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As two effective approaches to increase the visible light-absorption capacities of photocatalysts, ion doping and metallic
nanoparticles loading are compared in this work. Palladium was selected to modify Bi,0,CO,. Compared to dispersing palladium
nanoparticles on the photocatalyst surface, it was more effective for the method of doping with palladium to shift the energy level
within the bandgap of Bi,0,CO, in improving its photocatalytic activity under visible light. This might be because doping with
Pd** narrows the band gap of Bi,0,CQO, so as to increase the absorption capacity of visible light photons. Pd nanoparticles on the
other hand can absorb photons to produce electrons which are then utilized by Bi,O,CO; for photocatalytic reactions. Different
mechanisms resulted in significant differences, and this work provides solid evidence that ion doping may be a more effective
method to improve the photocatalytic activity of Bi,O,CO;.

1. Introduction

Photocatalysis is an advanced oxidation process, which has
been extensively studied in various areas. Two of its primary
applications are hydrogen evolution via water splitting and
decomposition of organic pollutants [1, 2]. Bismuth-based
semiconductors (BBS) have been widely studied and applied
to photocatalysis [3]. Compared to TiO,, which is a pioneer
in the field of photocatalysis, and not to mention the most
widely studied, BBS (e.g., Bi, WO, BiOBr, Bi,MoOg, BiVO,)
exhibits a greater visible light-response [4-7]. However,
among various BBS, there are some semiconductors with
wide band gaps that may only be activated by UV light, such
as Bi,0,CO;, BiOIO;, BiOCl, and BiPO, [8-11]. To improve
their visible light-driven photocatalytic activities, approaches
are adopted, mainly including doping and preparation of
plasmonic photocatalyst [12, 13].

Bi,0,COj;, which is a lamellar compound, has a crystal
structure consisting of (Bi,0,)*" layers interleaved by slabs
comprising CO,*~ groups [8]. The band gap of Bi,0,CO; is
approximately 3.46 eV, which is wider than that of TiO,

(~3.2¢V). This indicates that only irradiation with a wave-
length lower than 358nm may be absorbed by pure
Bi,0,CO;. Modifications are therefore required to make
Bi,0,CO; visible light-response. Doping with elemental
N, S, and Br has been reported with improved visible
light-induced photocatalytic activity [14-16]. Heterojunc-
tions such as Ag,0-Bi,0,CO; have been also implemented
[17]. Another popular approach to improve the visible light-
driven photoactivity is by surface deposition of noble metal
nanoparticles on a photocatalyst. Peng et al. have reported on
Bi,0,CO; modified with Ag and Au nanoparticles, showing
an enhanced visible light-driven photocatalytic activity [18,
19]. Our group recently found that palladium nanoparticles
were also promising candidates to improve the photocatalytic
activities of semiconductors [20-23]. However, most of our
reported work focused on using palladium to improve the
photocatalytic activity of a semiconductor which is visible
light-responsive without modification. As for the intrinsic
properties of Bi,O,COj, its band gap is too wide to be visible
light-responsive. Palladium nanoparticles may be introduced
to the surface of Bi,O,COj;, and due to the resultant surface
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plasmon resonance (SPR) effect, more visible light photons
may be absorbed by Bi,0,CO; [24, 25]. Palladium may also
be doped into the lattice of Bi,O,CO; with dopant levels
within its band gap. The comparison between loading with
Pd nanoparticles and doping with Pd to improve the visible
light-driven photocatalytic activity of Bi,O,CO; may be
interesting to guide the adoption of a modification method.

In this work, both palladium nanoparticles and palladium
ions are deposited/doped onto/into Bi,O,COs;, respectively.
Activity was evaluated with regard to the degradation of
Rhodamine B under visible light irradiation. Mechanisms
were also proposed and discussed.

2. Experimental

2.1. Preparation. Pure Bi,0,CO; was prepared using a
hydrothermal method. Typically, 8 mmol of Bi(NO;);5H,0
was first dissolved in 20mL of HNO; solution (1mol/L)
to form a clear solution. Then, 60 mL of Na,CO; solu-
tion (0.8 mol/L) was added dropwise to the aforementioned
solution. After magnetically stirring for 30 min, the mixture
was transferred to a 100-mL Teflon-lined autoclave (Parr
Instrument Company) and heated at 180°C for 24 h. After
the autoclave was allowed to naturally cool down to room
temperature, the Bi,0,CO; precipitates were separated by
filtration and washed once with ethanol then twice with dis-
tilled deionized water (DDW). The washed powder samples
were then dried at 60°C for 12 h and collected.

Pd nanoparticles were photoreduced on the surface of
Bi,0,CO;. In a typical process, Bi,O,CO; and PdCl, were
first dispersed in a solution containing 40 mL of DDW and
5mL of ethanol under ultrasonication for 30 min. The mix-
ture was then illuminated under ultraviolet-light (UV) (40 W
Reflector Blacklight at 353 nm wavelength from Philips) for
1h with magnetically stirring. The resultant powder samples
were then dried, collected, and labelled as Pd(0)-Bi. For
preparation of Pd** doped Bi,0,CO; composites, Bi,0,CO;
and PdCl, were first dispersed in 40 mL of DDW and
magnetically stirred for 24 h. Next, the mixture was dried at
100°C for 12 h. The dried powder samples were then annealed
at 450°C for 1h in air. The resultant powder samples were
collected and labelled as Pd(II)-Bi. The quantities of Pd® and
Pd** in Pd(0)-Bi and Pd(II)-Bi were both at 1.0 wt%.

2.2. Characterization. X-ray diffraction (XRD) analysis was
performed on a Rigaku Ultima IV Diffractometer with Cu K«
radiation (A = 0.15418 nm) at 40kV and 44 mA. Elemental
composition and chemical states on the sample surface
were measured using XSAM-800 X-ray Photoelectron Spec-
troscopy (XPS). Transmission electron microscopy (JEM-
2100F, JEOL) was applied to study the morphologies of the
prepared samples. The fitting results of XPS curves were ana-
lyzed with CASAXPS (version: 2.3.16PR1.6) and XPSPEAK
(version: 4.1). Shirley backgrounds were applied for all curve
fittings of the XPS peaks. The specific surface area, pore
volume, and average pore size were obtained from N, sorp-
tion isotherms at 77 K, using automatic adsorption apparatus
and measurement systems (ASAP 2020, Micromeritics and
Nova 4200E, Quantachrome). The Brunauer, Emmett, and
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Teller (BET) surface area of the samples were calculated using
multipoint estimation. Optical properties of the samples were
investigated using a Thermo Evolution 300 spectrophotome-
ter. The Fourier Transform Infrared Spectroscopy (FTIR) was
performed using a Cary 630 (Agilent Technologies). Electro-
chemical properties of prepared samples were performed on
a CHI 604E electrochemical analyzer (CH Instruments Inc.,
USA) with a platinum wire as a counter electrode, a calomel
reference electrode, and a working electrode. The working
electrode was composed of indium tin oxide (ITO, 75 x 25
x 1.1mm, 15-25 Q, Sigma-Aldrich Canada Co.) glass coated
with the prepared samples. The electrochemical impedance
spectroscopies (EIS) were recorded with frequencies in the
range of 1-1000000 Hz and a sinusoidal wave of 5mV. The
electrolyte was Na,SO, with a concentration of 0.05 mol/L.
The quantum-mechanical calculations were performed on
the basis of the density functional theory (DFT) [26]. The
generalized gradient approximation (GGA) was applied to
exchange-correlation effects [27]. The open access software
Quantum ESPRESSO was used, which utilizes pseudopo-
tentials to describe electron-ion interactions and represents
electronic wave functions using a plane-wave basis set [28].
The kinetic energy cut-off was set to 300 eV.

2.3. Photocatalytic Activity Tests. The photocatalytic activities
of prepared samples under visible light irradiation were
investigated with regard to the degradation of Rhodamine B
(RhB). A 500 mL beaker served as the reactor with a cooling
jacket to maintain the temperature at approximately 20°C.
The light source was a 300-W halogen tungsten projector
lamp (Ushio) with a UV cut-off (Kenko Zeta, transmittance >
90%) to filter out irradiation with wavelengths below 410 nm.
The irradiation intensity on the surface of the solution was
measured by a quantum meter (Biospherical QSL-2100, 400
< A <700 nm) and was found to be 1.1 x 10~ Einstein m™>
s, In each test, 100 mL of RhB solution (10 mg/L) was mixed
with 0.05g of prepared photocatalyst composites. Photocat-
alytic tests were each performed for 60 min, and aliquots were
drawn periodically. The supernatants were analyzed using
a UV-Visible absorption spectrometer (Genesys 10 UV) for
RhB. The total organic carbon (TOC) was evaluated on an
Apollo 9000 TOC analyzer equipped with a nondispersive
infrared (NDIR) detector. The combustion temperature was
fixed at 750°C.

3. Results and Discussions

3.1. Crystal Structures and Compositions Analysis. Crystal
structures were studied using XRD (Figure 1). All observed
peaks may be identified, and it can be seen that an
orthorhombic Bi,O,COj5 crystal structure (Pna21(33), cell =

5.468 x 27320 x 5.468 A”) [29] was successfully prepared.
No apparent differences were observed after modification
with either Pd’ or Pd**, indicating that the crystal structure
of Bi,0,CO; was negligibly influenced by the modification
process. The chemical bonding of composites was observed
by FTIR measurements (Figure 2). The peaks absorption at



Journal of Nanomaterials

Pd(IT)-Bi

“ l. Ll I.Anl N W VSN

Pd(0)-Bi

l[ L “ LW

I. l.l I.Aul A dhhrhsbos

PDF#84-1752

Intensity (a.u.)

| || |.||I.||.| N N
e

10 20 30 40 50 60 70 80 90
26 ()

FIGURE 1: XRD patterns for pure Bi,O,CO,, Pd(0)-Bi, and Pd(II)-Bi
composites.
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FIGURE 2: FTIR for pure Bi,O,CO;, Pd(0)-Bi, and Pd(II)-Bi com-
posites.

2415,1370,1066, and 844 cm™" may be derived from the vibra-
tions of CO,>~ group [8, 30]. The peak at 1735 cm ™" may be
attributed to the stretching and deformation vibrations of the
O-H groups in physisorbed/chemisorbed water molecules
[20]. No other impurities were detected, confirming a high
purity of Bi,O,CO;. As for the low content of palladium in
Pd(0) and Pd(II) modified Bi,O,CO;, no characterization
peak for palladium was observed.

To confirm the presence of palladium in the Pd-
Bi,0,CO; composites, XPS was employed. The XPS high-
resolution orbital scan of Pd 3d, shown in Figure 3(a),
highlights the differences between Pd(0)-Bi and Pd(II)-Bi. In
particular, two peaks at binding energies (BE) of 342.5 and
337.2 eV were each observed in both spectra, possibly derived
from the palladium precursor, PdCl,. The peaks located at
340.3 and 335.4¢eV in the spectrum of Pd(0)-Bi may be
assigned to metallic palladium nanoparticles (Pd°), whereas
peaks at 343.5 and 338.8 ¢V in the spectrum of Pd(II)-Bi may
be assigned to an O-Pd-O structure [31]. This suggests that
Pd** may be doped into the lattice of Bi,0,CO;. In the XPS
spectra of Cl 2p (Figure 3(b)), one set of doublet peaks in
the spectrum of Pd(0)-Bi further confirms the presence of
PdCl, on the surface. In addition to the peaks ascribed to
PdCl,, another set of doublet peaks were also observed, which
was probably due to the presence of Cl doped in the lattice
of Bi,0,CO;. It should be noted that a BiOCI-Bi,0,CO;
heterostructure may be formed in the Pd(II)-Bi composites
[32].

3.2. Morphologies, Optical Properties, and Photocatalytic
Activity Tests. 'The morphology of Pd(0)-Bi was investigated
using TEM imaging and shown in Figure 4. Palladium
nanoparticles were successfully dispersed on the surface
of the photocatalyst and may be activated by visible light
irradiation due to the local surface plasmon resonance effect
(SPR), which was confirmed in the optical properties study
(Figure 6). Nitrogen sorption isotherms were illustrated in
Figure 5 for prepared samples. The specific surface areas for
Bi, 0,COs3, Pd(II)-Bi, and Pd(0)-Bi composites are calculated
using multipoint estimation as 29.7, 29.3, and 27.2 mZ/g,
respectively. Tt indicates the doping with Pd*" negligibly
influenced the specific surface area of Bi,0,CO;. How-
ever, the loading of palladium nanoparticles on the surface
may block the slit-shaped pores, which may lead to the
reduction in photocatalytic activity of Bi,O,CO;. In the
diffused reflectance spectra (DRS) as shown in Figure 6(a),
a steep increase was observed for pure Bi,O,CO;, when
the wavelength falls below 358 nm. This indicates that a
band gap transition occurs at a wavelength of 358 nm. The
corresponding band gap value calculated with the Kubelka-
Munk function was about 3.46 eV. After modification with
palladium nanoparticles, no red-shift was observed, and the
band gap transition occurred at the same wavelength. A great
increase in the visible light region was clearly observed after
depositing palladium nanoparticles onto the surface, which
may be a result of the SPR effect of palladium nanoparticles
on the surface. As shown in Figure 6(b), it confirms that the
palladium nanoparticles are capable of harvesting photons in
visible light region. For the spectrum of Pd(II)-Bi, a negligible
red-shift occurred for the band transition, and the absorption
capacity in the visible light region was improved, possibly due
to the Pd** dopant which would add doping levels within the
band gap of Bi,0,CO; [12]. Both Pd° and Pd** modifications
result in Bi,O,CO; becoming visible light-responsive.

The photocatalytic activity was evaluated with regard to
the degradation of RhB, the results of which are depicted
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FIGURE 3: High-resolution orbital scans of (a) Pd 3d and (b) Cl 2p for Pd(0)-Bi and Pd(II)-Bi composites.
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FIGURE 4: TEM image of Pd(0)-Bi composite.

in Figure 7. About 6.2% of initial RhB was removed by
photolysis over 60 min. For the adsorption, about 8.8, 13.0,
and 10.1% of RhB were adsorbed on pure Bi,O,CO;, Pd(0)-
Bi, and Pd(II)-Bi composites over 30 min in the absence of
light, respectively. With turning on the lamp to initialize the
photocatalytic process, it can be found that about 38.5% of
initial RhB was removed over 60 min in the presence of pure
Bi,0,CO; under visible light irradiation, as Bi,O,COj is vis-
ible light-irresponsive. The removal of RhB may be attributed
to the photosensitization of RhB [33-35]. After deposition
of palladium nanoparticles on the surface of Bi,0,CO;, a
slight increase in the photocatalytic removal of RhB was

observed. The increase may be due to an improvement in
the absorption of visible light photons by Pd nanoparticles
on the surface [36, 37]. However, the intrinsic band gap
of Bi,0,CO; is too wide to be visible light-responsive,
and so the enhancement by palladium nanoparticles was
limited. For Pd(II)-Bi composites, a significant increase in the
photocatalytic removal of RhB was observed. Specifically, all
of RhB was completely removed over 60 min in the presence
of Pd(II)-Bi composites under visible light irradiation. This
great improvement may be attributed to the greatly increased
visible light photons absorbing for Pd** modified Bi,0,COj.
The dopant level within band gap of Bi,O,CO; not only
confers it visible light-responsive, but also facilitates the
separation of photogenerated charge carriers [38]. As for
the TOC (Figure 8), about 3.8, 9.2, and 25.2% of initial
TOC were removed over 60min for systems with pure
Bi,0,CO0Os5, Pd(0)-Bi, and Pd(II)-Bi composites, respectively.
This further confirms that Pd doping may be more effective
in improving the photocatalytic oxidation of organics in
water by Bi,0,CO;, with longer reaction time required to
completely remove TOC [39].

3.3. Mechanism Exploration. The electrochemical impedance
spectra (EIS) Nyquist plots were illustrated in Figure 9.
Only one arc was observed for all plots, indicating the
photocatalytic process may be a simple electrode reaction.
The diameter of the arc was in positive proportion to the
resistance value of the electron transfer on the electrode.
An equivalence circuit was also depicted in the inset of
Figure 9, where R, and R, represent resistance for the solu-
tion and resistance to the electron transfer on the electrode,
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FIGURE 6: (a) DRS for pure Bi,O,CO;, Pd(0)-Bi, and Pd(II)-Bi composites and (b) UV-Visible spectrum for palladium nanoparticles.

respectively. R, for all electrodes are similar, as all electrodes
immersed in the same solution. R, for Bi,0,CO;, Pd(0)-Bi,
and Pd(II)-Bi electrodes are estimated to be 65.32, 57.49, and
16.33 kQ), respectively. These results suggest the recombina-
tion of photogenerated charge carriers was suppressed with

Pd(0) and Pd(IT) modification, and Pd(II) doping was more
effective compared to Pd(0) loading.

To study the mechanism for doping of Pd into Bi,0,COj,
a palladium atom was added to the lattice of Bi,O,CO; as
shown in Figure 10(a). Simulated results for pure Bi,O,CO,
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and Pd(IT)-Bi composites were plotted in Figure 10(b). The
calculated band gap for pure Bi,O,CO; was about 2.45eV,
which is lower than experimental result of 3.46 eV. This is a
general phenomenon between the simulated and experimen-
tal results in the estimation of band gaps. With doping Pd**
in the lattice of Bi,O,COj3, several dopant energy levels were
added within the band gap of Bi,O,CO;. And these dopant
levels are sufficiently overlapped with the band states of
Bi,0,CO;, favoring the transfer of charge carriers [38]. This
agrees well with DRS results, and the absorption of visible
light photons was greatly improved due to these dopant levels.

Proposed mechanisms for an enhanced photocatalytic
activity via deposition of palladium nanoparticles and doping
of Pd*" into Bi,0,CO; were illustrated in Figures 11(a)
and 11(b), respectively. Typically, for Pd(0)-Bi composites,
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palladium nanoparticles on the surface may be capable
of capturing visible light photons, due to the SPR effect.
However, the support, Bi,0,CO;, was not in itself visible
light-response. Comparatively, when palladium is doped
into the lattice with dopant levels within band gaps of
Bi,0,COs, visible light may be absorbed by the support to
generate electrical charge carriers [38]. This is consistent with
our experiments suggesting that doping is a more effective
strategy to improve the activity of a photocatalyst that has a
low visible light-responsivity.

4. Conclusions

Two main approaches to improve the visible light-driven
photocatalytic activity, namely nanoparticle deposition and
ion doping, have been extensively adopted in practice. A
comparison of these two approaches in this work via com-
bining palladium with Bi,O,COj; has been conducted. It can
be concluded that both palladium nanoparticle deposition
as well as palladium doping are capable of improving the
absorption of visible light photons, although the extents of
these improvements are drastically different. The band gap
of Bi,0,CO; was negligibly influenced by the deposition of
Pd nanoparticles, as visible light photons cannot be absorbed
by Bi,0,COs3, being absorbed solely by palladium nanopar-
ticles at the photocatalyst surface. The activated electrons
may inject into the conduction band of Bi,O,CO; due to
the difference in work functions between palladium and
Bi,0,CO5; however, this improvement is limited. In contrast,
palladium doping at several dopant levels within the band
gap of Bi,0,CO; was capable of conferring visible light-
responsivity to the support. This improvement appears to be
significant.
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This work infers that noble metal nanoparticles may be
more effective in improving the photocatalytic activity of a
semiconductor that is already visible light-responsive prior to
modification. Improvements from the deposition of metallic
nanoparticles on the surface are limited by the intrinsic
properties of the support. This work sheds a light on the
importance of considering ion doping in the modification of
a photocatalyst.
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