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In situ growth of Au nanoparticles on 3D Bi,0,CO; for
surface plasmon enhanced visible light photocatalysis

Rui Wang,® Xinwei Li,> Wen Cui,® Yuxin Zhang,”" and Fan Dong ***

Abstract: Novel plasmonic photocatalysts were fabricated by the modification of
3D Bi,0,C0O3 microspheres with Au nanoparticles (NPs) via a facile one-pot in situ
method for the first time. The as-obtained 3D Au/Bi,0,CO; heterostructures
(Au/BOC) were characterized by XRD, XPS, SEM, TEM, EDX, N,
adsorption—desorption isotherms, UV-vis DRS and PL. The results revealed that
the Au NPs were produced from in situ reduction of Au®* by the citrate ions and
deposited on the surface of Bi,O,CO5; microspheres. The photocatalytic activity of
Au/BOC was evaluated by removal of NO under visible light with the pure
Bi,0,COj; as reference. The pure Bi,0,CO5 microspheres displayed decent
photocatalytic activity due to the surface scattering and reflecting (SSR) resulted
from the special hierarchical architecture. The Au/BOC exhibited highly enhanced
visible light photocatalytic performance in comparison with the pure BOC because
of the co-contribution of the SSR effect, the Schottky barrier and the surface
plasmon resonance (SPR) effect endowed with metallic Au NPs. The integration of
the SSR effect and SPR effect on one system for enhancing photocatalysis could
provide a new scope in architecture design and mechanism understanding of other
noble metal-based plasmonic photocatalysts.

1. Introduction

Environment pollution and energy shortage remain to be the two global challenges that influence the sustainable
development of human beings. As a green technology, semiconductor photocatalysis is expected to become one of
the most effective ways to solve these challenges. With photocatalysis, solar light/visible light can be potentially
utilized to achieve efficient pollutants degradation, solar energy conversion and organic synthesis.®”’

Since Fujishima et al. carried out the research of TiO, photoelectrode water splitting in 1972, TiO, has been by
far the most studied photocatalyst.? In recent years, except for diverse modification of TiO, for extending visible
light absorption, such as doping with metals and nonmetals, sensitizing with dyes, compositing with matched
semiconductor and forming heterojunction with noble metals,>**° other kinds of non-TiO, based visible light
photocatalytic materials have also been developed rapidly. These new photocatalysts include bismuth-based
semiconductors, polymer-based semiconductors (e.g. g-C3N,), and metal-based elements (Au, Ag, Bi).}*** Among
them, Bi,O,COs3, as one of the emergent bismuth-based semiconductors, has received increased attention for its
broad applications in antibacterial, environmental remediation, and super capacitor.>?° For instance, Cheng et al.
prepared hierarchical Bi,O,CO5; composed of 2D nanosheets which showed enhanced photocatalytic degradation
of organic dyes.?* Chen and co-workers have synthesized Bi,0,CO;5 nanotubes through a refluxed solvothermal
method with admirable antibacterial properties against Helicobacter pylori.?2 However, the large band gap of pure
Bi,0,CO; (3.1 to 3.5 eV) makes it unable to utilize the abundant visible light. Much effort has been devoted to the
improvement of visible light photocatalytic performance of Bi,0,CO; via various modification methods. Yu et al.
constructed hierarchical graphene-Bi,0,CO; composites which exhibit significantly enhanced visible light
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photocatalytic performance.” Novel Ag/Bi,0,CO; composites were fabricated by Peng’s group, exhibiting
outstanding photocatalytic and supercapacitive properties.2* Our group has exploited a template-free method for
fabrication of N-doped Bi,0,CO5 hierarchical microspheres.>2” And subsequently, we have achieved controlling
the crystal and morphological structure of N-doped Bi,O,COj; including rose-like, hydrangea flower-like and
peony flower-like microspheres by tuning the hydrothermal temperature.

Recently, the utilization of surface plasmon resonance (SPR) of noble metal nanoparticles (Ag or Au) to
improve the activity of semiconductor photocatalysts has been widely investigated.?®*° The mechanism of SPR
effect that enhances the catalytic activity and efficiency is known to act in three aspects®: (i) the increased
scattering effect of resonant photon, (ii) the hot electron-holes produced in metal, (iii) the plasmonic energy
transfer from metal to the semicondutor via the created electric field enhancement of localized plasmons. The
plasmon resonance energy transfer of the SPR phenomena can enhance the electric field created around the metal
where the energy can transfer from the noble metal NPs to the adjacent semiconductor, and promote the formation
of electrons/holes, finally enhancing photocatalytic activity under visible light.%2-% What is more, the combination
of plasmonic particles with semconductor photocatalysts has been reported for various chemical reactions, such as
oxidation reactions of organic molecules (gas phase), and water splitting (liquid phase).**%" For example, TiO,,
CeO, and ZnO combined with the plasmonic Au particles showed greatly promoted photocatalytic activity under
visible light irradiation as a result of the strong surface plasmon resonance excitation of such noble metals.®3®
Very recently, Au nanoparticles has been deposited on Bi,O,CO3; microspheres to improve photocatalysis via a
multi-step method.*’ To seek simple-but-effective preparation method and reduce production cost, it is highly
desirable to develop a one-step method for the fabrication of Au/Bi,O,CO3; microspheres.

Here, a facile one-pot in situ method for synthesis of 3D Au/Bi,0,CO3 heterostructures was developed. The
Au** from the HAUCI, precursor was in situ reduced to metallic Au particles by citrate ions from bismuth citrate.
The Au nanoparticles are thereby in situ loaded on the surface of Bi,0,CO3 microspheres, making the as-obtained
3D Au/Bi,0,CO3 heterostructures highly visible light active. In our previous work, we have demonstrated that the
special 3D hierarchical structure could make the pure Bi,O,COj3 visible light active due to its surface scattering and
reflecting effect (SSR effect).! In the present work, we found that the Au/Bi,0,CO; heterostructures exhibited
highly enhanced visible light photocatalytic activity. On the one hand, the enhanced visible light activity of the
Au/Bi,0,CO;3; can be ascribed to the accelerated the electron/hole separation through a Schottky barrier at the
interface.?34243 On the other hand, the energy can transfer from the Au NPs to the Bi,0,COj5 via the electric field
created around the Au NPs resulted in the increased formation of electrons/holes.3* With the cooperation of the
SSR effect, Schottky barrier and SPR effect, a highly efficient visible light photocatalyst can be developed, which
could provide some new insights in architecture design and synthesis of other photocatalysts.

2. Experimental
2.1 Materials and synthesis

All the reagents used in this research were of analytical grade and used as received without further purification. In
a typical synthesis, 0.46 g of sodium carbonate was added into a 100 mL autoclave Teflon vessel with 70 ml H,0
and stirred for 10 min. Then, appropriate amount of HAuCl, (0.342g) solution was dissolved in 100 mL H,O for
further use. The HAUCI, solution (10 mL) was added into aqueous sodium carbonate and stirred for 10 min. After
that, bismuth citrate (1.60 g) was added and stirred for another 30 min. The resulting precursor suspension was
then hydrothermally treated at 160 °C for 24 h. The Au/Bi,0,CO; hierarchical microspheres (Au-BOC) was
filtered, washed with water and ethanol three times and dried at 70 °C to get final Au/Bi,0,CO5 hierarchical
microspheres (Au-BOC) without any further treatment. The mole fraction of Au in the composite was 5.0 %.

2.2. Characterization

X-ray diffraction was taken to analyze the crystal phases of the sample with Cu Ka radiation (XRD: model D/max
RA, Rigaku Co., Japan). FT-IR spectra were obtained using a Nicolet Nexus spectrometer on samples embedded in
KBr pellets. X-ray photoelectron spectroscopy was used with Al Ka X-rays (hv=1486.6 eV) radiation under 150W
(XPS: Thermo ESCALAB 250, USA) to inquiry the surface properties and total density of the state (DOS)
distribution in the valence band (VB). For characterizing the morphology of the products, SEM images and EDS
(SEM, JEOL model JSM-6490, Japan) were used. TEM image was measured to reveal the morphology and
structure of the obtained products (TEM: JEM-2010, Japan). The UV-vis diffuse reflection spectra were obtained
for the dry-pressed disk samples using a Scan UV-vis spectrophotometer (UV-vis DRS, UV-2450, Shimadzu,
Japan) equipped with an integrating sphere assembly, using 100% BaSO, as reflectance sample. The nitrogen
adsorption—desorption isotherm and Barrett—Joyner—Halenda (BJH) methods were finished on a nitrogen
adsorption apparatus (ASAP 2020, USA). The Photoluminescence (PL: F-7000, HITACHI, Japan) was used to
investigate the charge transfer properties.

2.3. Evaluation of photocatalytic activity
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The photocatalytic activity was investigated by removal of NO at ppb levels in a continuous flow reactor at
ambient temperature. The volume of the rectangular reactor, made of stainless steel and covered with Saint-Glass,
was 4.5 L (30 <15 <10 cm). A 100 W commercial tungsten halogen lamp was vertically placed outside the reactor.
UV cutoff filter (420 nm) was adopted to remove UV light in the light beam. Photocatalyst (0.10 g) was coated
onto a dish with a diameter of 12.0 cm. The coated dish was then pretreated at 70 °C to remove water in the
suspension. For each test, two coated were used. The NO gas was acquired from a compressed gas cylinder at a
concentration of 100 ppm of NO (N, balance). The initial concentration of NO was diluted to about 600 ppb by the
air stream. The desired relative humidity (RH) level of the NO flow was controlled at 50 % by passing the zero air
streams through a humidification chamber. The gas streams were premixed completely by a gas blender, and the
flow rate was controlled at 2.4 L/min by a mass flow controller. After the adsorption—desorption equilibrium was
achieved, the lamp was turned on. The concentration of NO was continuously measured by a chemiluminescence
NO analyzer (Thermo Scientific, model 42i-TL), which monitors NO, NO,, and NO, (NO, represents NO + NO,)
with a sampling rate of 1.0 L/min. The NO removal ratio (5) was calculated as # (%) = (1-C/Cgy) <100%, where C
and C, are concentrations of NO in the outlet steam and the feeding stream, respectively.

3. Results and discussion

The 3D Au-decorated Bi,0,COj3 heterostructures were synthesized by a facile one-pot in situ hydrothermal
method and were applied in visible light photocatalytic removal of NO in air.

3.1 Phase structure
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Fig. 1 XRD patterns of BOC and Au-BOC.

The XRD patterns of the as-obtained Au/Bi,0,COj3 heterostructures and pure Bi,O,CO3 are shown in Fig. 1. The
diffraction peaks of pure Bi,0,CO; can be indexed to the standard card of Bi,0,CO; (JCPDS-ICDD Card No.
25-1464). After loading with 5.0 % of Au nanoparticles (Au NPs) on BOC, thetypical diffraction peaks of Au (111)
and Au (200) can be observed, which indicates the formation of metallic Au. Except for diffraction peaks of Au,
the other peaks in Au-BOC could well-match Bi,0,CO3; with no impurity peaks, which implies that the presence of
Au NPs have no significant influence on the crystal phase of Bi,0,COs. In line with the crystal structure of
Bi,0,COs, the (Bi,0,)*" layers and CO4* layers are orthogonal and inter-grown with the plane of the CO,* group.
The crystal growth would be preferable to form 2D nanoplate morphology along certain axis under the guidance of
this internal layered structure.**

3.2. Chemical composition by XPS
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Fig. 2 XPS spectra of Au-BOC, survey (a), Bi 4f (b), O1s (c), C1s (d), Au 4f (e) and valence band (f).

To further confirm the chemical composition of the as-synthesized Au-BOC products, we have carried out X-ray
photoelectron spectroscopy (XPS) as shown in Fig. 2. The XPS survey spectra in Fig. 2a show that Bi, O, C and
Au elements are included in Au-BOC samples. In Fig. 2b, two strong peaks existing at 159.1 eV and 164.4 eV
which emanated from Bi®* in Bi,0,CO; can be allocated for Bi4f;,, and Bi4fs,, respectively.® Fig. 2¢ displays the
spectrum of O1s which located at 530.5eV, and this peak can be assigned to the carbonate specials and adsorbed
H,O on the surface of the catalyst.?® The C1s spectra are recorded as displayed in Fig. 2d, which can be fitted by
two peaks at binding energies of 284.8eV and 288.2eV, respectively. The peak at 284.8eV comes from the
adventitious carbon from XPS measurement, while the peak at 288.2eV is the characteristic of CO4% in
Bi,0,C04.2 Moreover, as presented in Fig. 2e, a binding energy ranging from 88.0 to 82.0 eV can be found for Au
4f. The one at 87.2 eV is corresponding to Au 4fs,, while the other one at 83.5 eV belongs to Au 4f;,. The binding

energy of Au 4f is assigned to metallic Au (0), which indicates that Au®* was reduced to metallic Au by citrate ions.

Meanwhile, Fig. 3f shows the DOS of VB for the sample. Notably, the additional electronic states above the VBM
can be observed, which originates from the coupled metallic Au.

3.3. Morphological structure
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Fig. 3 SEM images of Au-BOC (a, b), and EDX of selected area (c) in (b).

The SEM and TEM were further used to investigate the morphology and microstructure of the as-prepared Au
decorated Bi,0,CO3; composites. It can be seen in Fig. 3a that many 3D flower-like hierarchical microspheres with
a uniform size (diameter ranging from 1.0 to 1.2 pm) can be observed. These microspheres are composed of 2D
self-assembled nanosheets. Also, some white particles can be found on the surface of the Bi,0,CO; hierarchical
microspheres, which can be assigned to the Au nanoparticles (NPs). This result is well matched with XRD analysis.
Fig. 3b shows an amplified area of Au NPs decorated Bi,O,CO3 hierarchical microsphere. The corresponding EDX
spectra of the selected area in Fig. 3b are displayed in Fig. 3c. The EDX spectra demonstrate that the Au NPs were
deposited onthe surface of Bi,O,CO3; microspheres.
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Fig. 4 TEM images of Au-BOC (a, b), HRTEM image (c) and EDX (d, €) of selected area in (b), (d) stands for A
area in (b) and (e) stands for B area in (b).

The TEM and HRTEM images of Au-BOC were shown in Fig. 4. From the TEM images in Fig. 4a and 4b of
Au-BOC show that microspheres were formed by self-assembled nanosheets with some particles attached on the
surface. Atypical HRTEM is presented in Fig. 4c. The Au NPs as well as the Bi,0,CO3 are all highly crystallized.
The lattice spacing of 0.250nm and 0.254 nm are corresponding to Au (111) and tetragonal Bi,0,CO; (112),
respectively. Further observation on Fig. 4c indicates that Au NPs are firmly on the surface of Bi,0,CO3. The EDX
spectra of the selected area A and B in Fig. 4b are presented in Fig. 4d and 4e. In area A, the signal of Au can be
clearly detected. In area B, there was no Au signal except for the peaks of Bi, C, and O from Bi,0,CO3. These
results imply tha the Au NPs are deposited on the surface of Bi,0,CO3 without doping into the microspheres.

3.4. BET surface areas and pore structure
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Fig. 5 N, adsorption-desomption isotherms (a) and the corresponding pore size distribution curves (b) of BOC and
Au-BOC.

The N, adsorption—desorption isctherms and corresponding pore size distribution (PSD) curves of the pure BOC
and Au-BOC samples are shown in Fig. 5. Both pure BOC and Au-BOC exhibit the representative isotherms of
type IV and hysteresis loops type H3 at high relative pressure (P/Po) between 0.6 and 1.0. These results indicate the
presence of mesopores and the formed slit-like pores due to the aggregated sheet-like particles,*® in compliance
with the self-assembled nanosheet-like morphology of Au-BOC samples (Fig. 2 and 3). The corresponding PSD
curves are shown in Fig. 5b. The pore distribution of pure BOC and Au-BOC ranged widely from 2.0 to 100 nm.
The smaller peak mesopores (~3.6-3.7 nm) can be attributed to the porosity within microspheres. The large peak
mesopores (~7.3-10.0 nm) originated from the porous space resulting from the stacked microspheres. As can be
seen in Table 1, specific surface areas (Sget), pore volume and pore diameter of the pure BOC and Au-BOC are
similar, revealing that the Au NPs were mostly stored on the outer surface of Bi,O,CO3 hierarchical microspheres
rather than inside the mesoporous channels. This result is also consistent with SEM and TEM observations.

Table 1 The surface areas, pore parameters, band gap, Abs. at 500 nm and NO removal ratio of BOC and Pd-BOC.

Samples SgeT Total volume Peak diameter Band gap Absat500 NO removal ratio

6
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(m*fg)  (em®/g) (nm) QY nm (%)
BOC 46 0.177 3.6/7.3 3.40 0 234
Au-BOC 49 0.185 3.7111.0 3.40 0.125 56.4

3.5 UV-vis DRS and PL
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Fig. 6 UV-vis DRS (a) and PL (b) of BOC and Au-BOC.

For better elucidation of the effect of Au deposition on photocatalytic activity of Bi,0,COs, the closely related
optical properties of Au/Bi,0,CO3; composites as well as that of the pure Bi,0,COj; reference are examined by the
UV-vis DRS as shown in Fig. 6a. The pure Bi,0,COs hierarchical microspheres displays weak response in visible
light, which is associated with reflecting and scattering effect resulting from the special 3D hierarchical structure.**
The Au-BOC exhibits higher absorption in the visible light region from 450 to 600 nm than tha
of pure Bi,0,CO5 microspheres, which is directly ascribed to the surface plasmon resonance absorption of Au NPs
that enhances the visible light absorption.*"

The PL measurement could provide important information on charge separation. As can be seen in Fig. 6b that
the PL intensity of Au-BOC is much lower than that of pure BOC, which implies that Au/Bi,0,CO;
heterostructures can significantly restrain the recombination of electron-hole pairs with the role of Au NPs as
electron traps to promote electron—hole separation via creating a Schottky barrier at the interface. 224350 Once Au
NPs are coupled on Bi,0,CO5 microspheres to form Au/Bi,0,CO3 heterostructures, the speed of charge separation
at the Au/Bi,0,COs interface can be expedited accordingly and the photo-excited electrons could transfer from the
CB of Bi,0,C0; to the Au NPs, thus inhibiting the e—h pair recombination.?%!
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Fig. 7 Visible light photocatalytic activity of BOC and Au-BOC (a) in comparison with the activity of different
photocatalyst under the same conditions (b) for NO removal and the repeated visible light photocatalytic activity of
Au-BOC (c).

The photocatalytic property of the as-obtained samples is performed under visible light irradiation by removal of
NO in air to prove their potential ability in air purification. The variation of NO concentration (C/Cy, %) under
visible light irradiation with irradiation time over BOC and Au-BOC are presented in Fig. 7a. Previous reports
showed that no obvious decrease in NO concentration were observed without light irradiation or photocatalyst.
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With the presence of visible light and photocatalyst, NO could react with the photo-generated reactive radicals and
subsequently create final product of HNO, and HNO,.#%2

(V/NHE)
1 - Visible Light
(U
+1 \
- SSR Electric field
. effect
. ‘OH + NO——>NO;
il (Bi0),CO; ‘
+3 ‘o8
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Fig. 8 Photocatalytic mechanism scheme of Au-decorated Bi,O,CO5 under visible light irradiation.

In Fig. 74, it can be seen that both pure BOC and Au-BOC are able to photocatalyze the oxidation of NO in air
under visible light irradiation while the NO removal ratio of pure BOC (23.4%) is allocated for its special
hierarchical microspheres structure that enables the multiple light surface scattering and reflecting effect which
improves the effective optical path-length of a photon as well as absorption probability.> Previous report on BiOCI
hierarchical nanostructures demonstrated similar phenomenon.* For Au decorated Bi,0,CO4, the samples display
prominent photocatalytic property with the NO removal ration of 56.4%, higher than that of N-doped Bi,0,CO3
(49.6%),%° Ag-decorated Bi,0,COj3(54.0%),% BiOBr (21.3%),% and C3;N,/C5N, heterostructures (47.6 %) under
similar test conditions.®® The repeated runs of NO photocatalytic removal under visible light was carried out to
investigate the photocatalytic stability of the Au -decorated Bi,0,CO3. As can be seen in Fig. 7c, the Au-BOC
sample remains to be durable in repeated photocatalytic runs with no distinct deactivation. This results indicates
that the obtained Au/ Bi,0,COj; catalyst is stable under irradiation. The highly enhanced photocatalytic
performance of Au-BOC can be ascribed to the plasmon induced electric field created around Au (as shown in Fig.
8) which promotes the formation rate of electron-holes,*>*® and the Schottky barrier that could enhance the
interfacial electron transfer.42°960

Beyond that, as can be seen in Fig. 8, the electrons from CB of Bi,O,CO; under the visible light irradiation
could transfer onto Au NPs as the Fermi level of metallic Au (0.45 eV) is lower than tha of the CB of Bi,0,CO;
(0.20 eV). As the the Fermi level of Au is more positive than that of the redox potential of O,/ O, (-0.33 eV), the
electrons from Au NPs could reduce O, to form H,O via multiple electron process.>® At the same time, the holes in
the VB of Bi,0,CO; are capable of oxidizing H,O into OH radicals for NO oxidation to final NO, and NO5
products.®

4. Conclusion

To sum up, a facile one-pot in situ method for synthesis of three dimensional Au/Bi,0,CO; heterostructures was
developed for the first time. The coupled Au nanoparticles were in situ reduced from Au®* by the citrate ions
during the hydrothermal process and subsequently deposited on the surface of the Bi,O,CO5; microspheres. This
Au/Bi,0,CO; heterostructures exhibited highly enhanced photocatalytic activity and stability for the removal of
nitric monoxide in air under visible light irradiation. The efficient activity of Au/Bi,0,CO3 can be ascribed to the
cooperative promotiom effects of the surface scattering and reflecting effect, the Schottky barrier and the surface
plasmon resonance effect endowed with metallic Au nanoparticles. These effects combined could enable the
Au/Bi,0,CO5; composites to be a promising visible light photocatalyst for air purification. The in situ preparation
method could also be extended for other plasmonic photocatalysts and provide a new insight on future
photocatalysts development.
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Text: The highly visible light active 3D Au/Bi,0,CO; heterostructure was fabricated
by a one-pot in situ hydrothermal method.
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