef]

Zhang, Y. Study of Schottky contact between Au and NiO nanowire by conductive atomic force microscopy (C-AFM): The case of
surface states. Phys. E Low-Dimens. Syst. Nanostruct. 2015, 69, 109-114. [CrossRef]

Salimi, K. Self-assembled bio-inspired Au/CeO, nano-composites for visible white LED light irradiated photocatalysis. Colloids
Surf. A 2020, 599, 124908. [CrossRef]

Kumbhar, S.S.; Mahadik, M.A.; Mohite, V.S.; Hunge, Y.M.; Rajpure, K.Y.; Bhosale, C.H. Effect of Ni content on the structural,
morphological and magnetic properties of spray deposited Ni-Zn ferrite thin films. Mater. Res. Bull. 2015, 67, 47-54. [CrossRef]
Bhatt, R.; Padmaja, P. Spectroscopic signature of branched polyaniline nanotubules decorated with nanospheres as an adsorbent
for chromium. J. Environ. Chem. Eng. 2018, 6, 6797—-6806. [CrossRef]

Yadav, A.A.; Hunge, YM.; Kang, S.-W. Visible Light-Responsive CeO, /MoS; Composite for Photocatalytic Hydrogen Production.
Catalysts 2022, 12, 1185. [CrossRef]

Trchova, M.; Sedénkova, I.; Tobolkov4, E.; Stejskal, J. FTIR spectroscopic and conductivity study of the thermal degradation of
polyaniline films. Polym. Degrad. Stab. 2004, 86, 179-185. [CrossRef]

Stejskal, J.; Trchova, M.; Kucka, J.; Capakova, Z.; Humpolicek, P.; Prokes, J. Effect of sterilization techniques on the conductivity of
polyaniline and polypyrrole. Synth. Met. 2021, 282, 116937. [CrossRef]

Gu, H.; Guo, J.; He, Q.; Tadakamalla, S.; Zhang, X.; Yan, X.; Huang, Y.; Colorado, H.A.; Wei, S.; Guo, Z. Flame-retardant epoxy
resin nanocomposites reinforced with polyaniline-stabilized silica nanoparticles. Ind. Eng. Chem. Res. 2013, 52, 7718-7728.
[CrossRef]

Bel’skaya, L.V.; Sarf, E.A.; Solomatin, D.V. Application of FTIR Spectroscopy for Quantitative Analysis of Blood Serum: A
Preliminary Study. Diagnostics 2021, 11, 2391. [CrossRef]

Zhao, M.; Yu, J.; Zhang, X,; Li, Z.; Ding, Y.; Edel, ].B.; Ma, Y.; Li, H. Tuning Interfacial Energy Barriers in Heterojunctions for
Anti-Interference Sensing. Adv. Funct. Mater. 2021, 31, 2008604. [CrossRef]

Ma, Y,; Li, M; Li, Z.; Zhao, M. Light regulated heterojunctions with tunable interfacial energy barriers for sensitive and specific
detection of copper ions. Chem. Eng. J. 2022, 431, 133880. [CrossRef]

Tang, L.; Fang, Y.; Pang, Y.; Zeng, G.; Wang, J.; Zhou, Y.; Yang, D.; Chen, C. Synergistic adsorption and reduction of hexavalent
chromium using highly uniform polyaniline-magnetic mesoporous silica composite. Chemn. Eng. J. 2014, 254, 302-312. [CrossRef]
Karthika, A.; Nikhil, S.; Suganthi, A.; Rajarajan, M. A facile sonochemical approach based on graphene carbon nitride doped
silver molybdate immobilized nafion for selective and sensitive electrochemical detection of chromium (VI) in real sample. Adv.
Powder Technol. 2020, 31, 1879-1890. [CrossRef]

Mao, Y.; Gao, S.; Yao, L.; Wang, L.; Qu, H.; Wu, Y,; Chen, Y.; Zheng, L. Single-atom nanozyme enabled fast and highly sensitive
colorimetric detection of Cr(VI). J. Hazard. Mater. 2021, 408, 124898. [CrossRef]

Kulandaivel, S.; Lo, W.C.; Lin, C.H.; Yeh, Y.C. Cu-PyC MOF with oxidoreductase-like catalytic activity boosting colorimetric
detection of Cr(VI) on paper. Anal. Chim. Acta 2022, 1227, 340335. [CrossRef]

Wang, D.; Gong, C.; Gan, X.; Zhao, H. Highly sensitive colorimetric detection of Cr(VI) in water through nano-confinement effect
of CTAB-MoS; /rGO nanocomposites. J. Environ. Chem. Eng. 2023, 11, 109802. [CrossRef]

Liu, S.; Wang, X.; Zou, C.; Zhou, J.; Yang, M.; Zhang, S.; Hou, D.; Hou, C. Colorimetric detection of Cr(6+) ions based on surface
plasma resonance using the catalytic etching of gold nano-double cone@silver nanorods. Anal. Chim. Acta 2021, 1149, 238141.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.foodchem.2021.131442
https://doi.org/10.1016/j.snb.2019.127469
https://doi.org/10.1016/j.snb.2020.129167
https://doi.org/10.1016/j.foodchem.2023.137246
https://doi.org/10.1016/j.surfin.2022.102340
https://doi.org/10.1016/j.jcat.2016.11.039
https://doi.org/10.1016/j.surfin.2020.100649
https://doi.org/10.1016/j.cej.2020.127145
https://doi.org/10.1016/j.jallcom.2018.04.186
https://doi.org/10.1016/j.physe.2015.01.029
https://doi.org/10.1016/j.colsurfa.2020.124908
https://doi.org/10.1016/j.materresbull.2015.02.056
https://doi.org/10.1016/j.jece.2018.10.057
https://doi.org/10.3390/catal12101185
https://doi.org/10.1016/j.polymdegradstab.2004.04.011
https://doi.org/10.1016/j.synthmet.2021.116937
https://doi.org/10.1021/ie400275n
https://doi.org/10.3390/diagnostics11122391
https://doi.org/10.1002/adfm.202008604
https://doi.org/10.1016/j.cej.2021.133880
https://doi.org/10.1016/j.cej.2014.05.119
https://doi.org/10.1016/j.apt.2020.02.021
https://doi.org/10.1016/j.jhazmat.2020.124898
https://doi.org/10.1016/j.aca.2022.340335
https://doi.org/10.1016/j.jece.2023.109802
https://doi.org/10.1016/j.aca.2020.12.016
https://www.ncbi.nlm.nih.gov/pubmed/33551058

Materials 2023, 16, 7154 12 of 12

37. Liao, ].; Wu, Y.; Chen, X,; Yu, H.; Lin, Y,; Huang, K; Zhang, J.; Zheng, C. Light-triggered oxidative activity of chromate at neutral
pH: A colorimetric system for accurate and on-site detection of Cr(VI) in natural water. |. Hazard. Mater. 2022, 440, 129812.
[CrossRef]

38. Gupta, R; Ganesan, V.; Sonkar, PK.; Yadav, D.K.; Yadav, M. Phenosafranine encapsulated mesoporous silica as efficient
electrocatalyst for Cr(VI) reduction and its subsequent sensitive determination. Microchem. J. 2023, 193, 109193. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jhazmat.2022.129812
https://doi.org/10.1016/j.microc.2023.109193

	Introduction 
	Experimental 
	Reagents 
	Equipment and Measurements 
	Preparation of the Ni/NiO/CeO2/Au/PANI Foam 
	Electrochemical Test 

	Results and Discussion 
	Characterization of the Ni/NiO/CeO2/Au/PANI Foam 
	Detection Mechanism 
	Electrochemical Detection 

	Conclusions 
	References

