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Abstract:

The combination of Surface Plasmon Resonance (SPR) effect with hetero-p-n structure has shown
promising benefits to photocatalytic activity of catalysts. In this study, Au nanoparticles doped p-
n hetero-structured Co3z04/Bi2M0Os composites were synthesized and subjected to photocatalytic
and photocurrent tests using visible light irradiation. The synthesized Au/Co0304/Bi2MoOg
efficiently removed 97.2 % of Methyl orange within 60 min, showing very good photocatalytic
stability through leaching test. Colorless pollutant phenol degradation test verified the excellent
photocatalytic activity of Au/Co3;04/BizM0QOs. Possible influential factors such as electron
transition, charge transfer, energy band gap, DOS, polarizability, SPR effect, oxygen vacancies
and anisotropy permittivity were investigated through DFT, XPS, EPR, Z-scan, UV-visible spectra,
ellipsometer spectroscopy and Mott-Schottky analysis. A reasonable degradation mechanism and
possible pathway for Methyl orange were proposed based on the experimental results and DFT
calculations. The doped Co304 provided active 3d electrons transition and charge transfer which
increased carriers’ concentration and reduced the energy band gap, while the Au SPR enhanced
internal polarization and strengthened the built-in electric field, yielding strong driving force for
photo-generated electrons-holes pairs separation and consumption. In addition, magnetic Co304
endowed sample with room-temperature ferromagnetism which was obviously strengthened by
Au NPs. The magnetism of sample was beneficial for separation and recovery in photocatalytic
practical applications.
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Introduction

Novel functionalized perovskite photocatalytic materials with high photocatalytic activity are
currently desired [1]. Aurivillius-phase perovskite BiaMoOgs (BMO) has unique MoO4? - [Bi202]**
layered structure and can exhibit O 2p and Bi 6s hybrid orbitals. These features have endowed
BMO high oxidative activity, large charge-carrier mobility and importantly relatively narrow and
promising band gap energy (2.4-2.9 eV) for photocatalytic application [1 - 4].

Due to the layered structure of BMO, various p-n heterojunctions [3-8] have been constructed to
improve photocatalytic performance. Such as BixMoOs/CuBi2Os heterojunctions [3],



CdS/BixMo0O¢/BiOBr [6], Bi2Sn207/BiaMoOs [7] and Ta3zNs/BioMoOs [8]. Among p-type
semiconductors, thanks to its high stability and strong light adsorption, Co304 doped Co304/CdS
[9], Bi2Mo0Og [10] have exhibited improved photo-electrochemical and photocatalytic behavior
because the Co?" and Co’" ions in Co3O4 offered good to charge carriers and electron transition.
In addition, the Co030s4 could help to form oxygen vacancies and good to photocatalytic
performance [11].

In addition, BMO has an internal electric field induced by non-uniform charge distribution
between layers. And this field favors the photo-generated e /h* pairs separation [12]. However, the
photo-induced e/h" pair generation, separation, and consumption still are not ideal for advanced
photocatalytic requirements. Recently, researchers have found that the noble metal was effective
for photocatalytic experiments [12, 13]. On one hand, noble metal acts as efficient electron trap
and capture photo-generated electrons due to Schottky barriers, facilitating the e™-h" pair separation
[11]. On the other hand, under visible light irradiation, electrons on noble metal surface undergo
collective oscillation, featuring with a strong (SPR) effect which significantly prevent e /h" pairs
recombination [11-13]. Therefore, noble metal not only increases the photo-absorption, charge
transfer/separation, but also promote charge consumption [ 13].

Another attempt is to couple optical nonlinearities with photo-catalyst in one system. The
combination of nonlinear/photocatalytic mechanisms [14] will arouse interesting features to both
properties. The first study on photocatalytic and nonlinear behavior in BMO/PANI [14] and in
ternary Bi202COs/polypyrrole/g-C3N4 composites revealed promising photocurrent density and
photocatalytic activity. The mechanism was not clear but probably due to the high polarizability
of materials [15]. Hence, further relative investigations are necessary. At the same time, the fast
development of laser technology demands materials having good nonlinearity [16]. The quantum
and dielectric confinement effects in semiconductors are attractive to obtain high nonlinear

property.

In addition, Au/Co304/Bi2M0Os has another functionalized property, that is the magnetization.
The highly anisotropic layered BMO structure having Bi** 6s? lone pairs and distorted MnOs
octahedral unit can yield highly anisotropic magnetic properties and ferroelectric polarization [17,
18]. Generally, it is difficult to separate the recovery the photo-catalysts during synthesis and
practical application. For example, attempt to dope ZnFe>Os4 into BixMoOg to improve
magnetically separation of phosphors [19]. The magnetic property can provide easy pathway for
sample separation and recovery. Magnetic Co ions can compensate the nonmagnetic Mo®" cations,
strengthen the conjunction with the 6s? lone pairs of Bi*" and present stronger magnetic behavior.

In this work, we propose to couple the layered BMO with Co304 and Au nanoparticle (NPs) to
form Au/Co0304/BizM0QOs composites. This objective of this study is to utilize CozO4 to provide
more charge carriers and room-temperature ferromagnetism. At the same time, we utilize the high
polarizability and SPR effect of Au to enhance the photocatalytic efficiency and sample separation.
The possible mechanism behind nonlinearity, photocatalysis and magnetism were thoroughly
studied using various techniques and DFT simulations.



2. Experiments
2.1 Synthesis of C0304/Bi2M0QOs composites

BixMoOs was hydrothermally synthesized wusing 0.05 mol Bi(NOs3)3-5H20, 0.05 mol
Na;Mo04-2H>0 and 0.26 g CTAB as precursors. After thoroughly dissolving in 30 ml ethylene
glycol (EG) and 30 min- magnetic stirring, we obtained the transparent solution. Then the solution
was heated to 160 °C for 12 hours and let the solution to naturally cool down to room temperature.
Finally, we washed the solution with DI water and ethanol for several times to remove impurities,
dried the products (BMO) at 80 °C for 6 hours. Subsequently, we ultrasonically dispersed BMO
powder into 50 ml anhydrous ethanol to form BMO suspension, then we successively added
Co(NO3)2:6H2,0 and NH4HCOs; into suspension followed with stirring for 6 hours at room
temperature, finally the precipitate was collected and calcined in air at 400 °C for 2 hours to form
C0304/Bi2M00¢ composite.

2.2 Synthesis of Au/C0304/Bi2Mo0QOs composites

The Au/Co304/Bi2MoQOs catalysts were prepared by chemical reduction process. We dispersed
0.80 g Co304/BMO powder in 20 ml DI water to form suspension, and slowly dropwise added 5
ml 0.01 mol/l HAuCls -4H>0 and 5 ml 0.01 mol/l lysine (capping agent) into the suspension under
stirring, the pH was adjusted to 5.5 through using NaOH (0.1 mol/l) solution. After ultra-sonicating
the suspension for 20 seconds, we injected 5.3 ml 0.1 mol/l NaBH4 to reduce the Au’** to colloids
AU®. In the following time, we centrifugally washed the suspension with DI water for several times
and then calcined the products at 250 °C for 2 hours to decompose residual lysine and NaBHa4.
Bi2Mo0Os, C0304/BiaM00s and Au/Co304/Bi2MoOs samples were labelled as BMO, CBMO and
CBMOA, respectively in this paper. In order to give a comparison, CBMO doped with various Au
content of 0.1,0.2,0.3,0.4 and 0.5 mol% were synthesized as well.

2.3 Characterization, modeling and calculations

The structure of samples was examined by X-ray diffraction (XRD) using monochromatic Cu Ka
radiation (A= 1.5404 A), Raman and FT-IR spectra. The morphology, composition, specific surface
and pore volume were analyzed by Scanning electron microscopic (SEM), Transition electron
microscopy ( TEM), energy dispersive spectrum (EDX), and Brunauer—Emmett-Teller (BET),
respectively. The optical absorption and degradation of organic pollutants were recorded on a Cary
5000 UV-visible-near-infrared spectroscopy (UV-Vis). X-ray photoelectron spectroscopy (XPS)
was recorded using monochromatic Al Ka radiation to provide informaiton about chemical
valences of Co, Au etc. All binding energies were calibrated using the C 1s peak at 284.8 eV of
carbon.

The nonlinear absorption coefficient was investigated using Z-scan technique, using linearly
polarized 4 ns pulsed Nd:YAG laser of 532 nm with a repetition rate of 2 Hz. Samples were
dispersed in dimethylsulfoxide (DMSO) in a quartz cell of 2 mm thickness at the same
concentration. The magnetic properties were evaluated using vibration sample magnetometer
(VSM) and X-band electron paramagnetic resonance (EPR). Signals of active radicals trapped by



5,5-dimethyl-pyridine-N-oxide (DMPO) were collected at 77 K under the 781 W power and 9.604
GHz microwave frequency.

Photocatalytic performance was measured on both Methly orange and colorless pollutant using a
500 W/m? Xe lamp as the visible light source. Co3Os and Au/Co304 also were synthesized and
used as reference to CBMOA. We also did the dark experiments to extract the influence of
adsorption of materials. Photocurrent density and electrochemical impedance spectra (EIS) were
conducted using an electrochemical analyzer through a standard three-electrode configuration.
Silver wire and saturated calomel electrodes were used as the counter and reference electrodes,
respectively.

Modeling of crystal structure (Fig.1) and energy band gap of samples was simulated and calculated
based on density functional theory (DFT). All calculations were based on plane wave pseudo-
potential method using the Cambridge Serial Total Energy Package (CASTEP) code. Energy band
structure and density of states were simulated and calculated using DFT plane-wave
pseudopotential method, which can be performed to the first-principles quantum mechanics.
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3. Results and Discussions
3.1 Morphology, structure and chemical valence states

The morphology and microstructure of the BMO, CBMO and CBMOA are shown in Fig.2.
Around 3 pm- hierarchical micro-sphere BMO was composed of a large amount of aggregated 50
nm- sheets. Fig.2c and 2d reveal that Co3O4 doping did not change the original structure of BMO.
But small pieces were observed on surface, indicating a hetero-structure formed between Co304



and Bi:MoOQeg. In Fig. 2e and 2f, CBMOA presented very similar morphology to BMO, however
with some spherical clusters on the surface.

TEM analysis in Fig.3a-3c¢ confirms the hierarchical structure of BMO microspheres, and the
lattice spacing is of 0.314 nm, corresponding to the (131) crystal plane [20]. In Figs.3d - 3f, CBMO
also displays hetero-structure but with lattice spacing of 0.145 nm and 0.315 nm, respectively,
corresponding to crystal plane of (440) and (131) of Co304 ad BMO [8]. For CBMOA in Figs.3h
- 3j, we can clearly see that Au NPs and Co30O4 were located on the surface of BMO, and lattice
fringe spacing was 0.226 nm and 0.244 nm, matching well to the crystal plane of (111) of Au and

X

Fig.2- SEM images of as-prepared BMO (a, b), CBMO (c, ) aindi CMBOA (e, ) smples.



Fig.3- TEM images of BMO (a-c), CBMO (d-f) and CBMOA (h-j) samples, the amplified lattice
spacing was put as inset.

The nitrogen adsorption/desorption isotherm curves of BMO, CBMO and CBMOA are shown in
Fig.4a, 4b and 4c, respectively. Obviously, all samples belong to the type IV behavior [20].
However, slight differences of hysteresis loops still existed. BMO displays two hysteresis loops
between 0.4 - 0.7 and 0.8 - 1.0 P/Po due to finer intra-aggregated pore [21, 22]. While the CBMO
exhibits relative weak hysteresis loop at 0.4- 0.7 P/Po. The CBMOA has no hysteresis loop at all
in the same range. The specific surface area has been calculated. Compared with the value of BMO
(30.60 m?/g), the specific surface area values of CBMO and CBMOA apparently are much higher,
i.e. 42.82 m%/g and 83.64 m?/g, respectively. Meanwhile, the pore volume values of CBMO and
CBMOA increased from 0.13 cm?/g (BMO) to 0.16 cm?/g and 0.17 cm?/g, respectively, indicating
a stronger capability to contact with pollutants [23].
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Fig.4- Nitrogen absorption—desorption isotherms and pore volume of BMO (a, b), CBMO (c, d)
and CBMOA (e, f) samples, respectively.



EDX analysis of samples is shown in Fig.5. In Fig.5a, 5b and 5S¢, elements of Bi, Mo, O and Co
and Au have been detected, and their atomic percentages agree well with the original stoichiometry
compositions of BixMoQOg, Coo.sBi1.5sM0Os and Aug3/Coo.5Bi1.sM0QOs. The appearance of Co and
Au elements evidenced that the Co30O4 and Au has entered into BMO lattice. In order to check the
distribution of each element, the element mapping of CBMOA is shown in Fig.5. We notice that
the O, Bi, Mo, Au and Co elements are well distributed in the region, confirming once again the
coexistence of Au and Co304 in Bi2MoQOgs. The light color of Co and Au indicates the relative
smaller content in this composite.

a) . : b) ) ) c) :
Bi Element Atomic% Element Atomic% Bi
(6] 73.96 (0] 75.84 Element Atom%
~ Mo 6.12 = Bi Mo 5.12 — (0] 73.22
] BMO Bi 1992 21 CBMO Bi 1622 | T CBMOA Mo 506
:>~‘ Total 100.00 g Co 3.36 E A Bi 16.15
Z 'z Total  100.00 R u Co 332
3 5 12 ;
2 2 2 Mof| A 225
- Total 100.00
Bi
1 2 3 4 5 1 5 3 4 5 0 1 2 3 4 5
Binding energy (KeV) Binding energy (KeV) Binding energy (KeV)

Fig. 5- SEM-EDS analysis of BMO (a), CBMO (b) and CBMOA (c), and elemental mapping
images of Bi, Mo, O, Co and Au in CBMOA.

The XRD patterns of samples are shown in Fig.6a and 6b. Sharp and strong diffraction peaks at
20=128.2°,32.3°,46.9 °, 55.4 ° and 58.6 ° were observed in BioM0Ogs. These peaks were indexed
to the (131), (022), (151), (260), (133) and (262) crystal planes of pure orthorhombic BioMo0Os
[24]. The calculated cell parameters (a = 5.51 A, b = 16.21 A, and ¢ = 5.49 A) are in good



agreement with those of JCPDS No. 21-0102 [25]. CBMO and CBMOA showed almost the same
XRD pattern and the characteristic peaks of Co3O4 were not detected. The lattice parameters of
CBMOA (a=5.511 A,b=16.223 A, ¢ =5.49 A) are very close to that of BMO, indicating that the
doping of C0304 and Au did not significantly alter the structure. Diffraction peaks of CMBOA at
38.2 ° and 44.5 ° were indexed to be the (111) and (200) planes of cubic Au [ 14]. From Fig.6b, we
notice the (131) peak slightly shifted to larger angle side due to the introduction of Co30O4 and Au.

The structure was further investigated by Raman spectroscopy as shown in Fig. 6¢. Similar to
literature [25], the pure BMO in this study exhibited characteristic bands at 140, 197, 284, 323,
351, 716, 799 and 842 cm™'. Due to lattice and E; bending modes, the Bi*" vibration appeared at
140, 197 and 284 cm™'. The E, symmetric bending and asymmetric stretching vibration of MoOs
octahedrons were seen at 323, 351,398 cm™ and 712 cm™! respectively. The most intense vibrations
at 793 cm’! and 840 cm™! stand for the strong 4/, and A2, symmetric and asymmetric stretching of
MoOgs octahedrons [27], respectively.
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Fig.6- XRD (a, b), Raman (c) and FT-IR (d) spectra of samples

Compared to BMO, the CBMO exhibited a modification on structure as shown in Fig.6c. Co304
has tetrahedral Co*" (3d’) and octahedral Co®" (3d6) two spinel configurations, and therefore
C0304 presents “Fd3m” symmetry [28]: I'= Aig (R) + Eg (R) +F1g (IN)+3F2¢ (R)+2A2, (IN) +2E,



(IN)+4F 14 (IR)+2F2, (IN), where (R), (IR), and (IN) represent Raman active vibrations, infrared-
active vibrations, and inactive modes, respectively [28]. In this study, CBMOA and CBMO
exhibited four characteristic Co304 Raman bands at 482.2, 521.6, 618.8 and 670 cm™'. These bands
were indexed as the Eg, F2,, Fag and A;g vibration modes of Co*" ions, respectively. Interestingly,
Raman intensity of CBMOA was significant higher than that of CBMO and BMO. And this most
likely was due to surface enhanced Raman scattering effect from Au SPR [29].
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The vibration modes of samples were verified by FT-IR spectra in Fig.6d. All samples had high
transmittance in wavenumber > 1000 cm™. BMO in this study exhibited 7 absorption bands, among
which the bands at 1385 cm™ and 934 cm™ were due to the bending vibration of adsorbed water
and C-H bonds from organic solution (i.e. EG), respectively [27]. The asymmetric and symmetric
stretching modes of MoOg can be seen at 843 and 796.3 cm’!, respectively. The asymmetric
stretching and bending vibration of MoOs appeared at 734 and 570 cm ™! [30], and at 442 cm ™' we
notice the bending vibrations of BiOg [27]. Obviously, like Raman bands, the band intensities of
CMBOA were remarkably stronger than others due to the SPR effect. An extra band at 668 cm’!
presented in CBMO and CBMOA due to the Fj, vibration mode of Co304. Usually Co-O
stretching and O—Co—O bond bridging vibration of Co304 displays significant absorption at 567
and 661 cm ' [31]. In this study, the band at 567 cm™! was overlapped by strong band at 570 cm™,
while the band at 661 cm™ shifted to 668 cm™ due to the interaction with MoOg which was
confirmed by the slight shifts of wavenumber 570 and 442 cm’!.

XPS analysis in Fig.7 can further verify the chemical valance states of Au and Co in samples. The
XPS survey spectra in Fig.7a witness the presence of Bi, Mo, O, Co and Au elements, revealing
the successful introduction of Co304 and Au to BMO. From Fig.7b, the characteristic peaks of
Mo®" centered at 232.2 and 235.8 eV shifted to higher energy side after doping of Co304 and Au
[23].

The core-level energy of Bi4f of samples are shown in Fig.7c and 7d (deconvolution). A doublet
of Bi 4f7/2 and Bi 4f5/2 around 162.5 and 167.8 eV verified the Bi*" valence state. However,
similar to that of Mo3d, compared with BMO, the binding energy of Bi4f of CBMO and CBMOA
slightly shifted to longer binding energy side as well. This result indicated that the incorporation
of Co ions and Au influenced the Mo3d and Bi4f through forming oxygen vacancies (OVs) [32].

The comparison of Co2p XPS spectra are shown in Fig.7e and the deconvolution of Co2p of
CBMOA is shown in Fig.7f. We notice that two main peaks around 795 and 780 eV are
corresponding to the Co2pl/2 and 2p3/2, respectively. Through the observation, we found the
binding energy of Co2p did not shifted after Au doping, revealing the reduction process did not
greatly influence the chemical state of Co ions. The deconvolution of Co2p of CBMOA in Fig.7f
displays 6 peaks involving two spin—orbit doublets and two satellites. Such feature indicates the
coexistence of Co*" and Co** whose ratio (Co®": Co?") was calculated to be 1.998, very close to
the theoretical ratio of Co®": Co?" in Co304. Fig.7g shows the binding energy of Au4fin CBMOA
and deconvolution curves. The fitted two peaks at 83.6 eV and 87.2 eV correspond to Au4f5/2 and
417/2 of metallic Au, respectively [34].

To further study the formation of OV and changes of oxygen species, Ols binding energy of three
samples is shown in Fig.7h. Apparently, the Ols peak shifted to higher binding energy side after
the introduction of Co-O bonds in BMO. On the other hand, O1s peak of BMO is symmetric, while
that of CBMO and CBMOA are asymmetric, indicating the production of oxygen defects or
vacancies. From the deconvolution of O1s of CBMOA, 6 peaks corresponding to the lattice oxygen
of Bi-O, Co**~0, Co**~0, Mo-O and O-H bonds were observed at 529.4, 530, 531.1, 532 and
533.1 eV, respectively. This observation not only indicated that the successful incorporation of
C0304, but also verified the production of OVs in CMBOA sample. And the OVs are helpful to
photo-catalysis activities.



3.2 Photocatalytic activity

The optical absorption spectrum of MO shown in Fig.8a presents distinctly reduction of intensity
in the order of CBM>CBMO>CBMOA than that in dark. For the same irradiation time period,
CBMOA exhibited apparently lower absorption intensity of MO, suggesting that the MO was
almost totally decomposed after irradiation 1 hour. The much superior photocatalytic activity of
CBMOA may be attributed to the synergistic effect from both Au SPR and Co304. Such synergistic
effect not only improved the visible light response ability, but also combined the strong SPR effect
with active electron transition and charge transfer from Co304, promoting the efficient separation
of photo-generated electron-hole pairs. In order to further verify the photocatalytic activity, CBMO
doped with different Au contents from 0.1 to 0.5 mol% were subjected to photo-degradation test.
As shown in Fig.8a and 8c, the photo-degradation of MO increased with the Au content. We also
performed the photocatalytic activity test of Co3O4and Au&Co304 to compare with other samples.
As shown in Fig.8a, the degradation activity of Co3Os was smaller than CBMO and Au&Co30s4,
and the CBMOA presented the best performance. This result revealed that the Co ions and Au
have provided easy and efficient pathway to deliver electrons for photo-catalysis.

MO concentration as a function of irradiation time was shown in Fig.8b and 8c. The photo-
degradation efficiency (I]1%) of MO was estimated using Eq. (1)

CO -
n= x 100% (1)
Co

Where Cy refers to the original concentration (20 mg/l), C is the concentration after visible light
irradiation. Obviously, BMO, CBMO and CBMOA has decomposed about 22 %, 48 % and even
97.2 % of MO, respectively. The kinetic behaviors were investigated through plotting In(Co/C) as
function of irradiation time and shown in Fig.8d. Clearly, all of them fit well with the pseudo-first-
order kinetics model [35]: In(Co/C) = kapp.t, where kapp denotes the apparent rate constant and ¢ is
irradiation time. Fig.8d reveals an almost linear fitting to data for all samples, indicating they
followed the pseudo-first-order kinetics mode. Particularly, CBMOA exhibited the highest kapp
value of 13510 min’!, which is 5.86 times higher than that of pure BMO. Au NPs and Co ions
in CBMOA worked as electrons-captor, and the large specific surface area provided more active
sites which efficiently prevented the recombination of e /h".

Photocatalytic stability in Fig.8e illustrates a very slight decrease of photocatalytic performance
after 5 cycles and the XRD patterns of CBMOA after 5 cycles were almost the same to original
one. These results indicated that the CBMOA was quite stable and reusable photocatalyst to
degrade organic pollutants in practical applications.

Considering the possible photosensitivity of MO, a colorless pollutant (phenol) was used to further
assess the actual photocatalytic activity of present samples, in order to exclude the possible
contribution of photosensitization to photocatalytic activity. Fig.9 displays the photocatalytic
degradation and change of concentration of phenol irradiated by 269 nm. For the performance of
BMO, we notice the phenol has high absorption at 260-280 nm range after irradiated for 1 hour,
then the intensity decreased after 3 hours’ irradiation. Under the same irradiation time period,
CMBO exhibited stronger but CMBOA the strongest degradation behaviors on phenol. The
concentration changes of phenol in Fig.9b show a similar photocatalytic behavior to that of MO,
confirming the good photocatalytic activity of CMBOA.



a) 14 original original original Original
30min 30min 30min Corn 0254
12 fimin 45t s5nin =
min 60min 60min CBMOA 0.5%Au
© 10 1
Q
E
£ 84
o
B
< ©1
4
CBMOA \
) \
CBMO A =2/ \
0 \ N\ A\
400 500 400 500 400 500 400 500 400 500
Wavelength (nm)
1.0 1
0.8
S S 061
5 :
~ ¢ Dark
041 % 0.1%Au
¢ 0.2%Au
024 %0.3%Au C)
CBMOX”“' 72 0.4%Au
0,
00 ~ 00 770.5%Au
T 1 1 | L ] L 1 b T T T L T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
5
aqg’
—~ 3 1
Q =3
= o}
] Q
E 2- ©
14
s - BMO
0 i & W N M . 50 100 150 200 250 300
Time (min) Time (min)

Fig.8- Degradation of MO (a), C/Co and In(Co/C) versus time curves (b, c and e) and
photocatalytic stability (e) of samples
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3.3 Photo-generated carrier behavior and thermal stability

To further evaluate the generation and transfer of photo-induced charge carriers, we conducted the
photocurrent response and electrochemical impedance spectroscopy (EIS). Fig.10a reveals the
CBMOA has much higher photocurrent density, i.e., 2.7 folds larger than pure BMO, revealing
the Co304 and Au positively functioned for photocatalytic activity. The EIS test in Fig.8b displays
the typical EIS Nyquist plots of samples: a semicircle over high frequency range followed by a
linear part in low frequency range. And it is well known that a smaller the arc radius represents a
lower electric charge transfer resistance and a faster electron transfer rate [36]. The significantly
smaller arc radius of CBMOA than that of CBMO and BMO implied a stronger e/h" separation
and transfer ability.

A resistance-constant phase element (CPE) series equivalent electrical circuit model was applied
to simulate the EIS results (inset of Fig.8b). The circuit was consisting of solution resistance (R1),
interfacial resistance between semiconductor electrode and electrolyte (R2), and constant phase
element (CPE). The computed parameters are listed in Table 1.
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Table 1- Calculation results of equivalent circuit parameters from the fitted impedance spectra

Materials R1(Q) R2 (Q) CPE
(10°F cm™)
BMO 36.3 132.4 8.9
CBMO 23.4 122.8 11.5
CBMOA 8.6 84.6 28.6

The leaching test after 30 min of reaction was performed in order to further explore the stability
of CBMOA. The leaching of Co, Au, Bi and Mo ions in the reaction solution was determined using
ICP-OES as shown in Fig.10c. We found that as the photocatalytic process progressed, some Co,
Bi and Mo ions leached from the CBMOA. However, Au ions were not detected. After 30 min,
the maximum leaching concentrations of Co, Bi and Mo ions in the solution were 0.25, 0.16 and
0.1 mg/l, respectively. These values were much less than the standard level (0.5 mg/l) and also
confirmed the good stability of CBMOA. In addition, the XRD pattern of CBMOA after



degradation is shown in Fig.10d. After comparing with the original XRD pattern of CBMOA, we
notice that no detectable crystal peaks appeared, confirming the good stability of CBMOA.

Table 1 shows an apparent decrease of R1, R2 and an increase of CPE value on the contrary. This
result suggests a faster charge transport /transfer at the interface of semiconductor and electrolyte,
which efficiently restrained the charge recombination. In this study, the reason and mechanism
behind the significantly photocatalytic activity of CBMOA were investigated from the point of
view of optical absorption/energy band gap/SPR, DFT simulation, influence of nonlinearity and
EPR OVs analysis.

3.4 Influence of optical absorption, SPR, energy band gap and DOS

Optical absorption, energy band gap and SPR effect were firstly investigated in Fig.11. Clearly,
BMO exhibited a steep absorption edge at 448 nm, indicating that absorption was not originated
the transition from impurity level but intrinsic band gap transition [24]. Using the Tauc’ plot in Eq.
(2) in Fig.11b, the indirect band gap of BMO was calculated to be 2.77 eV which is close to the
value of 2.4-2.9 eV from literatures [2].

A= [k(hvh;Eg)i] 2)

Where 4 is optical absorption, k is constant = al/4x, h is Planck’s constant (6.626176 x 10734 Js),
v is light frequency, n = 1 for direct electronic transition. a is optical absorption coefficient.

As shown in Fig.11a, the visible light absorption of CBMO was significantly enhanced which
favors photocatalysis activity. Also the absorption edge was not as steep as that of BMO and red
shifted, demonstrating the influence of Co304. CBMO exhibited an extra broad absorption peak
centered at 700 nm due to the d-d spin and electron-dipole allowed “A>(4F) 2*T;(4F) transitions
of tetrahedral Co?" crystal symmetry [32]. The most likely reason for the obvious broadening of
this band was the overlapping with the 7>, 2 E transition of Co®" ions. Another °E =’ T> transition
of Co®" ions at 430 nm was completely covered by the strong absorption edge of CBMO in the
same spectra range.
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Fig.11- Optical absorption spectra (a) and Tauc’s plot (b) samples



From Fig.11a, among the absorption edges of three samples, the absorption edge of CBMOA
shifted to the longest wavelength, and not as steep as that of CBMO and BMO. In addition,
CBMOA presents the strongest visible light absorpiton with an intense SPR peak of Au NPs at
580-600 nm [13]. The greatly enhanced absorpiton in the visible region are plausible for
photocatalysis reaction. Another important feature of CBMOA is the apparently enhanced
“A(4F) 2*T1(4F) transitions of Co*" ions around 700 nm wavelength, which is much stronger than
CBMO, verifying that the oscillation of electrons of Au SPR effect produced a strong electric field
inside CBMOA and accelerated the electron transition of Co?" ions. These promising features
contributed to the excellent separation of photoexcited e/h" pairs.

The calculated band-gap energies (Eg) of CBMOA (2.12 e¢V) was much smaller than BMO and
CBMO. All these positive factors endowed CBMOA a large harvesting capability of visible light
and more actived photocatalysis capability.

3.5 DFT simulated electron structure and DOS

The electron structure and density of states (DOS) were further simulated using DFT method to
determine the contribution of the atomic orbitals to the electronic structure. As shown in Fig.12a,
12b and 12c, the simulated E is 2.72 eV, 1.84 ¢V and 2.12 eV for BMO, CBMO and CBMOA,
respectively. The DOS provided the probably contribution from element orbits to E.

From Fig.12d, one can see that the valence band and conduction band are composed of the hybrid
orbital of O2p, Bi6s and Mo4d orbitals. All of them have contributed to the visible light absorption
[38]. Among these orbitals, oxygen atoms with O2p orbital are the main contribution to states
below the Fermi energy, while the minimum of conduction states (from 0.0 to 5.0 eV) dominantly
relied on the contributions of [Mo]4d and [O]2p orbitals [37]. The electron numbers near the Fermi
energy reached to 27 eV.

In Fig.12e, we notice that an obvious new sharp and intense Co3d orbital gave a much bigger
contribution to the valence band states of CBMO than that of O2p, Bi6s and Mo4d orbitals. The
conduction band state of CBMO came mainly from O2p orbital which provided significantly sharp
and intense peaks. Fig.8e revealed that the introduction of Co304 decreased the E, and increased
the electron numbers near Fermi energy to 38 eV which is promising for photo-catalyst activity.
On the other hand, the significantly intense peak of O2p also implied the formation of OVs with
defect level which might favor the electron excitation and e /h" separation in CBMO.

The DOS of CBMOA in Fig.12f displays the best photocatalysis behavior among three samples.
Firstly, the significant oscillation of electrons on surface of Au NPs gave strong peaks which
increased the electron numbers to 70 eV which is double higher than that of pure BMO. Secondly,
the SPR effect on Au surface enhanced the activation of O2p and Co3d electrons, which gave
important contribution to the decrease of energy band and photo-catalysis reaction. Finally,
appearance of Bi6p orbital in CBMOA confirmed once again the formation of OVs which
benefited to the photo-excited e /h" separation in CBMOA.

Through the electron structure and DOS results of BMO and CBMOA, it can be concluded that
their main differences are the three peaks (Au, Co3d and O2p orbitals) around the Fermi energy
level in DOS which remarkably activated the interactions between O atoms with surrounding Co
and Au atom.
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Normalized Transmittance

3.6 Influence of nonlinear absorption

Efficient electron transition and charge transfer of CBMOA is advantageous for optical limiting
applications. Possible mutual influence between nonlinearity to photocatalytic activity was
investigate using Z-scan technique. Fig.13a displays the open aperture Z-scan of three samples. It
is evident that CBMOA displayed a much deeper valley and positive nonlinear absorption of
incident light with a typical absorption saturation, indicating a superior optical limiting behavior
[14-16]. As a comparison, CBMO displayed much weaker nonlinearity while pure BMO almost
no obvious signal. This observation suggested the strengthening of third-order nonlinearity mainly
ascribed to the Au NPs. The closed-aperture Z-scan curves in Fig.13b illustrates a positive
nonlinearity and self-focusing behavior of three samples.

We have obtained the value of nonlinear absorption coefficients a3 through fitting the normalized
transmittance curve of closed-aperture Z scan according to expression in Eq. (3), the power density
used here was Iy = 0.90 GW/cm?.

ATOA = 1 + 2 (3)

asly’L
2
1+(%5) |

where To4 represents the normalized transmittance difference between peak and valley, a3 stands
for the nonlinear absorption coefficient, /yis the peak intensity at the focus (z=0), L is the thickness
(1.5 mm) of cuvette. We notice that a much stronger nonlinear absorption coefficient was obtained
for CBMOA (Table 2) due to hetero-structure with diverse chemical compositions.

3
3/2

0.85- 1.24

—©- CBMO

Normalized Transmittance
(]

o CBMOA | E ] —5-BMO
0.557 0.6- —8— CBMO
] —F— CBMOA
04042 0.41 b)
4 3 2 41 0 1 2 3 4 3 2 1 0o 1 2 3

Fig.13- Open-aperture (a) and closed-aperture (b) Z-scan curves of samples.

It is well known that the nonlinearity originates from the non-centrosymmetric structure of material
[14]. In this study, the doping of highly polarized Au NPs increased the polarizability of CBMOA,
and thus seriously broke the Centro-symmetry of structure. From previous DFT and DOS studies,
we have known that the introduction of Co3O4 has greatly increased the electron transitions and
charge transfer, therefore, the increase of polarizability efficiently paved an easy pathway for these



electron transitions and charge transfer, resulting in the final improvement of photocatalytic
performance. The nonlinearity study promotes us to conclude that, the doping of Au greatly
increased the disorder and polarizability of structure, which not only good to nonlinear optical
properties, but also significantly benefit to superior photocatalytic activities.

3.7 EPR spin trapping of active radicals and OVs

The active-species trapping experiments are important and are reported in Fig.14 to reveal the
main radicals responsible for pollutant degradation and reasons behind high photocatalytic activity
of CBMOA. In this study, through the trapping test, the main radicals responsible for pollutant
degradation were mainly the .OH, O2" and OVs. The spin trapping agent DMPO and photo-
generated holes produced the radical cation DMPO', which subsequently reacted with water
molecules and formed spin-adduct DMPO-*OH [39]. However, it is obvious that the radical signals
were very weak in dark. From Fig.14a, typical four-line EPR signals with an intensity ratio of
1:2:2:1, assigned to characteristic peaks of DMPO-+OH spin-adduct (spin Hamiltonian parameters
g = 2.0057), were generated in all samples after irradiation [36]. However, CBMOA displayed
distinct higher signal intensity, implying Co species and Au remarkably accelerated the ability to
producing *OH radicals. Fig.14b shows the EPR spin trapping signal of superoxide radical DMPO-
«O%. After visible light irradiation, electrons on the conduction band (CB) of BMO (-0.38 V)
reduced Oz to O27 (-0.046 V for O2/O>” potential), and presented characteristic quartet peaks of
DMPO.Oy adduct (g=2.009) with intensities of 1:1:1:1, due to the hyperfine coupling of
superoxide ion with /=5/2 spin of the 7O nucleus [40]. From Fig.10b, CBMOA presented the
strongest DMPO.O> signals for the same reason. The greatly enhanced radical signals explained
the reason for high photocatalytic activity of CBMOA in Fig.7 and Fig.8.

Besides Oz~ and *OH radicals, the OVs also played important role for photo-degradation reaction.
To further verity the formation of OVs and monitor the behaviors of OVs, EPR spectra of three
samples were conducted and shown in Fig.14c. It is known that Co has /=7/2 which gives rise to
a hyperfine patter when we apply the magnetic field. Among Co ions, diamagnetic Co®" ions from
Co0304 (3d° configuration) are EPR silent, while Co?" (3d’ configuration) ions are EPR active.
Moreover, EPR study mainly demonstrates the information of Co?* ions. Generally, the spectra of
tetrahedral coordinated Co?" are composed of one dominant sharp peak and one weaker but
relatively broad peak [35]. Also the EPR signal of Co?" strongly depends on concentration, spin
states and coordination environment. In this study, the BMO showed a weak EPR signal at g =
2.001 due to the formation of OVs. Similar EPR signals were reported for pure BMO at g= 1.991
- 2.004, depending on the synthesis conditions and number of OVs. No other EPR resonance signal
in the magnetic field was detected in BMO.



a) i [ pmPo- «oH b) N | I || DMPO- +0;
| I I\ | -
I/l ||

|
/I CBMOA AWk /| |
48 I O T B (R ) CMBOA
N ‘ 253
|
|

N 7l i st
/ | o
\ /) I /

\[ |/
|\ |

|
[

> l | [ Py -
|

|
{
i
}
b |
\

:’ "
vV |

CBMO
BMO

CBMOA (dark) MA dark)

318 320 322 324 326 328 318 320 322 324 326 328
Magnetic field (mT) Magnetic field (mT)

Intensity (a.u.)
\
@)
w
<
(@)
Intensity (a.u.)

C) 517

Intensity (a.u.)

1 ]
300 400 500 600
Magnetic field (mT)

Fig.14- EPR DMPO-0O;" (a), DMPO-.OH (b) and EPR spectra (c) of samples.

Contrary to BMO, CBMO (CBMOA) exhibited an obvious axial-type EPR signal of Co?" spin
centered around g=5, which consisted of one much stronger peak at g=5.11 (5.17) and another
weaker one at g=4.02 (3.9). This confirmed the Co?" ions existed as extra active species to

photocatalytic performance [40].

There are two distinct features can be noticed from Fig.14c. Firstly, the intensity of EPR of
CBMOA was significantly higher than that of CBMO. From XPS of Co2p analysis, the reduction
process slightly reduced Co*" to Co?" which was not considered to be influential factor to the
change of EPR. Hence the improvement of EPR signal most likely was due to spin states and
coordination environment of Co?" which was altered by Au SPR effect. The second feature is the
broadening of EPR peak whose g value shifted from g =5.11 (CBMO) to g =5.17 (CBMOA). The
g values of CBMO correspond to the M; of S=+1/2 ground low spin state transition of Co*" [35].
After decoration of Au NPs, the spin state of Co?" changed to high spin state of M of S=+3/2,
suggesting that the Au NPs altered the environment and the changed the affinity of the metal-
binding site of Co** [11]. On the other hand, the reduction reagent NaBH4 has strong reducing
capability to active hydrogen which could easily formed the OVs. Exactly because of the unpaired
electrons trapped by the OVs, the EPR signals of CBMOA was much stronger than that of CBMO.



Therefore, both the change of spin states of Co?" and the formation of OVs have resulted in the
strong EPR signal of CBMOA. And importantly, the formation of OVs contributed to the increase
of photocatalytic efficiency.

3.8 Mott-Schottky analysis and Photocatalytic Mechanism

In order to understand the electron-hole pair separation mechanism, the flat band potentials of
BMO and Co304 were determined through Mott-Schottky test. As displayed in Fig.15a and 15b,
BMO showed a positive slope of the Mott-Schottky curve while the Co304 of showed a negative
slope of Mott-Schottky curve, indicating they belong to n-type and p-type semiconductor,
respectively. In addition, the Mott-Schottky plot in Fig.15a and 15b indicated that the flat-band
potential of BMO and Co304 is approximately -0.365 V and 1.13 V, respectively. In general, the
flat band positions are 0.1 ~ 0.3 eV lower than the valence band edge (VBE) and higher than the
conduction band edge (CBE) of n semiconductor [36]. Moreover, the Fermi level of BMO and
C0304 can be expected to be about —0.37 eV (-0.163 eV vs. NHE) and 1.12 V (1.32 V vs. NHE),
respectively.

On the basis of aforementioned analyses, including SPR, DFT simulation on electron structure,
DOS, energy band gap, the polarizability through nonlinearity, the active radicals and flat band
voltage analysis, we conclude that the remarkable photocatalytic performance of CBMOA may be
attributed to the synergistic effect of SPR of Au NPs, multivalence states of Co, OVs and the
hetero-structure. Therefore, a possible mechanism describing the charge transfer and separation
process was plotted in Fig.15c. The CB and VB positions were calculated according to the
following empirical formulas in Eq (3) and (4) [1]:

Evs=X-E. +0.5E; (3)
Ecg=Evp-E; (4)

Where Eys is the VB edge potential, X is the electronegativity of sample, which is the geometric
average of the absolute electronegativeity of the constituent atoms, E. is the band free electrons on
the hydrogen scale (E.= 4.5 eV) and Ej is the energy of gap energy of samples.

The mechanism can be interpreted in this way: Firstly, CBMOA obviously had greatly enhanced
light harvesting in UV, visible to near infrared region due to Au SPR and SPR enhanced electron
transition of Co ions. This capability contributed to generate more active electrons and holes on
surface. Secondly, the photo-generated electrons-holes separation was facilitated through
constructing p-n hetero-structure of Co304-BMO, the build-in electric field induced by SPR effect
and the unbalance of electron distribution between layers of BMO. The photo-generated electrons
transferred from VB of Co304 and BioMoOs to corresponding CB, yielding photo-generated holes
remained at the /B position (C0o304/BixMoOg + hv = € + h'). Under the effect of the internal
electric field, the electrons at CB of Co304 migrated to CB of BMO, since the potential for e (-
0.53 eV vs. NHE) is more negative than that of O2/-O27 (-0.33 eV vs NHE, pH= 7). Therefore, the
electrons combined with the dissolved O» and produced Oy radicals (02 + ¢ —=.02"). At the
same time, photo-induced holes (h") were delivered from VB of BMO to that of Co30s. Because
the potential of VB of Co** (2.36 eV) is higher than -OH/OH" (1.99 eV vs NHE, pH = 7) [35], thus
h* oxidized the OH" or H>O into -OH radicals at the VB of Co’".



On the other hand, Co?* ions with smaller (0.46 eV) band gap energy acted as a shallow energy
state and accelerated the electron transfer to the CB of BMO as well. In addition, the fermi level
of Au NPs is less negative than CB of BMO (-0.35 eV) and higher than VB of Co30s4. Evidently,
this potential difference thermodynamically promoted the electrons at CB of BMO and holes at
VB of C0304 easily and faster migrated into the Au surface through Schottky barrier before their
recombination. The OVs are shallow defects as well which would form a sub-band above VB of
BMO.

Thirdly, holes with strong oxidation power and electrons having strong reduction power
participated in photocatalytic reactions, they effectively degraded the organic pollutants and
increased the e/h" pairs consumption (O,/.OH/h" + MO - CO; + H>0).
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Fig.15- Mott-Schottky curves of BMO(a), Co3O4 (b) and mechanism of hole-electron separation
and transfer process for the CBMOA under visible light irradiation (c).



3.9 Possible pathway or intermediate products

The possible degradation pathway of MO using CBMOA were proposed were analyzed by
LC&MS system. Through the mass spectrograms, we noticed that the characteristic peak at m/z
306 of MO disappeared after 30 minutes’ reaction, and several important intermediates were
produced with m/z peaks at 121, 136, 157, and 172, respectively during the process. This indicated
that the sulfanilic acid (172) was fragmented into benzenesulfonic acid (157) through losing an
amino group (NHz), while the N,N-dimethyl-p-phenylenediamine at m/z (136) was fragmented
into N,N-dimethylbenzenenamine at m/z (121) after losing an amino group (NH2) [41]. Therefore,
we proposed a possible pathway of MO degradation in Fig.16. The MO was most likely degraded
through breaking symmetric cleavage of the azo bond (-N=N-); producing sulfanilic acid and
N,N-dimethyl-p-phenylenediamine. Finally, these intermediates products were further mineralized
into CO; and H>O under the presence of *OH, O>radicals.
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Fig.16- Possible pathway for degradation of methyl orange (MO) by CBMOA

3.10 Magnetic properties

The magnetic performance was measured to study the influence of anchoring of Au and grafting
of Co304 to BMO. Figs.17a and 17b present the M-H hysteresis loops at 300 K and M-T curves of
samples under 0.5 mT magnetic field. All samples exhibited ferromagnetism with typical M-T
curves. Among them, the CBMOA displayed the strongest ferromagnetism performance. As can
be seen, the saturation magnetization (M;) of BMO was very weak due to the nonmagnetic Mo®"
ions. However, the magnetism at room temperature was significantly enhanced by the grafting of
C0304 and particular the anchoring of Au NPs. The reason behind this improvement was due to



the contribution from magnetic ions with unfilled 3d bands and Au nanoparticles with 4d bands
electrons.
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The reason behind the much higher M, and M, of CBMOA than CBMO was further investigated
using optical dielectric permittivity measurement. The optical dielectric permittivity was evaluated
using a spectroscopic ellipsometer (JA Woollam RC2). Previous study on EPR and DOS of
samples have confirmed the influence of Au NPs to spin states and 3d orbital electrons of Co ions,
respectively. In addition, from the third-order nonlinearity study, the Au NPs anchoring greatly
increased the polarizability of CBMOA. As can be seen from Fig.17c, the anisotropy in optical
permittivity of CBMOA is much larger than that of CMBO and BMO. This is because C0304 and
Au NPs reduced the E; which further gave rise to the lower out-of-plane permittivity and thus



enhanced the anisotropy, especially in the higher wavelength region [18]. Another important
feature of Fig.17c was the permittivity continuously decreased as wavelength increasing, resulting
in an increase of anisotropy in the near infrared wavelength region. The increase of permittivity
and anisotropy suggested that the CBMOA sample behaved more metallic in magnetic direction,
which explained well why the magnetization of CBMOA was much stronger than that of CBMO,
even though two samples owned the same magnetic ions concentration (Co ions).

In addition, under applied magnetic field, CBMOA having high anisotropy and high polarizability
which have paved an easier and more efficient pathway for magnetic dipoles to align themselves
with magnetic field, thus leading to a larger M, and M,. The magnetic and permittivity study in
Fig.17¢ revealed that, the incorporation of magnetic particle (Co3O4) has endued the samples with
magnetic properties, and the anchoring of Au metal sharply increased the polarizability and optical
anisotropy. All of these made it much easier for separation and recovery during practical synthesis
and applications (Fig.17d). Table 2 reported the optical, magnetic and photocatalytic parameters
of three samples, and the CBMOA exhibited 4 folds higher degradation efficiency and 2.7 folds
higher photocurrent density than pure BMO.

Table 2- The specific surface area (SSA4) (absorption coefficient (a), cutoff wavelength (1), energy
band gap (£E,), polarizability ( ap,_), nonlinear absorption coefficient (03), saturation
magnetization (M,), remanance magnetization (M,) photocurrent (4) and photocatalytic
degradation efficiency (/]) of samples.

Sample  SS4  a(em) A(mm) EgeV) a3x1071" Ms+0.01 Mr+0.01 A=l 1]+l
m?%/g  +0.0001 =] +0.1 (m/W)  (emu/g) (emuw/g) (mA/g) (%)

BMO  30.60 0.1314 447 2.77 1.14 1.93 0.22 62 22
CBMO 42.82 0.2095 473 2.62 2.28 2.39 0.41 101 48
CBMOA 83.64 0.4662 560 2.20 5.66 4.08 3.54 176~ 92.2

4. Conclusion

In conclusion, Au nanoparticle doped p-n heterostructured Co304 /BizM0oOs (CBMO) catalyst was
synthesized. SEM, TEM, XRD and Raman/FT-IR spectra observation of Au/Co304/BixMoQOs
(CBMOA) displayed nanosheets-composed hierarchical microsphere structure with Au and Co304
crystals attached on surface. XPS spectra revealed the chemical binding energy states of
constituted components, verifying the metallic Au and Co3Os with expected Co?": Co®" ratio. The
N2 adsorption BET test indicated that the incorporation of Au NPs and Co304 enlarged the specific
surface area which was good for organic pollutants degradation. CBMOA exhibited a remarkable
photocatalytic performance for Methy orange with 4-fold higher degradation efficiency and 2.7-
fold larger photocurrent intensity than pure BinMoQOs. Colorless phenol was subjected to
photocatalytic test to further confirm the good degradation efficiency. The reason was explained
through Mott-Schottky curves and various techniques. Active-species trapping experiments by
EPR revealed the radicals corresponding for photo-catalysis were .02 ,,OH and OVs which
exhibited a pronounced increase intensity in CBMOA, demonstrating the Co3O4, Au NPs and OVs
contributed the good photocatalytic activity. Furthermore, energy band gap obviously decreased
in CBMOA which matched DFT calculation very well. The possible influential reasons for



photocatalytic activity were thoroughly studied. The results indicated that the enhancement of
photocatalytic performance was ascribed predominantly to the synergistic effect between Au SPR,
hetero-structured Co3zO4 with multivalence states and SPR induced oxygen vacancies. The SPR
effect not only increased and broadened the visible light absorption capability and range, and
thereby facilitated the oxygen activation, but also activated the O2p and Co3d electrons near Fermi
level and improved the separation and migration of e /h™ pairs. This work has provided a promising
route for developing new photo-catalysts with additional functions for degradation of organic
pollutants.
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