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ABSTRACT: We herein demonstrate self-doping of the
CO;>" anionic group into a wide bandgap semiconductor
Bi,0,CO; realized by a one-pot hydrothermal technique. The
photoresponsive range of the self-doped Bi,0,CO; can be
extended from UV to visible light and the band gap can be
continuously tuned. Density functional theory (DFT)
calculation results demonstrate that the foreign CO;* ions
are doped in the caves constructed by the four adjacent CO,*~
ions and the CO,*” self-doping can effectively narrow the band
gap of Bi,0,CO; by lowering the conduction band position
and meanwhile generating impurity level. The photocatalytic
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performance is evaluated by monitoring NO removal from the gas phase, photodegradation of a colorless contaminant
(bisphenol A, BPA) in an aqueous solution, and photocurrent generation. In comparison with the pristine Bi,O,CO; which is not
sensitive to visible light, the self-doped Bi,O,CO; exhibits drastically enhanced visible-light photoreactivity, which is also superior
to that of many other well-known photocatalysts such as P25, C;N,, and BiOBr. The highly enhanced photocatalytic
performance is attributed to combination of both efficient visible light absorption and separation of photogenerated electron—
hole pairs. The self-doped Bi,O,COj; also shows decent photochemical stability, which is of especial importance for its practical
applications. This work demonstrates that self-doping with an anionic group enables the band gap engineering and the design of

high-performance photocatalysts sensitive to visible light.
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1. INTRODUCTION

Semiconductor-based photocatalysis, a desirable method for
energy generation and contamination management, shows great
potentials for CO, conversion, hydrogen evolution, NO
removal from air, and degradation of organic pollutants.'
To utilize solar energy efficiently, the photocatalysts are
required to have a broad photoresponsive range. Various
strategies have been developed to tune the band gap of
photocatalysts to enhance the absorbance in visible light
region.*™” Self-doping, a facile and efficient technique arousing
considerable interest in semiconductor photocatalysis,g_11 can
boost the light absorption efficacy while the potential adverse
impact by doping with extraneous species, for instance,
undesirable thermal instability, can be avoided. Self-doping
can lead to the narrowed bandgap or formation of intermediate
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levels between the conduction band (CB) and valence band
(VB), thus extending the photosensitive range of a photo-
catalyst.'” Based on this route, a wide bandgap photocatalyst
can be effectively excited only by absorbing visible photon
energy. For example, Ti** self-doping can extend the absorption
range of TiO, from the UV to visible light regions, thereby
resulting in enhanced visible-light photocatalytic hydrogen-
evolution activity.” I~ self-doping enables BiOI the tunable
band gap via varying the different doping concentrations, and
consequently promotes the photocatalysis property under
visible light irradiation.” Moreover, it has recently been
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demonstrated that the Bi*" self-dopant introduces a local
impurity level in the band structure of Bi, WOy, which is found
to be beneficial to electron excitation in g)hotocatalysis process,
enhancing the photocatalytic activity.'” Anionic groups are
constituted by various atoms and different compositions. The
anionic groups doping may provide more possibilities for
modulation and management on the crystal structure, optical
properties, optoelectronic properties and photocatalytic activitis
of the semiconductors. Nevertheless, most of the self-doping
researches have focused on cationic or anionic ions, but self-
doping with an anionic group has seldom been explored.

As a typical anionic-group containing Bi-based photocatalyst,
bismuth subcarbonate (Bi,O,CO;) has the interesting “Sillén”
or “Aurivillius” related structure as well as efficient photo-
catalytic activity.'”~"> Although the large internal electric field
and asymmetrical polarization effect may enhance the photo-
catalytic properties of Bi,0,CO;,'°""® its application to
photodegradation is limited by the large band gap of pristine
Bi,0,CO; (~3.3 eV). Thus, there have been intensive
researches on the morphological modulation,'”?° fabrication
of heterojunctions,” ~*° graphene decoration,”">* noble metal
deposition,™ as well as elemental doping.34_36 In view of the
internal [CO,]*” anionic group and layered configuration
suitable for modification, Bi,0,CO; may be a viable substrate
to probe the effects of anionic group self-doping on wide
bandgap semiconductors.

Herein, we report the self-doping of Bi,O,CO; with the
carbonate group fabricated with a one-pot hydrothermal
technique. Both the sodium citrate and urea as carbonate
sources play critical roles in the formation of self-doped
Bi,0,CO;. Compared to pristine Bi,0,CO; which is not
sensitive to visible light, self-doping could enhance the visible
light absorption by tuning its band gap. DFT calculation and
systematic characterization are performed to investigate the
crystal structure, electronic band structures and photo-
absorption. Practical utilization of this catalyst is evaluated by
NO removal from the gas phase, bisphenol A (BPA)
photodegradation in an aqueous solution, and photocurrent
generation. The self-doping effect and the mechanism on
visible-light photooxidation have been revealed. This work has
paved a new way for doping of semiconductor photocatalyst
without relying on extra doping source.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Carbonate Self-Doped Bi,0,C0O;. Carbonate
self-doped Bi,0,CO; (C-BOC) and pristine Bi,0,CO; (BOC) were
prepared by a one-pot hydrothermal method. All the raw materials
were of analytical grade and used as received. Both sodium citrate and
urea as the carbonate species source are critical to the formation of the
self-doped Bi,0,CO;. The synthesis procedure of C-BOC is as
following: First, 1 mmol of Bi(NO;);-SH,0, 2 mmol of urea, and a
certain amount of sodium citrate were dissolved in 35 mL of deionized
water. The mixture was magnetically stirred for 1 h to obtain a
homogeneous suspension which was then transferred to a Teflon-lined
steel autoclave. The autoclave was slowly heated to 160 °C and
maintained at this temperature for 24 h. Afterward, the products were
filtrated, washed with distilled water, and dried at 60 °C for 20 h. The
samples with molar ratios of sodium citrate to Bi(NO;);-SH,O of 0,
0.5, 1, 1.5, and 2 were denoted as BOC, BOC-1, BOC-2, BOC-3, and
BOC-4, respectively.

2.2. Characterization. The phase structure of BOC, BOC-],
BOC-2, BOC-3, and BOC-4 was characterized by X-ray diffraction
(XRD) using monochromatic Cu K, radiation (Bruker, Germany).
The morphology and structure were determined by scanning electron
microscopy (SEM, S-4800), transmission electron microscopy (TEM)
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and high-resolution TEM (HR-TEM, JEM-2100 JEOL, Japan). A
Bruker spectrometer was used to acquire the Fourier-transform
infrared (FTIR) spectra in the frequency range from 500 to 4000
cm™". Raman scattering in the range between 200 and 1500 cm™" was
conducted on the Raman-11 spectrometer. X-ray photoelectron
spectroscopy (XPS) was performed on a VGMK II X-ray to determine
the chemical composition and chemical states. BET specific surface
areas were characterized with the nitrogen adsorption method on the
Micromeritics 3020 instrument. UV—vis diffuse reflectance spectra
(DRS) were obtained to investigate light absorption and a Hitachi F-
4600 fluorescence spectrophotometer was utilized to obtain the
photoluminescence (PL) spectra. In situ electron paramagnetic
resonance (EPR) was performed on the JEOL ES-ED3X Endor
spectrometer at 77 K. The spin trapping electron spin resonance
(ESR) measurements were performed on a Bruker JES FA200 ESR
spectrometer with a xenon lamp as the visible light source. DMPO
(5,5'-dimethyl-1-pirroline-N-oxide) was employed as a spin-trap
reagent to trap the active species of hydroxyl (*OH) and superoxide
radicals (*O,7).

2.3. Photocatalytic Evaluation. The photocatalytic activity is
assessed by NO removal from the gas phase (4 > 420 nm, 100 W
tungsten halogen lamp) and photodecomposition of colorless
bisphenol A (BPA) in an aqueous solution (4 > 420 nm, S00 W
xenon lamp) under visible light irradiation.

Degradation of BPA. Fifty milligrams of the photocatalyst were
ultrasonically dispersed in SO mL of the BPA aqueous solution (10
mg/L). Before light irradiation, the suspension was magnetically
stirred in darkness for 1 h to achieve an absorption—desorption
equilibrium. Afterward, light was turned on. At preselected time
intervals, 3 mL of the suspension was sampled and centrifuged to get
rid of the solid particles. Finally, the concentration of BPA was
determined by colorimetry on a UV-5500PC UV—vis spectropho-
tometer.

Removal of NO. The 4.5 L (30 cm X 15 cm X 10 cm) organic glass
reactor with continuous flow was utilized to remove NO; 0.20 g of the
photocatalyst was ultrasonically dispersed in S0 mL of deionized water
and coated on a glass dish with a diameter of 12.0 cm. After it was
dried, it was put on the reactor center. The concentration of NO was
diluted from 100 ppm (N, balance) to about 600 ppb by mixing with
flowing air. The NO and air stream were premixed using a three-way
valve and the flow rates were 15 and 2.4 L min™", respectively. After
equilibrating, the photocatalyst was exposed to visible light. At every
min, the concentration of NO was determined by measuring the
concentration of NO, and NOx (NO, representing the total
concentration of NO + NO,) using a NOx analyzer (42i-TL, Thermo
Scientific). Similar to degradation in the liquid phase, the removal
efficiency of NO (1) can be calculated from (#%) = (1 — C/C,) X
100%, where C, and C are the inlet and outlet concentrations of NO,
respectively.

2.4. Photoelectrochemical Measurements. Photoelectrochem-
ical measurements are carried out using a three-electrode quartz cell
on the CHI-660B electrochemical system. The saturated calomel
electrode (SCE) was the reference electrode, and platinum wire serves
as counter electrode. The working electrodes were BOC and C-BOC
films coated on ITO and the electrolyte was 0.1 M Na,SO, solution.
All the photoelectrochemical measurements are performed under
visible light irradiation emitted from a 500 W Xe lamp with 420 nm
cutoff filters. The average light power was 45 mW/ cm?.

2.5. Density Functional Theory (DFT) Calculation. To
investigate the crystal structure and electronic band structure of self-
doped Bi,0,CO;, DFT calculation is carried out by utilizing CASETP
code implemented plane-wave method and Perdew—Burke—Ernzerhof
function.””*® In the Brillouin zone integration, a Monkhorst—Pack k-
point mesh of 2 X 1 X 2 is adopted, and the energy cutoff is chosen as
400 eV.

3. RESULTS AND DISCUSSION

3.1. Crystal Structures, Morphology, and Formation
Mechanism of CO;*-Doped Bi,0,CO;. Figure 1 depicts the
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Figure 1. XRD patterns of BOC, BOC-1, BOC-2, BOC-3, and BOC-4.

Figure 2. (a, b) SEM images and (c, d) TEM and SAED images (inset) of C-BOC (BOC-3).

X-ray diffraction (XRD) patterns of the pristine Bi,0,CO4
(BOC) and carbonate self-doped Bi,0,CO; (C-BOC) samples.
All the diffraction peaks can be indexed to the tetragonal phase
of Bi,0,CO; (JCPDS Card No. 41-1488), indicating the pure
phase of samples and that the dopant does not change the
preferential orientation and crystalline phase of the Bi,0,CO;
Nevertheless, according to the enlarged pattern, the peaks
assigned to (110) and (013) shift gradually to smaller angles
with increasing dopant concentration. According to Bragg’s law
(nA = 2d sin 0), a smaller 260 value indicates a larger lattice
spacing.” XRD result implies that some dopants are actually
incorporated into the crystalline lattice of Bi,O,COj; enlarging
the unit cell parameters.

The Fourier transform infrared (FTIR) spectra of BOC and
C-BOC are presented in Figure S1. The two intense peaks at
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1392 and 1468 cm™' are assigned to the antisymmetrical
stretching vibration mode of the CO;>~ group and the sharp
peak at 843 cm™' corresponds to the bending mode of the
CO;* group.”” The intensities of all the CO,* characteristic
vibration bands of C-BOC samples increase gradually with
increasing the amount of sodium citrate (from BOC to BOC-
4), especially for the antisymmetrical stretching vibration at
1468 cm™. This result demonstrates that sodium citrate can act
as carbonate source and release CO;*~ anionic group, which is
then incorporated into the crystal structure of Bi,0,CO;.
The morphology of the samples is investigated by SEM. The
concentration of sodium citrate can largely affect the
morphology of the Bi,0,CO;.'"*" In contrast to the pristine
BOC composed of a large amount of single nanoplates (Figure
S2a), the morphology of doped Bi,0,CO; gradually transforms
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from two-dimensional (2D) nanoplates to hierarchical 3D
microspherical architectures with increasing the amount of
sodium citrate (Figure S2). BOC-3 and BOC-4 exhibit uniform
microsphere structure with a diameter of 2—2.5 ym constructed
by nanosheets (Figure 2a and b and Figure S2d). This
morphology is expected to enhance light harvest due to
multiple scattering and reflection. The surface areas of the
samples are measured to be 9.6, 12.5, 15.7, 18.2, and 18.7 cm?/
g for the pristine Bi,0,CO; BOC-1, BOC-2, BOC-3, and
BOC-4, respectively. The surface areas gradually increase with
increasing the sodium citrate amount and almost keep
unchanged with further raising sodium citrate amount (BOC-
4). Figure 2c confirms the microspherical structure of C-BOC.
The HR-TEM image (Figure 2d) reveals two sets of lattice
fringes with a lattice spacing of 0.273 nm corresponding to the
{110} facet of orthorhombic Bi,0,CO; A clear square
diffraction spot array indicating high crystallinity is observed
from the corresponding selected-area electron diffraction
(SAED) pattern (inset in Figure 2d). The labeled angle in
this pattern is 45°, which is in accordance with the value
between the {110} and {200} facets.

On the basis of the above experimental results, a plausible
two-step growth mechanism for the formation process of
CO,* -doped Bi,0,CO; is proposed, as shown in Scheme 1.

Scheme 1. Schematic Illustration of the Possible Formation
Process of the C-BOC Hierarchical Microsphere”
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%(1) Formation of C-BOC nanoplates; (2) citrate-induced self-
assembly of these primary nanoplates to form regular hierarchical
microsphere.

Both the sodium citrate and urea are considered to play crucial
roles in the formation process of self-doped Bi,O,CO;. Urea
can provide adequate amount of CO,>” ions for formation of
pristine Bi,O,CO;. As a complexing agent with three carboxylic
groups and a hydroxyl group, sodium citrate plays a significant
role in releasing doped CO;>” ions as well as the growth of
such Bi,0,CO; hierarchical microspheres.'”*° Maybe the
sodium citrate is easier to release doped CO;*” ion in a
favorable chemical environment created by large amount of
urea. They may comaintain a favorable environment more
suitable for CO;*~ ion doping. In the first step, bicitrate
complexes are formed via an electrostatic interaction between
the Bi** ion and the citrate. This action is beneficial to impede
the hydrolysis of Bi** ion and promote its dispersion in the
aqueous system. In the following hydrothermal process, these
Bicitrate complexes reacted with CO;>” ions released by urea to
form the Bi,O,CO; nanoplates. During this process, citrate
serves as a capping reagent, separating the crystal nucleus and
limiting the further growth of the nanoplates. On the other
hand, more CO,*" ions are released by decomposition of citrate
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and then incorporated into the crystal structure of Bi,O,COj;
nanoplates. The hierarchical microspheres of CO;* -doped
Bi,0,CO; are formed in the second step. The free citrate
attaches on the surfaces of firstborn Bi,O,CO; nanoplates and
directs their self-assembly, inducing the final formation of
CO,*"-doped hierarchical microspheres.

3.2. Chemical Coordination, Oxygen Vacancy, and
Thermogravimetric Analysis. To obtain more information
about the dopant and chemical coordination of each atom, X-
ray photoelectron spectroscopy (XPS) is conducted on BOC
and C-BOC. As shown in Figure 3a, Bi, O, and C can be
detected from both samples whereas an intensive C peak is
observed from C-BOC. The high-resolution C 1s spectra
(Figure 3b) show two peaks with binding energies of 284.8 and
288.4 eV. The former is attributed to the adventitious carbon
(AC) from the instrument and the latter corresponds to
carbonate. Compared to BOC, a more intensive peak at 288.4
eV is observed from C-BOC indicating a larger amount of
carbonate. Significantly, different from the carbon-doped
Bi,0,CO; which shows a Bi—C bond band at 283.05 eV, the
absence of the Bi—C peak in our doped Bi,0,CO; excludes the
carbon doping or formation of bismuth carbide.** The two
peaks at 164.73 and 159.47 eV in BOC are associated with Bi
4f;,, and Bi 4f,,, respectively (Figure 3c).*” The shift of the
two characteristic peaks of C-BOC to lower binding energy
may be ascribed to the change in the chemical coordination of
Bi**. The O Is spectra (Figure 3d) can be deconvoluted into
three peaks at 531.7, 530.9, and 530.0 eV, which can be
assigned to the surface hydroxyl groups, carbonate spec1es, and
characteristic of Bi—O in Bi,0,CO;, respectively.”"*' In
comparison with BOC, the C-BOC exhibits a stronger C—O
intensity implying a larger carbonate concentration. Both the C
Is and O 1s XPS spectra furnish the direct evidence of
successful fabrication of carbonate self-doped Bi,O,CO;. The
doped carbonate species is expected to introduce intermediate
levels in the forbidden band to narrow the band gap of
Bi,0,CO;. The doping of carbonate species has been achieved
without extra doping source, which is different from previous
doping methods.

The introduction of dopant into matrix always leads to the
presence of crystal defect, which can be probed by in situ
electron paramagnetic resonance (EPR) technique. As shown
in Figure S3, no signals were generated over BOC sample. In
contrast to the case of BOC, the C-BOC presents a distinct
signal peak at g &~ 2.001 by taking manganese signal as
reference. This peak is considered to be the characteristic of
surface oxygen vacancy.””* Though the surface oxygen
vacancy may only slightly improve the photoabsorption of a
crystal,” it can serve as traps for photoinduced charge to inhibit
the hole—electron recombination, thereby promoting the
photocatalytic process.**

Thermogravimetric (TG) analysis is employed to quantifica-
tionally determine the CO,*” self-doping amount of the
samples, as Bi,0,CO; can decompose to Bi,O; and CO, at
certain temperature. TG curves of BOC, BOC-1 and BOC-3
(Figure 4) are measured to investigate the doped CO;*~
amount. The TG results reveal that they all exhibit weight
loss in the temperature range of 260—330 °C and the weight
loss of pristine Bi,0,COj is 8.6%, which is in good agreement
with the CO, loss (8.63%) of pristine Bi,0,CO;. The weight
losses of BOC-1 and BOC-3 are 9.8% and 10.7%, respectively,
corresponding to the CO5 self-doping concentration of 13.9%
and 24.4%, respectively. The TG results further confirm the
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Figure 3. (a) Survey XPS spectra and high-resolution XPS spectra of (b) C 1s, (c) Bi 4f, and (d) O Is.
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Figure 4. TG curves of BOC, BOC-1, and BOC-3.

CO,*" self-doping and give a quantitative analysis on CO,>~
dopant.

3.3. Optical Properties and Tunable Bandgap. UV—vis
diffuse reflection spectra (DRS) are acquired to determine the
optical properties of the samples. Figure Sa displays the DRS of
the pristine BOC and C-BOC. C-BOC shows more absorption
in the UV region than the pristine Bi,O,CO; on account of the
hierarchical microstructure. All the doped samples exhibit
absorption in the visible region because the incorporated
carbonate extends the light absorption range of BOC from the
UV to visible region. It can also be found that light absorption
is continuously enhanced from BOC-1 to BOC-4. This should
be attributed to the continuously increased CO;*~ self-doping
amount and light trapping effect derived from the 3D
microspherical architectures. The corresponding color change
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in the products is displayed in the inset in Figure Sb.
Significantly different from the dark gray or black colors of
carbon-doped Bi,0,CO; (Figure $4)*° and other carbon-
doped photocatalysts,"*® all the C-BOC samples obtained
here are yellow, which provides indirect evidence that carbon
doping can be excluded.

The band gap of BOC can be obtained by the Kubelka—
Munk (KM) expression:*’

n/2

ahv = A(hv — E,) / (1)
where A, hu, E, and a are the proportionality constant,
photonic energy, band gap, and optical absorption coeflicient,
respectively. The band gaps of BOC, BOC-1, BOC-2, BOC-3,
and BOC-4 are calculated to be 3.25, 3.06, 2.97, 2.81, and 2.72
eV, respectively (inset in Figure Sa). The band gap can be
tuned from 3.25 to 2.72 eV by varying the precursor molar ratio
from 0 to 2. The band gap narrows gradually with dopant
amount, as shown in Figure Sb.

3.4. Investigations on Band Structures by the
Theoretical Calculations and Experimental Methods.
Density functional theory (DFT) calculation is used to
investigate the crystal and electronic structure of CO;>" self-
doped Bi,0,COj;. The result from crystal structure optimizing
indicates that the foreign CO5*~ ions are doped in the caves
constructed by the four adjacent CO;>” ions, as shown in
Figure 6a and Figure SS. The valence band (VB) and
conduction band (CB) structures of pure and self-doped
Bi,0,CO; are depicted in Figure 6b. The denser band density
of self-doped BOC is resulted from its 2 X 1 X 2 super cell.
Compared to the pristine Bi,0,CO; with a band gap of 3.10
eV, the self-doped CO;* ions effectively narrow the band gap
of Bi,0,CO; (2.42 eV) by lowering the CB position for ~0.68
eV, which is consistent with the results obtained from the UV—
vis diffuse reflection spectra. Meanwhile, it is interesting to
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notice that an impurity level composed of O 2p orbital (Figure
S6) are generated above the Fermi level, which accords well
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with the characteristic of doping. It is expected that this
modified band structure is beneficial to electron excitation in
photocatalysis process."

Imaginary dielectric functions of BOC and C-BOC along
three crystallographic axes are displayed in Figure 6¢.* The
pristine BOC can only absorb light with energy larger than 3.1
eV, which agrees with its electronic band structure and DRS.
Comparatively, the photoresponse of C-BOC is extended to 2.0
eV and meanwhile an obvious absorption band at 1.2 eV
appears, confirming the narrowed band gap and generation of
impurity level. Additionally, it is also observed that the more
absorbance in high-energy area results from light trapping effect
of 3D microspherical architectures of C-BOC, matching well
with the DRS results.

To further corroborate the theoretical calculation results and
the band structure evolution of CO;*” self-doped Bi,0,CO,
experimentally, the VB XPS and Mott—Schottky curves of BOC
and C-BOC are measured. As shown in Figure 7a, the C-BOC
exhibits a similar VB edge in comparison with that of BOC,
indicating that the VB position of C-BOC is almost not
changed compared to that of BOC. Figure 7b displays the
Mott—Schottky curves of the two samples, which can be used
to determine the flat potentials of semiconductors.”” The
positive slope of linear 1/C? potential curves disclose the
characteristic of n-type semiconductor of Bi,0,CO;. Compared
with the pure BOC, the flat potential of C-BOC is lowered by
0.42 eV, which accords with the decrease of band gap from 3.25
to 2.81 eV. As the CB potentials of n-type semiconductors are
slightly higher (~0.1—0.3 eV) than the flat potentials, it can be
concluded that the CB position of C-BOC is lowered in
comparison with that of BOC. The VB XPS and Mott—
Schottky curve measurements are consistent with the DFT
calculation results, further confirming the role of the CO;*~
self-doping in tuning the band gap.

3.5. Visible-Light-Sensitive Photocatalytic Reactivity,
Photoelectrochemical Properties, and Mechanism. The
photocatalytic activity of BOC and C-BOC is assessed by
studying NO removal from the gas phase and photo-
decomposition of colorless BPA in an aqueous solution under
visible light illumination (4 > 420 nm). As shown in Figure 8a,
compared to pure BOC which does not absorb visible light, all
the C-BOC samples exhibit visible-light-driven photocatalytic
activity for BPA degradation, and the degradation efficiency of
self-doped BOC first gradually increases and then decreases
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(observed for BOC-4) with increasing the CO;>~ doping
amount. The enhancement on photocatalytic activity may be
attributed to the gradually enhanced light absorbance and
specific surface areas. Nevertheless, excessive dopants might
result in the formation of recombination centers of photo-
generated electron and holes, detrimental to photocatalytic
activity.”’ Thus, BOC-3 shows the highest photodegradation
efficiency with an apparent rate constant 1.17 h™". To compare
the enhancement degree of photoactivity quantitatively,
simulated solar light is also used as light source. The BOC-3
exhibits a significantly enhanced photodegradation rate under
UV—vis light irradiation, approximately 11.3 time that of
pristine BOC (Figure S7). Furthermore, NO removal is
monitored to evaluate the photocatalytic performance under
visible light as NO can be oxidized by photoinduced active
species to produce HNOj; as the final product. Figure 8b
displays the changes in the NO concentration versus irradiation
time. NO removal observed from the pristine BOC is negligible
but C-BOC shows an efficient removal ratio of 48%, which is
also far superior to those of other well-known photocatalysts
that used to effectively remove NO, such as P25 (12%), C;N,
(13%) and BiOBr (16%).

The interfacial charge separation and transfer dynamics of
photoelectrons are studied by monitoring the photocurrent—
time response that is correlated with the photocatalytic
activity.”" Figure 9a shows the photocurrent response of the
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BOC and C-BOC electrodes under illumination of visible light
(A > 420 nm). There is no photocurrent on BOC regardless of
whether there is light or not. On the other hand, C-BOC shows
a rapid and dramatic photocurrent generation with good
reproducibility during visible light illumination revealing the
generation of photoexcited electrons. The results demonstrate
effective separation of photoinduced electron—hole pairs in C-
BOC upon exposure to visible light.

Electrochemical impedance spectroscopy (EIS) is employed
to monitor the charge migration process on the electrodes.””>*
Generally, a higher charge mobility results in a smaller EIS arc
radius. Figure 9b shows the EIS Nyquist plots of the BOC and
C-BOC electrodes. The arc radius of C-BOC is much smaller
than that of pristine BOC, demonstrating that the carbonate
dopant has a positive effect on the separation and transfer
efficiency of photogenerated electron—hole pairs. The lifetime
(7) of the injected electrons can be determined by the following
expression:s‘%’54

T=1/2af (2)

where f indicates the inverse minimum frequency. As indicated
by the Bode-phase spectra in Figure 9, the electron lifetimes of
BOC and C-BOC are calculated to be 25.9 and 54.7 us,
respectively. The greatly prolonged electron lifetime of C-BOC
indicates that self-doping with CO,*>~ promotes the separation
and migration of electron—hole pairs in Bi,0,COs.
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irradiation.

Photoluminescence (PL) is performed to confirm the
enhanced separation efliciency of photogenerated charge
carriers in C-BOC.>> As shown in Figure 9d, all the doped
samples display lower PL emission than the pristine BOC,
indicating that recombination emission by bulk and surface
traps is reduced by carbonate self-doping. The largest PL
reduction is observed from BOC-3 indicative of the smallest
recombination rate of photogenerated electrons and holes at

this optimal doping concentration. This confirms that an
excessive dopant amount could lead to the formation of surface
recombination centers that increase the recombination rate of
electrons and holes as revealed by the high PL emission
intensity observed from BOC-4.° PL verifies the enhanced
separation rate of electron—hole pairs by carbonate self-doping
and that the photocatalytic performance can be optimized by
the doping amount.
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On the basis of the above analysis, there are two main
reasons for the eficient visible-light photocatalytic activity of C-
BOC. First, self-doping of carbonate species lowers the CB
position and introduces intermediate levels into the forbidden
band to narrow the bandgap, thereby expanding the response
range of Bi,0,CO; and improving visible light absorption.
Second, carbonate self-doping also introduces surface oxygen
vacancy to the Bi,O,COj crystal to facilitate charge transfer and
reduce recombination of charge carriers to promote the
photocatalytic process. The synergistic effects of the above
two factors give rise to the high performance of self-doped
Bi,0,CO; under visible light illumination. To monitor the
active radicals and determine the photoreaction mechanism,
electron spin resonance (ESR) spin-trap technique is employed
during irradiation. DMPO (S,5-dimethyl-1-pyrroline N-oxide),
a nitrone spin trapping reagent, is utilized to capture the
superoxide (*0,”) and hydroxyl radicals (*OH).">*® As shown
in Figure 10a and b, no ESR signals can be detected from BOC
with or without light irradiation. With respect to the ESR
signals of DMPO—°"0,” for C-BOC, the peaks of the
DMPO-*0,” adducts can be neglected. This demonstrates
that O, was not reduced to °O,” radicals by the photo-
generated electrons of C-BOC. In the case of the ESR spectra
of DMPO—"OH for C-BOC, four sets of antisymmetric peaks
with intensities of 1:2:2:1 are observed, which are the
characteristic signals of the DMPO—°OH adducts. ESR
demonstrates that *OH radicals are the main active species of
C-BOC in the photooxidation process under visible light
illumination.

In addition to high photocatalytic activity, the photochemical
stability and reproducibility are important factors in commercial
applications. The stability and durability of C-BOC are assessed
by performing recycling experiments and as shown in Figure
S8, no obvious loss in the activity can be observed after five
cycles. XRD patterns further confirm the result. As shown in
Figure S9, there is no change in the XRD patterns before and
after irradiation, implying that the self-doped Bi,0,CO; is
stable and not corroded.

4. CONCLUSIONS

Carbonate self-doped Bi,O,CO; with superior visible-light
photocatalytic activity is fabricated by a one-pot hydrothermal
approach without using additional doping source. The
incorporation of CO;*~ into the crystal lattice is verified by
both the experimental and theoretical results. The photo-
response range of Bi,0,CO; can be tuned from UV to visible
light by self-doping. DFT calculation results disclose that the
self-doping herein is interstitial doping and the narrowed band
gap is realized by lowering the CB position and generation of
impurity level, which is corroborated by VB XPS and Mott—
Schottky curves. The self-doped Bi,O,CO; shows highly
enhanced visible-light induced NO removal, BPA degradation,
and photocurrent response, in contrast to the pristine
Bi,0,CO; with no visible light sensitivity. The carbonate
dopant and surface oxygen defect are responsible for the high
visible-light activity of self-doped Bi,0,COj; as confirmed by in
situ EPR, PL, EIS, and Bode-phase spectra. DMPO spin-
trapping ESR reveals that more reactive radical species are
generated on the self-doped Bi,0,COj; thus accounting for the
high visible-light photochemical performance. These findings
not only first evidence that self-doping with an anionic group
can alter the optical band structure, but also suggest a new
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direction to the design and fabrication of high-performance
visible-light photocatalysts.
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