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Photocatalytic reduction of hexavalent chromium (Cr(VI)) is an effective way to reduce its environmental risk.
However, it remains a challenge to achieve a high removal rate in mild conditions. In order to efficiently remove
Cr(VI) from water, a novel Z-scheme heterojunction composite photocatalyst rCB-20 (Cuz0/rGO/BiOBr, 20%
Cuy0) was successfully prepared using a simple two-step strategy in this work. The characterizations of the
catalyst show that the Z-scheme heterojunction formed between Cuz0 and BiOBr is favorable for facilitating the

separation of photogenerated carriers. The existence of rGO can reduce the resistance of electron transport.
Therefore, the composite photocatalyst exhibits a very high photocatalytic activity in the photoreduction of Cr
(VI). For example, using it to completely remove Cr(VI) with a concentration of 20 mgeL ™! in the pH = 4 solution
only requires 40 min. Even the complete removal of the same concentration of Cr(VI) in neutral water at pH 7
does not take more than 90 min. Meanwhile, it possesses a high stability in catalytic activity and structure.

1. Introduction

With the development of industrialization, water resources have
been polluted by various heavy metal ions to different degrees. Among
them, hexavalent chromium, Cr(VI), is a common contaminant in
wastewater [1,2]. Its releasing into drinking water will lead to some
serious diseases to humans, e.g. cancer, thus threat to human health
[3,4]. Therefore, it is urgent to develop feasible technologies for elimi-
nating Cr(VI) from water. Fortunately, some methods to remove Cr(VI)
such as adsorption [5-8], precipitation [9], chemical reduction [10],
and photocatalysis have been developed [11-14]. But the adsorption
method cannot remove Cr(VI) thoroughly, the precipitation method has
the problem of secondary treatment, and the chemical reduction method
needs a harsh acidic condition. Only the photocatalysis is considered to
be the most promising method [15-17]. It not only avoids the short-
comings of the above methods, but also has a low cost due to the simple
process and the use of priceless sunlight. Moreover, it is more suitable
for handling amounts of water. However, this technology requires
photocatalysts with semiconducting properties because the conversion
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of light energy depends on the transition of electrons in the valence band
to conduction band upon light irradiation. The width of the band gap
between the valence band and conduction band determines the wave-
length of light absorbed by the catalyst. In general, the photoelectrons
generated by photoexcitation readily recombine with the corresponding
holes, resulting in a low photocatalytic efficiency. Therefore, separation
of photoelectrons and holes plays a crucial role for enhancing photo-
catalytic efficiency and deeply influenced by the band gap structure
[18,19]. It is well known that doping other element in intrinsic semi-
conductor or compositing two or more semiconductor materials can
change the band gap structure of the photocatalyst, thus is beneficial to
promote the separation of photogenerated electrons and holes. Transi-
tion metal oxides are often used to construct composite photocatalysts
due to their easy preparation and morphology control. Cuz0, as one of
the transition metal oxides, has been found to be an ideal candidate for
the photoreduction of Cr(VI) due to its low cost, visible light response
and suitable CB potential [20,21]. But the Cu (I) of Cuy0 suffers readily
from oxidation under light irradiation due to the photogenerated holes
not compensated by electrons [22-24], leading to a so called
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photocorrosion. To overcome this issue, some strategies such as addition
of sacrificial agents [25], construction of nanostructures [26-28], and
coupling with nonmetallic semiconductors [29-31] have been adopted.
Researches show that coupling with nonmetallic semiconductors is an
effective way to inhibit the photocorrosion of CuyO owing to the for-
mation of a Z-scheme heterojunction [32-35]. In addition, the formation
of Z-scheme heterojunction can also improve the redox capacity of the
photocatalyst.

In order to construct a Z-scheme heterojunction using Cu,O as one of
the composite photocatalytic materials, it is required to chose another
semiconductive material that has a matched band gap structure with
that of Cuy0. Recently, BiOX (X = Cl, Br, I) has attracted attention on
account of its layered structure and band gap structure [36-40]. For
example, the internal electric field between the [Bizoz]2+ layer and the
X" layer in the lattice is beneficial to the effective separation of the
photogenerated electron-hole pairs [36-40]. BiOBr is one of the BiOX
compounds that is widely used in photoreduction of Cr(VI) [41,42].
Specifically, the conduction band (CB) edge of BiOBr lies between the CB
and valence band (VB) potentials of CupO [43-45], thus providing a
possibility to form Z-scheme heterojunction when BiOBr and Cuy0 are
composited. In addition, electron mediator in heterojunction composites
is also indispensable [46-49] because it acts as a role of collecting and
transferring photogenerated electrons. The electron mediators often
used include ion and solid-state type ones. The solid-state electron me-
diators are considered to possess the advantages of high electron transfer
efficiency and mild reaction conditions. Among them, reduced graphene
oxide (rGO) maybe prevails over the most commonly used noble metals
because of its high transparency, more adsorption sites and conjugated ©
structure that can increase the interaction between rGO and semi-
conductors [50]. Recently, some studies have shown that rGO is truly an
ideal electron mediator in improving the photocatalytic activity of
semiconductors [51,52].

Based on the above understanding and reasons, a series of CuyO/
rGO/BiOBr composites were prepared using a two-step strategy in this
work, and the structure, morphology, photocatalytic performance and
reaction mechanism etc of the prepared materials were studied in detail.
The results show that the CupO/rGO/BiOBr composite presents an
excellent photocatalytic performance to reduce Cr(VI) under visible
light irradiation, and the photocorrosion of CuyO is restrained due to the
formation of Z-scheme heterojunction.

2. Experimental
2.1. Preparation of photocatalysts

All of the reagents used for synthesis were purchased from Aladdin
Reagent Co., Ltd, and were of analytical grade and used as received
without additional purification.

2.1.1. Preparation of BiOBr

1 mmol of KBr and a certain amount of PVP were dissolved into 20
mL of deionized water in beaker A, and the solution was stirred for 45
min to make them uniformly dispersed. In addition, 1 mmol of Bi(NO3)3
and 20 mL of deionized water were added into beaker B, and then
sonicated for 15 min. The solution in beaker A was added into beaker B,
and the pH of the mixed solution was adjusted to 6 using NaOH (1
moleL. ™). Subsequently, the solution was transferred to a 60 mL Teflon
autoclave and maintained at 100 °C for 1 h. After cooling to room
temperature, the product was collected, and washed several times with
deionized water and ethyl alcohol, respectively, and dried at 40 °C for
12 h.

2.1.2. Preparation of Cuy0/rGO/BiOBr composite

A certain amount (e.g. 381 mg, 166 mg, and 94 mg) of BiOBr and 6
mg of rGO were dispersed in 50 mL of deionized water, and sonicated for
30 min to obtain a homogeneous mixed solution. Subsequently, 60 mg of
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Cu(AC)2-H20, 0.1 g of CTAB and 0.1 g of EDTA were dissolved in the
above mixed solution, and then dropwise adding 20 mL of NaOH (0.45
molel. 1) and 20 mlL of ascorbic acid (0.3 moleL1). The as-resulted
mixed solution was stirred for 30 min, and the produced precipitate
was separated by centrifugation, and then washed with deionized water
and ethanol three times, respectively, and dried at 60 °C in vacuum for
10 h to obtain the target products. The mass ratios of CuzO in the
composites were 10%, 20%, and 30%, respectively. The composite
samples were labeled as rCB-x, where x is the mass ratio of Cuy0. For
comparison, pure Cup,O was prepared without adding BiOBr under the
same conditions. In addition, the BiOBr/rGO, rGO/Cuz0, and BiOBr/
Cuy0 samples were also synthesized according to the similar procedures.

2.2. Characterization of photocatalysts

The crystal structure of samples were characterized using X-ray
diffraction (XRD); Cu-Ka as the radiation source, 40 kV tube voltage and
140 mA current (Ultimalv type, Bruker, Germany). The Raman spectra
were recorded using a Raman spectrometer (XPLORA plus, Horiba-JY,
France) at a laser excitation wavelength of 532 nm. The FT-IR spectra
of the samples were recorded using a Nicolet 6700 infrared spectrometer
(Thermo scientific, USA); KBr pellet. The surface morphology and in-
ternal microstructure as well as the element composition of samples
were characterized using a thermal field emission scanning electron
microscope (SEM, JSM-7100F, JEOL, Japan) and a transmission electron
microscope with an X-ray energy dispersive spectroscope (EDS) (TEM,
Tecnai G2F20, Holland), respectively. The UV-visible diffuse reflec-
tance spectroscopy (DRS) of samples was measured using an ultra-
violet-visible spectrophotometer (T10, Beijing General Instrument Co.,
Ltd., China). The element composition of samples and valence state were
analyzed by using X-ray photoelectron spectroscopy (XPS, K-alpha,
thermo, Germany). The specific surface area and total pore volume of
samples were measured using a Ny adsorption/desorption equipment
(BET, Kubo X1000, China). The photoluminescence (PL) spectra were
recorded using a Fluorolog-3 photoluminescence spectrometer (Horiba,
Fluorolog-3, USA). The surface potentials of samples under dark and
light irradiation (A > 400 nm) conditions were measured using the
Kelvin probe force microscope (KPFM) equipped in a scanning probe
microscope (SPM) system (Bruker Dimension icon, Germany).

2.3. Photocatalytic reduction of Cr (VI)

The reaction of photocatalytic reduction of Cr (VI) was carried out in
a quartz reactor. Typically, 20 mg of photocatalyst was added into 50 mL
of 20 mgoL’1 K,Cr,07 solution, and then stirred in dark for 50 min to get
an adsorption-desorption balance. After that, the reaction of photo-
catalytic reduction of Cr(VI) was conducted using a 300 W Xenon lamp
(HSX-F300, NBet, China) equipped with a cutoff filter (A > 420 nm) as
the light source. During reaction, 1.2 mL of solution was taken out at
regular intervals using the needle tube and filtered. Accurately taking 1
mL of filtrate and putting it into a small glass bottle, and then 9 mL of
0.2 moleL ™! H,S0,4 and 200 pL of 500 mgeL ! diphenylcarbazide were
added into the filtrate to perform a chromogenic reaction. After the color
of the solution was stable for 8 min, the absorbance of solution was
determined using a UV-vis spectrophotometer. The concentration of
total chromium was measured using an inductively coupled plasma-
—optical emission spectrometer (ICP-OES, 7000 series).

2.4. Electrochemical measurements

The Electrochemical impedance spectroscopy (EIS) of samples were
measured in a standard three-electrode configuration using an electro-
chemical station (CHI 660e, Chenhua, China). Samples deposited on the
1.0 cm X 1.0 cm FTO glass were used as the working electrode. A Pt wire
and a saturated calomel electrode (SCE) as the counter electrode and
reference one, respectively. The supporting electrolyte was the 0.1 M
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NaySO4 solution. The frequency used in EIS measurements was from
100 kHz to 0.1 Hz.

3. Results and discussion
3.1. Characterization of photocatalysts

3.1.1. XRD characterization

Fig. 1a shows the XRD patterns of the samples. It can be seen that all
of the diffraction peaks of BiOBr and Cu0 samples were consistent with
those assigned to the pure BiOBr and Cu3O crystals (JCPDS NO. 09-0393
and JCPDS NO. 05-0667), suggesting that BiOBr and CuO with pure
crystalline phase have successfully been prepared. Moreover, the BiOBr
is attributed to a tetragonal crystalline phase [4], and the Cup0O to a
cubic crystalline phase [20]. In particular, the characteristic diffraction
peaks of BiOBr were still detected in the composite materials, indicating
that after compositing with Cup0 and rGO, the crystalline phase struc-
ture of BiOB does not change. At the same time, the diffraction peak
intensity of BiOBr decreases gradually with increasing the dosage of
Cu0, which results from the declined crystallinity owing to the influ-
ence of CupO that highly disperses on the BiOBr surface [53,54]. High
crystallinity of sample indicates less concentration of defect, which is
related to the recombination rate of photocarriers [54]. Hence, the
crystallinity of sample may be a contributing factor that influences the
photocatalytic activity, and it will be discussed later. Moreover, the
diffraction signals of CuyO and rGO in the composite samples were not
observed, which may be related to their high dispersion and low
crystallinity.

3.1.2. Raman and IR characterizations

The Raman spectra of the BiOBr, Cuz0, rGO, and rCB-20 samples are
illustrated in Fig. 1b. There are two peaks observed obviously for the
pure rGO sample. The peak emerging at approximately 1317 cm™! is
defined as D peak, which is a defect peak due to inter-valley scattering.
The peak at 1559 cm ™! is called to be G peak, which corresponds to the
sp>-hybridized carbon [50]. For the pure BiOBr, there is a peak
appearing at 91 cm™!, which is ascribed to the Ajg internal Bi-Br
stretching mode [55]. As for the pure CuyO, the feature peak occurs at
258 ¢cm ! due to the 2I15 vibration mode [56]. These feature peaks of
BiOBr, Cuy0, and rGO are all detected in the rCB-20 sample, indicating
that the desired composite has successfully been prepared.

In addition to Raman spectroscopy, FTIR was further employed to
characterize the chemical structures of the prepared samples. The results
are shown in Fig. S1 (in Supporting information). For all of the samples,
an absorption band near 3439 cm™! can be observed. This is ascribed to
the -OH stretching vibrations from adsorbed H,O molecules [41]. The
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absorption peaks at 1666 cm ™! and 1430 cm ™! are assigned to the Br-Br
symmetric and asymmetric stretching vibrations in BiOBr, respectively
[7]. The absorption peak near 533 cm ! was attributed to the vibration
of Bi-O bond [7,41]. A sharp absorption peak at about 630 cm ™! was
assigned to the Cu-O vibration in CuyO [57]. The absorption bands at
1642 cm™! and 1549 em ™! result from the C=C and C-C bending vi-
brations in rGO, respectively [57]. As shown in Fig. S1b, both the
characteristic peaks of BiOBr (around 1668 em ! and 537 em ™) and the
vibration peak of Cuy0 (around 630 cm’l) are all observed in the rCB-x
composites; however, the weak peak of Br-Br asymmetric stretching
vibration is almost not observed in the rCB-20 and rCB-30 samples due
to the decline of BiOBr content. Moreover, the skeletal vibrations of rGO
are overlapped with the characteristic absorption bands of BiOBr.

3.1.3. SEM and TEM characterizations

To reveal the surface morphology and internal microstructure of the
prepared samples, SEM and TEM characterizations were performanced.
The results are illustrated in Fig. 2. It can be seen from Fig. 2a that the
BiOBr presents a morphology of hierarchical microspheres with the
diameter of 500 nm-1 pm. Whereas the CupO sample consists of a large
number of particles aggregated together (Fig. 2b), and the size of these
particles is approximately 80-100 nm. As for the rCB-20 sample, it can
be observed that the BiOBr microspheres are covered by the grown Cu0
particles and rGO fragments (Fig. 2¢), which leads to a mastoid rough
surface of BiOBr microspheres. Furthermore, it can be seen from Fig. 52
that the coverage of the BiOBr microsphere surface is gradually
increased with increasing the CuzO dosage. The morphology of com-
posite still remains the spherical feature of pristine BiOBr, and the
particle size haven’t changed much. It can be expected that the mastoid
rough surface of the composite will be favorable for the light absorption,
just like the surface of green plant leaves. In addition, the Cuy0O particles
in rCB-30 showed series agglomeration, which may affect the rates of
electron transport. The TEM images in Fig. 2 d-f reveal the internal
microstructure of samples. It can be seen that the inside of the synthe-
sized composite microspheres is a farctate structure composed of many
BiOBr crystals. The lattice fringes of these crystals can be clearly
observed, e.g. those lattice fringes with a lattice spacing of 0.28 nm,
which correspond to the (102) crystal plane of BiOBr crystal [55].
Whereas the Cu0 nano particles disperse on the surface of the BiOBr
microspheres and expose those lattice fringes with a lattice spacing of
0.24 nm, which correspond to the (111) plane of cubic Cu0 [20]. The
rGO lies between Cup0 and BiOBr, but its lattice fringes are not observed
due to its low crystallinity (Fig. 2e). The EDS mapping images from TEM
in Fig. 2f indicates the elemental distribution of rCB-20 with Bi, Br, O, Cu
and C (as shown in Fig. 2g). Therefore, SEM and TEM characterizations
demonstrate the prepared target composite to be composed of many
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Fig. 1. (a) XRD patterns of the samples. (b) Raman spectra of BiOBr, rGO, Cu,0, and rCB-20.
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Fig. 2. SEM images of the synthesized samples: (a) BiOBr, (b) Cuy0, (c) rCB-20. (d)-(f) TEM images of rCB-20. (g) EDS mapping of rCB-20.

microspheres with a mastoid rough surface morphology and the CuyO/
rGO/BiOBr microstructure.

3.1.4. Band gap structure characterization

In order to understand the light absorption properties and band gap
structure of the prepared samples, measurements of their UV-vis ab-
sorption spectra were performed on an ultraviolet-visible spectropho-
tometer. The results are shown in Fig. 3. It can be seen that the
absorption edge of the BiOBr sample is at approximately 430 nm. The
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Fig. 3. UV-visible absorption spectra of the prepared samples.

Cuz0 sample has a continuous absorption in both the UV and visible
light region, and the maximum absorption is at around 475 nm. The
wide light absorption range of the CuyO sample maybe associates with
its small particle size [20]. In addition to a gradual redshift of the ab-
sorption edge, the absorption intensity of the rCB composite samples
increases with the increase of CuyO content. This is attributed to the
contribution of Cuy0 in the composite. According to the Tauc equation,
the band gap of the BiOBr and CuyO is estimated to be 2.7 and 1.9 eV,
respectively. (see Fig. S3a and S3b in Supporting information), consis-
tent with the previous reports [58,59].

The energy level of the valence band (VB) top position of CuyO and
BiOBr can be determined by measuring the valence band X-ray photo-
electron spectrum (VBXPS). As shown in Fig. 4a, the energy levels of the
valence band top of Cup0 and BiOBr are estimated to be 0.5 and 2.0 eV,
respectively, by making a tangent line at the Intensity~Binding energy
curves. Hence, the energy levels of the conduction band (CB) bottom of
Cu20 and BiOBr are calculated to be —1.4 and —0.7 eV, respectively,
according to the VB energy level and band gap values yielded above. On
the basis of these results, a schematic diagram to describe the band gap
structure of Cuz0 and BiOBr is presented in Fig. 4b. It can be seen that
when the CuyO and BiOBr are used to construct a Z-scheme hetero-
junction for photocatalysis, their band gap structures are matched.

3.1.5. XPS characterization

XPS was further used to characterize the chemical elements and their
valence state in the prepared samples. As shown in Fig. 5a, the two peaks
of Br 3d at ~68 and ~67 eV in the high resolution spectra are associated
with the Br 3ds3/» and Br 3ds,3 of Br™, respectively [60]. The O 1s spectra
of BiOBr, Cu0, and rCB-20 samples are fitted to two peaks (Fig. 5b). The
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Fig. 4. (a) Valence band X-ray photoelectron spectra of Cu,O and BiOBr. (b) Schematic diagram describing the band structures of Cu,O and BiOBr.
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Fig. 5. High-resolution XPS spectra of (a) Br 3d, (b) O 1s, (c) Bi 4f, and (d) Cu 2p of the samples.

peak at ~529 eV is assigned to the lattice oxygen in BiOBr or Cu0, and
the peak at ~530.5 eV corresponds to the oxygen of surface hydroxyl
groups (O-H bonding) [44,61,62]. The peak positions of O 1s in the rCB-
20 sample almost remain unchanged compared to those of the pristine
BiOBr. Fig. 5¢c shows the Bi 4f spectra of the BiOBr and rCB-20 samples.
The two peaks at ~164 and ~158 eV are assigned to the Bi 4f5/» and Bi

4f, 5 of Bi®™, respectively [63-65]. It is worth noting that there are two
weak peaks appearing at 161.82 and 156.57 eV for the rCB-20 sample,
which are assigned to the metallic Bi [66]. Existence of Bi® is due to the
reduction of a small portion of Bi®* in the rCB preparation process.
Fig. 5d shows the Cu 2p spectra of the CuzO and rCB-20 samples. The
two main peaks at ~932 and ~952 eV are assigned to the Cu 2p3,, and
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Cu 2p;,» of Cu™ [67,68]. The additional peaks at ~943, ~940, and
~933 eV are assigned to the higher valence state of Cu [67,68], indi-
cating that a small portion of Cu™ can be oxidized under natural light
irradiation.

When comparing the high resolution spectra in Fig. 5, it can be found
that the peak positions of Br 3d and Bi 4f in the rCB-20 sample shift a
little to the direction of lower binding energy compared to those in the
pristine BiOBr. Whereas the peak corresponding to Cu 2p3,; shifts to the
direction of higher binding energy. According to these phenomena and
previous reports [32,69], it can be deduced that electron migration from
Cuz0 to BiOBr occurs in the rCB-20 composite. On the basis of the
aforementioned analysis regarding the band gap structures of Cuy0 and
BiOBr, this is easy to understand because the Fermi level of electrons in
Cu0 is higher than that in BiOBr. In other words, when these two
semiconductors come into contact with each other, meeting the ther-
modynamic requirement of Fermi level equilibrium makes electrons
spontaneous transfer from Cu,0 to BiOBr, thus leading to the formation
of a self-built electric field (E) at the interface inside the composite
materials. The direction of the electric field is from Cuy0 to BiOBr. Ex-
istence of a self-built electric field provides an essential precondition for
the formation of Z-scheme heterojunction.

3.1.6. Specific surface area

The specific surface area is an important parameter for a photo-
catalyst because the photocatalytic reaction takes place on the surface.
In order to get the data concerning the specific surface area of the BiOBr
and rCB-20 samples, their Ny, adsorption—desorption isotherms were
measured using a Ny adsorption/desorption equipment. The results are
shown in Fig. 6a. It can be seen that the N, adsorption-desorption iso-
therms of the BiOBr and rCB-20 samples present type IV with an H3
hysteresis loop in the range of 0.4-1.0 p/po, confirming the existence of
mesopores. On the basis of the N3 adsorption—desorption isotherms, the
specific surface areas of the BiOBr and rCB-20 samples were estimated to
be 10.06 and 8.81 m2eg™!, respectively (see Table S1 in Supporting
information). It should be noted that the specific surface area of the rCB-
20 composite has an obvious decline compared to the pristine BiOBr.
This is because the morphology and pore size distribution of the rCB-20
composite varied after BiOBr was incorporated with rGO and Cup0
(Fig. 2c and Fig. 6b). The pore size distribution of the BiOBr sample
mainly focus on around 30 and 128 nm, whereas the rCB-20 sample
mainly on around 60 and 160 nm. The corresponding pore volumes are
0.1275 cm®eg ! and 0.1321 cm®eg 2, respectively.
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3.2. Photocatalytic performance

In order to evaluate the photocatalytic performance of the prepared
samples, the reduction of Cr(VI) under visible light irradiation was used
as a probe to carry out a series of photocatalytic experiments. Prior to
the photocatalytic reduction of Cr(VI), the adsorption reaction of cata-
lyst towards Cr(VI) was carried out first. As shown in Fig. 7a, an
adsorption equilibrium was reached when the reaction suspension was
stirred in the dark for 50 min. Moreover, the rCB composite catalysts
exhibited better adsorption capacity towards Cr(VI) than the pristine
Cuy0 and BiOBr. After starting the photocatalytic reaction, the rCB-20
composite catalyst showed the best photocatalytic activity in the
reduction of Cr(VI) among all of the prepared samples, e.g. completely
reducing the Cr(VI) with a concentration of 20 mgoL_1 in the pH = 4
solution only needs 40 min, much faster than the pristine CuyO or BiOBr
(Fig. 7 a and b). It should be noted that the Cuz0 content has an obvious
influence on the photocatalytic activity of the composite catalysts in the
reduction of Cr(VI). The variations of the removal efficiencies for Cr(VI)
by the composite samples could be due to the following reasons: first,
efficient photogenerated carriers’ transfer and separation cannot occur
when the Cu,O content is insufficient (<20%); second, as illustrated in
the SEM results, the Cup0O particles in rCB-30 showed series agglomer-
ation. In this case, rapid recombination of the partial photocarriers may
have occurred in Cuy0, limiting the photocatalytic activity. In addition,
as the aforementioned XRD results, rCB-20 has lower crystallinity
compared with rCB-10, but it showed higher photocatalytic activity,
indicating that crystallinity is not the key factors in photocatalytic re-
action among these samples.

Furthermore, it can be seen from Fig. 7a and b that the control ex-
periments performed under various conditions exclude the possibility of
chemical reduction of Cr(VI) and confirm the role of light and catalysts,
also reveal the different effectiveness of various catalysts such as rGO/
Cuz0, rGO/BiOBr, Cup0/BiOBr, rGO and rCB-x etc. in the photocatalytic
reduction of Cr(VI). Why does the rCB-20 catalyst have high catalytic
activity will be discussed in detail later in the photocatalysis mechanism
section.

It should be pointed out that according to the aforementioned XPS
results, a little zero-valent Bismuth was formed in the preparation pro-
cess of rCB-20 sample. Whereas the Bi 4f XPS spectrum of the Cu,O/
BiOBr sample also exihibits the existence of the zero-valent bismuth
(Fig. S4). But the rCB-20 sample presents a higher photocatalytic activity
than that of the Cuy0/BiOBr sample, indicating that it is rGO rather than
metallic Bi accelerats the electron transport [70,71].

Fig. 7c shows the concentration variation of total chromium and Cr
(VI) in the solution during photoreduction in the presence of the rCB-20
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Fig. 6. (a) Nitrogen adsorption—desorption isotherms and (b) pore size distribution curves of the BiOBr and rCB-20 samples.
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and photoreduction of Cr(VI) in the presence of the rCB-20 photocatalyt at different pH.

catalyst. It can be seen that the concentration change curves of the total
chromium and Cr(VI) are almost overlapped. Meanwhile, no Cr(III) was
detected in the solution. These results suggest that the Cr(III) generated
by the photoreduction of Cr(VI) was completely adsorbed on the surface
of the rCB-20 catalyst. The high resolution XPS spectra of the Cr 2p in
Fig. 7d also prove this point. It can be seen that after adsorption of Cr(VI)
the rCB-20 sample presents two peaks appearing at 577.9 and 588.0 eV,
which are attributed to the characteristic peaks of Cr(VI) [55]; however,
after photocatalytic reduction of Cr(VI) the rCB-20 catalyst also exhibits

two peaks, but arise at 576.4 and 585.9 eV, which are assigned to Cr(III)
[55]. Therefore, the phenomenon of that the Cr(III) generated through
the photocatalytic reduction of Cr(VI) can be completely adsorbed on
the surface of the rCB-20 indicates that using rCB-20 as photocatalyst
can effectively remove chromium in the solution.

In addition to catalytic activity, stability is also an important
parameter to measure the performance of catalysts. Because of this, the
reuse tests of the rCB-20 catalyst in the photocatalytic reduction of Cr
(VI) were performed. The results are shown in Fig. 7e. It can be seen that
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the photocatalytic activity of the rCB-20 catalyst is almost not lost after
reuse of five cycles, showing a good stability in activity. Whereas the
XRD charaterization certify the structural stability of the rCB-20 cata-
lyst. As shown in Fig. S5, the XRD pattern of the rCB-20 catalyst is nearly
unchanged after used to the photocatalytic reduction of Cr(VI). There-
fore, the rCB-20 catalyst is stable in structure. In order to further evi-
dence this point, the Cu 2p XPS spectra of the rCB-20 catalyst were
measured after it suffered from photocatalytic reaction. The results are
illustrated in Fig. S6. revealed two main peaks: 2p3/2 at 932.15 eV and
2p1,2 at 951.84 eV (Fig. S6a), corresponding to Cu™ [67,68]. Whereas,
for pure Cu,0 (shown in Fig. S6b), the peaks of Cu™ were decreased after
the photocatalytic reaction. Meanwhile, the peaks at 933.6, 940.9,
943.4, and 953.7 eV, which correspond to the higher valence state of Cu
[67,68] were increased. This suggests that pure CuyO is not stable in the
photocatalytic process and the photocorrosion of CuyO can be sup-
pressed in rCB-20. In addition, the effect of solution pH cannot also be
ignored because Cr(VI) is a strong oxidant in acidic solutions [41].
Moreover, the wastewater containing Cr(VI) is harsh to be treated under
acidic conditions. As shown in Fig. 7f, when the solution acidity changes
in the pH range of 4 to 6, the photocatalytic reduction of Cr(VI) at pH = 4
gives the best effectiveness. More than 4 of pH, the less acidic, the less
effective. However, a complete removal of Cr(VI) is still obtained within
90 min at pH = 7. In fact, Cr(VI) will react with Cuz0 when the pH of the
solution is less than 4, resulting in the oxidation of Cu(I).

3.3. Photocatalysis mechanism

As mentioned above, the rCB-20 composite catalyst has a very high
photocatalytic activity for photoreduction of Cr(VI). This can be
explained by its rough surface with a mastoid morphology and its
reasonable band gap structure. The former can reduce light reflection, in
favor of light absorption; and the latter can facilitate the separation of
photogenerated carriers and reduce the recombination of photoelec-
trons and holes. In order to account for the effect caused by changes in
band gap structure due to the composite of BiOBr with CupO, The
photoluminescence (PL) spectra of the pristine BiOBr and rCB-20 sam-
ples were measured using a photoluminescence spectrometer. The re-
sults are presented in Fig. 8a. It can be seen that the fluorescence
emission intensity of the rCB-20 is much lower than that of the pristine
BiOBr. Generally, high PL emission intensity implies a high recombi-
nation rate of photogenerated electrons and holes [53]. Obviously,
compared to the pristine BiOBr, the rCB-20 composite has a band gap
structure that is more favorable for photogenerated carrier separation.
Even so, the resistance of carrier migration also affects the separation
efficiency of electron-hole pair. Thus, EIS measurements were per-
formed to investigate the resistance of charge transfer in the materials.

(a)

Intensity (a.u.)

L} L} T
400 450 500

Wavelength (nm)

T
300 350

Applied Surface Science 609 (2023) 155247

In general, the arc radius of the Nyquist plot in EIS is proportional to the
interface electron transfer resistance [70]. As can be seen from Fig. 8b,
the rCB-20 composite shows the smallest arc radius compared to those of
the Cuy0, BiOBr and Cuz0/BiOBr, indicating that the rCB-20 composite
has the least interfacial charge transfer resistance. This is related to the
combination of CuyO and BiOBr on one hand, and the existence of rGO
on the other hand. The interface double electrical layer (heterojunction)
formed owing to the combination of CuzO and BiOBr can drive the
charge migration; whereas the existence of rGO can reduce the resis-
tance of electron transfer due to its very high conductivity (as illustrated
in Scheme S1).

The formation of interfacial double layer (heterojunction) plays an
important role in charge transfer in semiconductors. This means that an
electric field (E) is established in the space charge region near the
interface inside the composite material. The direction of electric field
can be determined by using KPFM. The results of KPFM measurement is
presented in Fig. 9. Thereinto, Fig. 9a is an intuitive image of the surface
photovoltage distribution of the rCB-20 composite under dark, and
Fig. 9b under visible light irradiation (A > 400 nm); whereas Fig. 9¢
shows the corresponding surface potential from location A to B in the
intuitive image. It can be seen from Fig. 9c that after suffered from
visible light irradiation the surface potential of location A (Cuz0)
decreased by approximately 8 mV, whereas location B (BiOBr) increased
by approximately 10 mV. This result demonstrates that the direction of
the electric field is from Cu,0 to BiOBr, consistent with the result of XPS
characterization. Therefore, the photogenerated electrons would trans-
fer from BiOBr to Cup0 under visible light irradiation. Whereas the rGO
acts as an electronic medium to improve electric conductivity [70,71].

Based on the above experimental results, a schematic diagram con-
cerning photocatalysis mechanism is proposed and illustrated in Fig. 10.
According to the mechanism diagram, the photocatalytic principle of the
rCB-20 composite catalyst can be clearly elucidated. Upon light irradi-
ation, electrons in the valence bands of CuyO and BiOBr are simulta-
neously photoexcited and transition to the conduction band, producing
photoelectrons and holes. The photoelectrons in the BiOBr CB would
transfer spontaneously into the VB of Cuz0 due to the driven role of self-
built electric field, making the charge of the photogenerated holes in the
Cuy0 VB be compensated. The electrons in the CupO CB migrate to the
surface through the medium role of rGO and are captured by Cr(VI),
leading to the reduction of Cr(VI). Whereas the hole charge in the VB of
BiOBr is compensated by the oxidation of water molecules in the solu-
tion. Such a photocatalytic process is called as “Z-scheme” mechanism,
and the rCB-20 composite as “Z-scheme” heterojunction photocatalyst.
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Fig. 8. (a) Photoluminescence spectra of the BiOBr and rCB-20 samples. (b) EIS of the Cu,0, BiOBr, Cu;O/BiOBr and rCB-20 samples.
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Fig. 10. Schematic diagram of the photocatalysis mechanism of the rCB com-
posite catalyst.

4. Conclusions

A series of CupO/rGO/BiOBr “Z-scheme” composite materials (rCBs)
were prepared. They displayed much better photocatalytic performance
than the individual Cuy0 or BiOBr for reducing Cr(VI) in an acid solution
under visible light irradiation, and the optimal amount of Cuz0 was 20%
(rCB-20). Even in a neutral media, the rCB-20 photocatalyst can also

completely remove Cr(VI) within 90 min. Suitable band structure
matching between Cuy0 and BiOBr and formation of Z-scheme hetero-
junction favor the transfer and separation of photogenerated carriers,
and meanwhile favor enhancing the redox capacity of photocatalyst.
This work provides a facile and feasible approach to construct new
visible-light-responsive photocatalysts.
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