catalysts

Article

Photoelectrocatalytic Reduction of Cr(VI) in Wastewater
with a CuBi,0O4 Thin Film Photocathode

Sai An %%, Ying Wang %, Huajian Qiao ?, Hao Xiu ?, Deyu Liu %*

check for
updates

Citation: An, S.; Wang, Y.; Qiao, H.;
Xiu, H; Liu, D.; Kuang, Y.
Photoelectrocatalytic Reduction of
Cr(VI) in Wastewater with a CuBi; Oy
Thin Film Photocathode. Catalysts
2024, 14, 289. https://doi.org/
10.3390/ catal14050289

Academic Editors: Vincenzo Vaiano

and Olga Sacco

Received: 22 March 2024
Revised: 17 April 2024
Accepted: 23 April 2024
Published: 25 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Yongbo Kuang 24*

School of Materials Science and Chemical Engineering, Ningbo University, Ningbo 315211, China;
ansai@nimte.ac.cn

Key Laboratory of Advanced Fuel Cells and Electrolyzers Technology of Zhejiang Province, Ningbo Institute
of Materials, Technology and Engineering, Chinese Academy of Sciences, 1219 Zhongguan West Road,
Ningbo 315201, China

Institute of Materials, Ningbo University of Technology, Ningbo 315211, China; wangying@nbut.edu.cn
Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences,
Beijing 100049, China

*  Correspondence: liudeyu@nimte.ac.cn (D.L.); kuangyongbo@nimte.ac.cn (Y.K.)

These authors contributed equally to this work.

Abstract: Photoelectrocatalytic approaches show promise for contaminate removal in wastewater
through redox reactions. However, the direct treatment of very low concentration heavy metals is a
challenging task. Copper bismuth oxide is considered as a potential photocathode material due to its
appropriate bandgap width and excellent light absorption properties. In this work, we utilize copper
bismuth oxide photoelectrodes with micrometer-scale pores to achieve the efficient and complete
reduction of micromolar-level hexavalent chromium(VI) in wastewater. In a continuous 180 min
experiment, the reduction rate of 5 uM hexavalent chromium reached 97%, which is an order lower
than the drinking standard. Such a process was facilitated by the unique hierarchical microstructure
of the oxide thin film and the porous morphology. On the other hand, the structural evolution during
the operation was analyzed. A surface passivation was observed, suggesting the possible long-term
practical application of this material. This study serves as an important reference for the application of
photoelectrocatalysis in addressing Cr(VI) pollution in wastewater, with implications for improving
water quality and environmental protection.

Keywords: photoelectrocatalytic; copper bismuth oxide; hexavalent chromium; low concentration

1. Introduction

In the contemporary world, the issue of water pollution is increasingly drawing the
attention of society, especially heavy metal contaminations including hexavalent chromium
(Cr(VI)) [1]. As a crucial component widely employed in various industrial processes,
Cr(VI) exhibits high toxicity and carcinogenicity, posing significant threats to both the
environment and human health [2]. Experiments have shown that the ingestion of water
containing hexavalent chromium leads to its absorption by cells in various tissues and
organs, resulting in cancer [3]. The World Health Organization has set the maximum
permissible level of Cr(VI) in drinking water as 50 ug/L. The establishment of stringent
standards for hexavalent chromium is precisely because even at low concentrations it
exhibits a certain degree of toxicity [4]. The absorption and gradual accumulation of
low concentrations of Cr(VI) from industrial wastewater discharge by organisms lead to
bioaccumulation, posing potential implications for human health in the long term. In view
of this, addressing low concentrations of Cr(VI) in wastewater is imperative.

Presently, a wealth of literature exists on hexavalent chromium, encompassing diverse
treatment modalities such as ion exchange, membrane separation, adsorption, electro-
chemical precipitation, and photocatalysis [5-8]. However, these methods are generally
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characterized by high energy consumption, high costs, low efficiency, and incomplete
removal, which hinder their widespread application. These methodologies have shown
significant efficacy and potential in addressing the high concentrations of Cr(VI) solutions.
Nevertheless, it is pertinent to note that investigations targeting the removal of low concen-
trations of Cr(VI) remain relatively limited. In recent years, photoelectrochemistry (PEC)
approaches have gained a considerable amount of attention as an emerging technology for
their high selectivity and efficiency during operation [9,10]. The existing literature reports
the use of TiO, thin films for photoelectrochemical reduction of hexavalent chromium
(Cr(VD) [11-13]. Wang et al. employed a sensitization method with Ag,S and BiyS;3 to
prepare TiO; nanoelectrodes, achieving a removal efficiency of 92.4% of Cr(VI) within
3 h [14]. However, TiO; has a wide bandgap width, allowing only 5% of the solar energy to
be absorbed, rendering it inefficient in utilizing visible light and severely limiting its appli-
cation prospects. Other semiconductors such as WO3/BiVOy [15], although also applied in
the PEC reduction of Cr(VI) systems, exhibit similar drawbacks to those mentioned above.
Moreover, the preparation of composite materials requires complex synthesis processes and
involves higher production costs. Hence, the pursuit of semiconductor photoelectrodes
tailored for the cost-effective and efficient photoelectrocatalytic reduction of Cr(VI) has
emerged as a new research hotspot.

Copper bismuth oxide (CuBi;O4) has garnered extensive attention and application
in the field of photoelectrocatalysis due to its structural characteristics [16-19]. For in-
stance, CuBiyO4 is employed as a photocatalyst for photoelectrochemical water splitting to
produce hydrogen [20,21] and for the photoelectrochemical reduction of CO; to generate
methane and other fuels [22,23]. Additionally, CuBi;O4 serves as a key component in
photoelectrochemical sensors for detecting various chemical substances in the environ-
ment [24]. In recent years, CuBipO4 has shown significant potential as a photocathode
material for addressing the reduction of Cr(VI). On the one hand, CuBi,O4 possesses a
bandgap width of 1.5-1.8 eV [25], exhibiting excellent light absorption in the visible range
and effectively utilizing visible light. On the other hand, the conduction band minimum
(CBM) of CuBiyOy is positioned more negatively than the thermodynamic potential for
Cr(VI) reduction, providing the theoretical basis for the application of CuBi,O4 in the PEC
reduction of Cr(VI). Kumar et al. utilized CuBi,O,4/Bi/CuFe;O4 heterojunctions for simul-
taneous photocatalytic degradation of both ICP and Cr(VI), achieving an 88.7% reduction of
Cr(VI) under sunlight [26]. Zhang et al. also employed CBO/CLDHs composite materials
for the adsorption and photocatalytic reduction of Cr(VI) and tetracycline, achieving a 95%
reduction rate for Cr(VI) at an initial concentration of 40 mg/L [27]. These studies provide
feasible research directions for utilizing copper bismuth oxide in the reduction of Cr(VI).

Although CuBi;O4 has demonstrated potential in the reduction of Cr(VI), current
research heavily relies mainly on heterogeneous structures, resulting in high costs and
complex fabrication processes, thereby limiting practical applications. To address this
issue, our study employed a singular copper bismuth oxide material for the reduction
of low-concentration Cr(VI). We successfully prepared copper bismuth oxide films with
micrometer-scale porous structures using a spray pyrolysis method, which helps to im-
prove the reduction of Cr(VI). Furthermore, in order to overcome slow diffusion in low-
concentration solutions, we introduced a flow cell system, enabling more efficient reactions.
This study not only tackles the cost and fabrication challenges associated with heteroge-
neous structures of CuBi,O4 but also provides new insights and methodologies for its
application in the reduction of low-concentration Cr(VI).

2. Results and Discussion
2.1. Characterization of CuBiyO4 Thin Film Photoelectrode

Due to the exceedingly low concentration of Cr(VI) in the reaction substrate, mass
transfer has become the primary limiting factor affecting the efficacy of the photoelectrode
in water treatment. The SEM images display the microstructures of two CuBiyOy thin film
photoelectrodes with distinct structural characteristics. The low magnification images in
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the insets provide a clearer observation of the pore sizes. The CuBiyOy thin film depicted in
Figure 1a exhibits a porous structure at the micrometer scale, whereas the film in Figure 1b
features a structure with a small number of nanoscale pores. In order to identify the phases
of the two samples, X-ray diffraction patterns were measured. As shown in Figure 1c,
peaks at 20.9°,28.1°,29.7°, 30.9°, 33.4°, 46.8°, 53.2°, and 55.8° can be indexed as CuBi,Oy,
consistent with the JCPDF standard card no. 48-1886, indicating the successful preparation
of the CuBiyOy thin film. No other crystal phases were observed in the XRD pattern,
demonstrating the high purity and good crystallinity of the prepared sample.
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Figure 1. (a) SEM images of microporous CuBiyO4; (b) SEM images of microporous CuBi;Oy; (c) the
XRD spectra of the two CuBiyOy thin films.

The design of CuBiyOy thin film photoelectrodes with a porous structure at the mi-
crometer scale is motivated by the following consideration: During the photocatalytic
reaction in low-concentration solutions, a more open structure is required to allow a large
volume of solution to flow through the electrode, facilitating a thorough reaction. Dong et al.
found that the PEC rate constant of porous thin films was approximately three times higher
than that of compact samples when utilizing BiVO, to degrade MB fuel solutions [28]. Wen
et al. also observed that the photocurrent of porous photocathodes was three times higher
than that of dense electrodes when studying Cu,ZnSnSy [29]. Furthermore, the literature
suggests that photocatalysts with a porous structure, due to their large surface area and
abundant porosity, provide active sites for the effective transport of catalytic reactions and
intermediates, thereby enhancing catalytic performance [30-32]. Based on the research on
the relationship between film porosity structure and its photoelectric performance described
above, we speculate that copper bismuth oxide electrodes with larger pore structures may
be more favorable for the reduction of hexavalent chromium at low concentrations.

2.2. Photoelectrochemical Properties

Typical PEC tests of the CuBi;Oy thin film are shown in Figure 2. The linear sweep
voltammetry (LSV) curve of the microporous CuBi;O4 was tested in 5 uM KyCroO7 (pH 6.5
citrate buffer) as Figure 2a. Under a 455 nm LED (39 mW/cm?) light source, the pho-
tocurrent density is 0.05 mA /cm? @0.6 V vs. RHE. Figure 2b,c, respectively, show the LSV
curves of the microporous CuBiyOy thin film electrode in K,Cr,Oy solutions of different
concentrations under light and dark conditions. It is evident from the graphs that the
photocurrent increases with the concentration of Cr(VI), indicating that the PEC activity
of CuBiyOy thin film electrodes in K;Cr, Oy solutions is influenced by the chromium con-
centration under illumination. However, despite its rising photocurrent trend, it does not
exhibit a linear relationship. The increase in chromium concentration may induce changes
in the reaction kinetics, such as variations in electron transfer rates or adsorption kinetics
of reaction products, potentially leading to a nonlinear increase in current response.

Meanwhile, we conducted LSV tests on the reaction of the nanoporous CuBiyOy
photoelectrodes in K;Cr,Oy solutions of various concentrations, as shown in Figure S4.
Through the comparison of results, we found that at the same chromium concentration, the
photocurrent of the microporous CuBiy Oy is always greater than that of the nanoporous
CuBiyOy4. This phenomenon may be attributed to the larger pores and surface area of the
microporous CuBiyOy4. During the photoelectrocatalytic reduction process of Cr(VI), this
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larger pore structure provides increased reaction interfaces, which afford more opportu-
nities for interactions between photogenerated electrons and hexavalent chromium ions.
Furthermore, the larger pore structure demonstrates higher diffusion rates and conductivity,
facilitating accelerated transport of photogenerated electrons and relevant species.
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Figure 2. PEC tests of microporous CuBi;Oy thin film photoelectrodes; (a) LSV tests of CuBiyOy film
photoelectrodes in 5 uM K,Cr,O7 solution; (b,c) LSV tests of CuBiyOy thin film photoelectrodes in
5 uM-5 mM K;Cr, 0Oy solution under light and dark conditions.

To investigate the internal charge transfer behavior of the CuBi;O4 photocathode in
the Cr(VI) solution, impedance spectroscopy measurements were conducted on two types
of CuBi;Oy thin film photoelectrodes at 0.6 V vs. RHE. The impedance spectrum shown
in Figure 3a indicates that the microporous structure of the CuBi;O4 thin film electrode
exhibits a smaller arc radius compared to the nanoporous CuBi;O4, demonstrating the lower
charge transfer resistance of the electrode. This implies enhanced efficacy in charge transfer
and separation within the electrode structure. In the PEC reduction of low-concentration
Cr(VI), the effective separation and transfer of photo-generated charge carriers are crucial.
The electron-hole pairs generated upon light absorption need to rapidly separate within the
catalyst, and transfer to the electrode surface to participate in the PEC reduction reaction.
Photoelectrodes like CuBi,O4 with microporous structures can offer increased surface area
and active sites, facilitating higher efficiency in the separation of photo-generated electron-
hole pairs and promoting the transfer of photo-generated charges carriers to the catalytic
surface, thereby enhancing the efficiency of the PEC reduction of Cr(VI).
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Figure 3. (a) Impedance spectra were measured at 0.6 V vs. RHE for microporous and nanoporous
CuBiyO4 photocathodes. The solid lines represent the fitting data using the corresponding equivalent
circuit; (b) the corresponding DRT plots; (c,d) the corresponding Bode plot.

Figure 3b illustrates the corresponding distribution of the distributed relaxation time
(DRT) for both electrodes. It is observed that the DRT plot of the microporous CuBi,O4 rela-
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tive to the nanoporous CuBi,O4 exhibits a lower peak in the midfrequency region, indicating
lower interfacial resistance and a slower charge carrier recombination rate. In Figure 3c,d,
the Bode plots of two photoelectrodes are displayed. It is observed that both exhibit peaks at
low frequencies. Furthermore, the Bode plot of the microporous CuBi;O4 thin film electrode
demonstrates minimal phase variation within the system. These observations indicate
enhanced stability of the catalytic reaction within the microporous CuBipOy thin film photo-
electrode system. Collectively, these characteristics promote rapid transfer of charge carriers
at the electrode—-electrolyte interface and effective utilization of photo-generated charges,
thereby enhancing the performance of the photoelectrocatalytic reaction.

2.3. Photoelectrocatalytic Reduction of Cr(VI)

Drawing from the analysis above, we have decided to employ the microporous
CuBiO4 photoelectrode as the catalyst for the PEC reduction of Cr(VI). Prior to the reduc-
tion of Cr(VI), we conducted an exploration of the issue concerning the detection of Cr(VI).
For the identification of reduced Cr(VI), we employed the DPD colorimetric method [33].
We investigated the colorimetric reaction between Cr(VI) and DPD within the range of
0-10 uM. Subsequently, calibration curves for Cr(VI) were constructed based on the absorp-
tion spectra obtained at 510 nm and 551 nm after a 30 min reaction and accompanied with
the R? values greater than 99.9%, as illustrated in Figure S5.

We employed the 5 uM K,Cr, Oy solution as the initial concentration for the reaction
and utilized the CuBi Oy thin film as the photocathode to perform the PEC reduction
reaction in a flow cell. The detailed specifications of the flow cell are outlined in Figure S3.
Subsequently, Cr(VI) samples with different reduction times were mixed with 15 mM DPD
for a 30 min color reaction, as shown in Figure 4a. The color changes in the solution indicate
that Cr(VI) undergoes further reduction with prolonged time. The absorption spectra of the
DPD** radicals produced from the reaction between Cr(VI) solution and DPD at different
reduction times were recorded in the range of 400-600 nm, as illustrated in Figure 4b. The
characteristic absorbance at 551 nm was used to track the concentration of Cr(VI). The
graph clearly demonstrates that the concentration of Cr(VI) decreases with time, consistent
with visual observations. Figure 4c depicts the trend of the Cr(VI) concentration over time.
It can be observed that the decrease in PEC of Cr(VI) exhibits an almost linear trend in the
initial 40 min, but significantly decreases in the longer reduction times. This phenomenon
may be attributed to changes in reaction kinetics as Cr(VI) concentration decreases, leading
to a slower reaction rate. According to the reaction kinetics model, the reaction initially
approximates zero-order kinetics, but as reactants are consumed, mass transfer at very low
concentrations becomes the limiting factor. At this point, the reaction rate may begin to be
influenced by reactant concentration, gradually transitioning to first-order kinetics. This
indicates that the transfer rate of Cr(VI) in the reaction is slower than the catalytic reaction
rate, and the diffusion of Cr(VI) in the reaction system remains limited.
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Figure 4. (a) Color change and (b) absorbance spectrum of DPD* generated by DPD with K;Cr,Oy
after PEC reduction for different durations, followed by reaction. Conditions: pH = 6.5 (0.1 M CA
buffer), [DPD] = 15 mM, and reaction time at 30 min. (c) Trend plot of Cr(VI) concentration after
different reduction times.
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The reduction percentages after subjecting the same 5 pM Cr(VI) to reduction for
varying durations are presented in Table 1. It is evident that after 20 min of photoelectrocat-
alytic reduction of 5 pM Cr(VI), its concentration decreased to 1.79 uM, corresponding to a
reduction rate of 64%. Following the 40 min PEC reduction, the concentration decreased to
1.14 uM, which meets international drinking water standards. Subsequently, we extended
the reduction time, and after 60 min, 120 min, and 180 min of reduction of the same Cr(VI)
solution, the reduction percentages reached 86%, 92%, and 97%, respectively.

Table 1. Cr(VI) concentration and reduction rate after different reduction times.

Time (min) Cr(VI) (uM) Reduction Percentage
20 1.79 64%
40 1.14 77%
60 0.71 86%
120 0.38 92%
180 0.15 97%

2.4. Evaluation of Microporous CuBiyO4 Characteristics

This study investigates the application of the microporous CuBi,O4 photoelectrode
in the PEC reduction of hexavalent chromium at low concentrations. We performed a 3 h
chronoamperometry (CA) stability test on microporous CuBi;Oy in the 5 uM K;Cr,Oy
solution at 0.6 V vs. RHE.

As illustrated in Figure 5a, the photocurrent curve exhibits a significant decay within
the initial 20 min, which can be attributed to the interfacial chemical evolutions of the
photoelectrode during the initial stages of the reaction, namely the formation of oxides or
other substances such as metal particles of copper/bismuth. In the SEM images presented
in Figure S6, we observed the appearance of subtle fine particles on the sample surface fol-
lowing the PEC reduction reaction, which confirms the formation of additional substances
on the electrode surface.
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Figure 5. (a) CA testing of microporous CuBi;Oy; (b) absorbance of three samples of 5 uM Cr(VI)
after successive PEC reduction with the same CuBiyOy thin film; (c) the LSV test for microporous
CuBi;O4 under front and back illumination.

In order to investigate the reusability of the CuBi,O4 photoelectrode in the photo-
electrocatalytic reduction of Cr(VI), we sequentially subjected three identical 5 uM Cr(VI)
solutions to consecutive 20 min photoelectrocatalytic reduction processes using the same
CuBiyOy thin film as the catalyst. The absorbance of the Cr(VI) solutions reacting with
the DPD colorimetric agent was measured, as shown in Figure 5b. We observed that with
repeated use of CuBiyOy, the Cr(VI) solutions continued to undergo reduction, but their
reduction efficiency gradually decreased. This further confirms the presence of certain
corrosion phenomena in the CuBi; Oy thin film within this reaction system.

Figure 5c presents the comparison of LSV for the CuBiyOy thin film photoelectrode
under back illumination and front illumination in the K,Cr,Oy solution. The photocurrent
under back illumination is significantly higher than that under front illumination. This is
attributed to the fact that under back illumination conditions, photogenerated electrons are
more likely to migrate directly to the catalytic surface and participate in catalytic reactions,
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thereby enhancing the utilization efficiency of the photogenerated electrons. This direct
migration path of photogenerated electrons helps to reduce losses during the electron
transfer process.

Through X-ray photoelectron spectroscopy (XPS) analysis, we conducted a detailed
investigation into the surface elemental composition and chemical states of the microporous
CuBiyO4 photoelectrode. In Figure 6a, the XPS spectrum of Cu 2p exhibits four peaks: two
prominent peaks located at 933.4 and 953.4 eV, corresponding to Cu 2p3,, and Cu 2pq 5,
respectively, and two satellite peaks near 943.2 and 962.0 eV. These prominent peaks confirm
the chemical state of Cu?*, while the two satellite peaks in the spectrum further confirm
the predominant Cu valence state as +2 [34,35]. Figure 6b displays the XPS spectrum of
Bi 4f, with a peak observed at 158.7 eV corresponding to Bi 4f;/, and a binding energy
peak at 163.9 eV corresponding to Bi 4f5 /5. This clearly indicates the presence of Bi in the
photoelectrode in the +3 chemical state [36]. As shown in Figure 6¢, the O 1s spectrum can
be decomposed into a Bi**-lattice oxygen binding at 531.4 eV and a Cu?*-lattice oxygen
binding at 529.4 eV [37]. These XPS results further validate the successful preparation of
the CuBiO4 sample, consistent with the X-ray diffraction (XRD) test results.

(a) Cu2p (b) i Bi 4f (C)

Intensity(a.u.)
Intensity(a.u.)
Intensity(a.u.)

T T T T T T T T T T
960 950 940 930 166 164 162 160 158 156 536 534 532 530 528 526
Binding Energy(eV) Binding Energy(eV) Binding Energy(eV)

Figure 6. XPS spectra of microporous CuBiyOy4 thin film photoelectrodes (a) Cu 2p; (b) Bi 4f; (c) O 1s.

XPS analysis (Figure S7) of the CuBi;O4 photoelectrode before and after the reaction
revealed peak shifts of Cu 2p, Bi 4f, and O1s within only 0.5 eV, indicating minor variations
possibly due to subtle ambient contaminations. Additionally, the pie chart in Figure S8
obtained through full-spectrum analysis, showed a decrease in both Cu and Bi contents
on the CuBiyO4 photoelectrode surface after the reaction. Trace amounts of Cr were de-
tected on the CuBiyO4 surface post-reaction, suggesting potential corrosion of the CuBi; Oy
photoelectrode during the reaction. On the other hand, as the photocurrent decays, the
Faradaic efficiency may decrease because photogenerated electrons are utilized to reduce
Cr(VI) ions, forming reduced chromium species on the electrode surface. As the reaction
progresses, the concentration of Cr(VI) ions decreases, reducing the available species for
photogenerated electron reduction. Consequently, as the reaction proceeds, the utilization
efficiency of photogenerated electrons decreases, leading to a decline in photocurrent. This
phenomenon indicates the formation of a passivation layer on the electrode surface as
the reaction proceeds, limiting further photoelectrocatalytic reactions and resulting in the
decay of photocurrent.

Based on the above experiments and results, the mechanism of CuBi,O4 thin film
as a photocathode for the photoelectrocatalytic reduction of Cr(VI) can be proposed, as
illustrated in Figure 7. The specific process is as follows:

CuBipOy +hv — e~ +h™ (1)
Cr(VI) + e~ — Cr(II) ()
H,O+ht - O, +2H" (3)

When light with energy greater than the bandgap is irradiated onto the surface of
the CuBi; Oy catalyst, electrons within it are excited, transitioning from the valence band
to the conduction band, forming electron-hole pairs. Subsequently, these photogenerated
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electrons and holes quickly migrate to the semiconductor surface after spatial charge
separation. During this process, photogenerated electrons migrate to the surface of the
photocathode and come into contact with Cr(VI) ions in the solution. Since the conduction
band minimum (CBM) of CuBi,Oy is situated at a more negative thermodynamic potential
compared to the reduction potential of Cr(VI), it can reduce it to non-toxic Cr(IlI) ions.
Additionally, the valence band maximum (VBM) of CuBi,Oy is situated at 0.8 V vs. NHE,
preventing the re-oxidation of already reduced Cr(III) ions in the reaction system, thereby
achieving the removal of hexavalent chromium. Meanwhile, the holes participate in
oxidation reactions by transferring through the external circuit to the electrode surface,
leading to the production of oxygen or other oxidation products.

hv
Bias
(G
CBm=——r— C Cr(IID)
hv > Eg ——) P Cr(vD
[ 4H++01>
= 2H,0

m CuBi,0, photocathode Counter electrode

CuBi,0y

Figure 7. Schematic illustration for the PEC reduction of Cr(VI) over CuBi;O4 photoelectrodes under
visible light irradiation.

3. Materials and Methods
3.1. Preparation of CuBi,O4 Composite Photoelectrode

The potassium dichromate, ethanol, and polyvinyl alcohol used in the experiment
were purchased from China National Medicines Corporation Ltd. (Beijing, China), while
other chemicals were procured from Aladdin (Shanghai, China). The preparation method
for the precursor solution of CuBiyO; is as follows: 315 mg of CsHgO7-HyO and 485 mg
of Bi(NOg3)3-HyO were mixed in 50 mL of deionized water, followed by ultrasonic ho-
mogenization and filtration to obtain bismuth citrate, which was then dried for later use.
Subsequently, 525 mg of CcHgO7-H,O was dissolved in 1 mL of deionized water and
mixed with 600 pL. of NH3-H,O. The dried bismuth citrate was added to the solution
and sonicated until completely clarified. Then, 42 mL of deionized water was added and
mixed thoroughly, followed by the addition of 100 mg of Cu(CO,CHs),-H,O, stirred until
completely dissolved. Finally, polyvinyl alcohol (5 mL, 0.1%) and Triton X-100 (100 uL,
0.2%) were added. Additionally, a precursor solution for dense CuBi,O4 thin films was
prepared using a molar ratio of 1:2 for Cu(NO3); and Bi(NOj3)3 in a 9:1 ethanol/acetic acid
solution. Porous thin films were prepared on fluorine-doped tin oxide glass substrates
using the spray pyrolysis technique. Ultrasonic nozzles with droplet diameter distribution
ranging from 20 to 100 um (operated at 120 kHz) were employed for atomization. Uniform
deposition coverage was achieved by employing a motorized platform for programmed
x-y motion with multicycles. Each movement from one side to the other side of the sub-
strates is defined as “one lap”. The schematic of the spray route is illustrated in Figure S2.
Subsequently, the intermediate film was calcined in a muffle furnace at 450 °C for 2 h ata
heating rate of 5 °C/min to obtain the final porous oxide films.

3.2. Characterization

Morphologies of the samples were recorded using a Hitachi (Tokyo, Japan) 54800
Scanning Electron microscope (SEM) operated at 10 kV. The X-ray diffraction (XRD) patterns
were obtained on a Bruker (Karlsruhe, Germany) AXS-D8 Advance Davinci diffractometer.
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo
Scientific (Waltham, MA, USA) K-Alpha. UV-visible (UV-Vis) absorption spectra were
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recorded on a Perkin-Elmer (Waltham, MA, USA) Lambda 950 UV-Vis NIR Spectrometer.
Additionally, this instrument was utilized to assess the chromogenic reaction of Cr(VI) for
the construction of a standard working curve.

3.3. Photoelectrochemical Measurements

The reactor utilized for PEC reduction was a flow cell designed in-house, as illustrated
in Figure 8. All photoelectrochemical experiments of CuBi,O4 were performed in a flow cell
with a three-electrode system comprised of the spray deposited electrode as the working
electrode, an Ag/AgCl reference electrode, and an Ni mesh counter electrode.

reducible Cr(VI) Ag/AgCl

3 |
' A
b J ; \ N4
= o <‘>
peristaltic pump ,Y A
L4 v
R . ————
.
il | —
A simulate solar illumination
/7 4 /
b
== flow cell
Cr(VI)

Figure 8. Schematic diagram of self-designed flow cell.

The 0.01 M of citric acid buffer solution was used as the electrolyte for the photoelectro-
chemical (PEC) measurements. Linear sweep voltammetry (LSV) and chronoamperometry
tests (CA) were conducted on a CHI600E electrochemical workstation from Chenhua
(Shanghai, China). A 455 nm LED was employed to simulate solar illumination with the in-
tensity of 39 mW /cm?. For the photocurrent tests, the as-prepared film photocathodes were
measured from 0.7 V to —0.3 V relative to Ag/AgCl using a scan rate of 40 mV /s under light
and dark conditions. Subsequently, the electrode potential versus the reversible hydrogen
electrode (RHE) is converted from Ag/AgCl electrode on the basis of the formula [38]:

ERHE = EAg/Agcl + Egg/AgCl + 0059PH (4)

Electrochemical impedance spectra were measured at 0.6 V vs. RHE, ranging from
10 kHz to 5 Hz with an AC amplitude of 10 mV, by ModuLab (Bucharest, Romania)
XM potentiostat.

3.4. Photoelectrocatalytic Tests

To prepare a 100 pM Cr(VI) solution as a stock solution, 0.0147 g of K;Cr,O7 was
dissolved in 500 mL of pH 6.5 citric acid buffer. Subsequently, 5 mL of the stock solution
was diluted to 500 mL to create a 5 uM Cr(VI) solution as a contaminant stock. A pho-
toelectrochemical reduction of Cr(VI) was performed with the obtained CuBi,O4 films
(3 x 3 cm?) as the photocathode in a flow cell. A fixed bias voltage of 0.6 V vs. RHE was
applied during the reduction process. The illumination and dark conditions were controlled
for 100 s and 50 s, respectively.

3.5. Detection of Hexavalent Chromium

A series of Cr(VI) solutions at concentrations of 1 uM, 3 uM, 5 uM, 7 uM, and 11 uM
were prepared by diluting the 100 uM stock solution. For this purpose, 0.197 g of N,N-
diethyl-p-phenylenediamine (DPD) was dissolved in 50 mL of deionized water to obtain
a 15 mM DPD stock solution. The 0.25 M pH 4.75 acetic acid buffer was prepared. The
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analysis of Cr(VI) using the DPD method was conducted as follows: Prior to measurements,
the spectrometer was preheated for 10 min to achieve stable absorbance. In a colorimetric
tube, 5.0 mL of acetic acid buffer and 3.0 mL of DPD stock solution were mixed, followed by
the addition of 2.0 mL of an unknown concentration of Cr(VI) sample after reduction, and
the mixture was allowed to react for 30 min. The colored solutions were then transferred
to a quartz cuvette, and the absorbance was measured in the range of 400-600 nm using a
UV-Vis spectrometer.

Identical 10 mL 5 uM K,Cr,Oy initial solutions were prepared, with one randomly
chosen aliquot serving as a reference without participating in the PEC reduction. The
CuBipOy thin film samples prepared under identical conditions were used as photocathodes
for the photoelectrocatalytic reduction of various Cr(VI) solutions at different time intervals.
The reduced and unreduced Cr(VI) solutions were collected and labelled in glass bottles.
After mixing the reduced chromium reagents with DPD for 30 min, UV-visible absorption
testing was conducted. Based on the obtained absorbance and the calibration curve, the
concentration of reduced hexavalent chromium can be determined. The reduction rate of
Cr(VI) was calculated using the following formula:

R = (Cy—C)/Co x 100% )

Co and C; are the initial and the equilibrium concentrations of Cr(VI) in the solution, re-
spectively.

4. Conclusions

In this study, we successfully synthesized CuBi;O;4 thin film photoelectrodes via
the spray pyrolysis method for the efficient reduction of low-concentration Cr(VI). The
experimental results demonstrate that the designed CuBiyO4 photocatalyst achieved a 97%
photovoltaic reduction efficiency of Cr(VI) at a concentration of 5 uM within 180 min. The
unique layered structure and porous morphology of the thin film electrode facilitate the
efficient PEC reduction process of Cr(VI). Notably, surface passivation phenomena were
observed during the repeated use of the electrode, indicating the long-term stability of the
CuBi;O4 photocatalyst suitable for practical wastewater treatment applications. This study
provides an effective strategy for the development of highly efficient photocatalysts for the
treatment of low-concentration Cr(VI) and offers a feasible solution for pollutant removal
in wastewater, potentially making significant contributions to environmental protection.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/catal14050289/s1. Figure S1. Digital photographs of the
spray pyrolysis equipment: (a) liquid injection syringe; (b) ultrasonic atomizing nozzle, x-y-z triaxial
motion system, and the heating platform; (c) proton flowmeter; (d) air compressor. Figure S2. The
schematic of spray route. Figure S3. Flow cell information, structural design and composition.
Figure S4. (a,b) LSV testing of nanoporous CuBi; Oy thin film photoelectrodes in 5 uM-5 mM K,Cr, Oy
solution under light and dark conditions. Figure S5. (a) Absorption spectra of Cr(VI) solutions with
different concentrations after developing color with DPD for 30 min; (b,c) Calibration curve of DPD
method for determining Cr(VI) in the 0-10 uM range at 510 nm and 551 nm. Figure S6. The SEM
images of CuBi,O4 before and after participating in the photoelectrocatalytic reaction. Figure S7.
XPS spectra of CuBiyOy thin film photoelectrodes before and after photoelectrocatalytic reduction
of Cr(VI) for 3 h; (a) Cu 2p; (b) Bi 4f; (c) Ols; (d) XPS full spectrum. Figure S8. Analysis of element
content before and after 3 h of PEC reaction.
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