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GRAPHICALABSTRACT

Biocompatibility

Heterojunction

Highlights

* Novel Bi202CO3/ZnFe>04 p-n heterojunction photocatalyst for NO removal was prepared
* The catalyst showed an activity superior to those of its individual constituents
 Enhanced activity was ascribed to the elevated electron/hole separation efficiency

'Oz and "OH were identified as the main active species by ESR spectroscopy

* Cytotoxicity testing proved the biocompatibility of the BioO2COs/ZnFe>O4 catalyst

Abstract

Although bismuth subcarbonate (Bi.O2CO3), a member of the Aurivillius-phase oxide family,
is a promising photocatalyst for the removal of gaseous NO at parts-per-billion level, the
large band gap of this material restricts its applications to the UV light region. The above
problem can be mitigated by heterojunction fabrication, which not only broadens the light
absorbance range, but also inhibits the recombination of photogenerated charge carriers.
Herein, we implement this strategy to fabricate a novel Bi2O.COs/ZnFe>04 photocatalyst for
NO removal under visible light irradiation and authenticate the formation of the above p-n
heterojunction using an array of analytical techniques. Notably, the above composite showed
activity superior to those of its individual constituents, and the underlying mechanisms of this

activity enhancement were probed by density functional theory calculations and photocurrent



measurements. Elevated electron/hole separation efficiency caused by the presence of an
internal electric field at the Bi202COs/ZnFe204 interface was identified as the main reason of
the increased photocatalytic activity, with the main active species were determined as "Oz~
and ‘OH by electron spin resonance spectroscopy. Finally, cytotoxicity testing proved the
good biocompatibility of Bi.O>COs/ZnFe204. Thus, this work presents deep insights into the
preparation and use of a green p-n heterojunction catalyst in various applications.

Keywords: photocatalysis; NO removal; p-n heterojunction; internal electric field

1. Introduction

In recent years, the adverse effects of nitrogen oxides (NOx) on human health and their
relevance to haze events in China have become a subject of concern[l], reflecting an
increasing need for effective strategies of reducing atmospheric NOx levels to meet the
gradually rising demand for clean air. Traditional mitigation technologies such as NOy storage
and reduction, selective catalytic reduction, and physical adsorption fail to cost-effectively
remove NOy at parts-per-billion (ppb) levels[2-4], in contrast to the semiconductor
photocatalysis technology, which allows the removal of low-concentration air pollutants
utilizing renewable and clean solar energy. Although NOx can be effectively removed at the
ppb level via photocatalytic oxidation[5-10], the above process can not only induce direct
oxidation to nitrate, but also generate the much more toxic NO2, which highlights the
importance of selecting a semiconductor material concurrently exhibiting a high NOx
conversion rate and low NO: selectivity. Since the photocatalytic oxidation of NOy is a

heterogeneous reaction occurring at the gaseous NOy/catalyst phase boundary, its first step



corresponds to the adsorption of NOx on catalytic sites. Therefore, the utilization of a material
exhibiting NOy-specific adsorption at low concentration should facilitate NOx accumulation
on the catalyst surface and thus contribute to the photocatalytic oxidation reaction. Moreover,
the employed photocatalysts should possess good biocompatibility, since the practical
applications of nanomaterials can pose threats to human health[11]. Therefore, the
exploration and design of photocatalysts with desirable physicochemical properties is
extremely important to realize large-scale air purification.

Bismuth subcarbonate (Bi20.CQOz), a member of the Aurivillius-phase oxide family,
possesses a layered structure characterized by the orthogonal intergrowth of Bi,O2?* and
CO3® layers that is beneficial to the separation of photogenerated electron/hole pairs,
attracting increased attention as a material for the photocatalytic degradation of organic
pollutants and gaseous NO[12-14]. However, the large band gap of Bi,O.CO3 (~3.3 eV)
renders it sensitive only to UV light, which accounts for less than 5% of solar light[15], and
thus requires the response of Bi.O>COs in the visible light region to be enhanced for practical
environmental remediation applications. Among the various approaches adopted to solve this
issue, e.g., doping, morphology control, noble metal deposition, and heterojunction
construction[16-19], the coupling of Bi.0.COz with a narrow-band-gap semiconductor to
form a heterojunction is one of the most effective ways to enhance photocatalytic
performance, not only improving the efficiency of visible light utilization, but also facilitating
the separation of electron-hole pairs due to energy band matching. For example, Ao et al.
have prepared a CdS-loaded Bi>0.COs heterojunction with extended light absorption

properties and elevated charge separation efficiency, observing enhanced photocatalytic



activity under visible light irradiation[20]. Besides such n-n heterojunctions, mainly designed
based on energy band configuration, p-n heterojunctions have recently been extensively
investigated[21-23]. The Fermi level (Er) of a semiconductor is determined by its chemical
potential at thermodynamic equilibrium[21], with n-type semiconductors usually having a
higher Er than p-type ones before contact[21]. The contact of the above semiconductors
results in electron transfer from the n-type to the p-type one to reach an ultimate equilibrium
state and result in Er alignment[24]. The existence of an internal electric field (IEF) at the p-n
junction formed at the contact interface of the two individual semiconductors makes this
junction a special heterostructure that can significantly promote the separation of
photogenerated charge carries and thus improve photocatalytic performance[21].

Spinel zinc ferrite (ZnFe204) is a p-type semiconductor with a narrow band gap (~1.9 eV)
and strong visible light absorbance ability[25, 26]. Unfortunately, the photocatalytic activity
of pure ZnFe»O4 is relatively poor due to the rapid recombination of photogenerated
electron/hole pairs[27]. However, ZnFe>O4 can be used as a sensitizer for large-bandgap
semiconductors, allowing the fabrication of p-n heterojunctions with improved electron/hole
pair separation efficiency[28, 29]. Therefore, it is expected that a p-n heterojunction can be
obtained by coupling n-type Bi-0.COz with p-type ZnFe;O4. In addition, it is reasonable to
assume that ZnFeOx is capable of strong NO surface adsorption, since Fe3* ions are known
to be effective adsorption sites for NO in the dark[30]. Based on the optical and adsorption
properties of ZnFe>O4 as well as the Er difference between Bi2O.COs and ZnFe>QOg4, the
Bi202CO3/ZnFe204 p-n heterojunction should behave as a superior visible light—driven

catalyst for NO removal.



Herein, we report that the prepared Bi.02COs/ZnFe;O4 p-n heterojunction exhibits
enhanced visible-light absorbance, NO adsorption, and charge separation properties, being an
efficient visible light-driven photocatalyst for efficient NO removal at ppb levels due to IEF
formation at the BioO.COz/ZnFe204 interface increasing the charge separation efficiency and
inhibiting the generation of the more toxic NO.. Moreover, cytotoxicity tests showed that the
above heterojunction possessed good biocompatibility. Comprehensive characterizations
were carried out to understand the physiochemical properties of the Bi,02COs/ZnFe204
heterojunction, and a plausible photocatalytic mechanism was proposed.

2. Experimental
2.1 Photocatalyst preparation

All reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. and used as
received without further purification. Water with a resistivity exceeding 18 MQ cm was
obtained using a Millipore system.

Bi20.CO3 (BOC) was prepared via a hydrothermal reaction as follows[31]. Na;COs3
(0.46 g) was dissolved in H20 (72 mL) upon 10-min stirring, and the obtained solution was
treated with bismuth citrate (1.6 g) and agitated at ambient temperature. The resulting clear
precursor solution was transferred into a 100-mL Teflon-lined autoclave, heated at 180 °C for
24 h, and naturally cooled down to room temperature. The obtained white solid was separated
by centrifugation, washed with water and ethanol for five times, and dried overnight in a
convection oven at 70 °C.

For the preparation of Bi202COs/ZnFe.04 (BOC/ZFO) composites, BOC (0.1 g) was

dispersed in HO (20 mL) by bath sonication to obtain a homogeneous suspension



(suspension A). Subsequently, Zn(NOsz)2-6H.0 (0.1189 g, 0.4 mmol) and Fe(NOz)3-9H.0
(0.3232 g, 0.8 mmol) were added to H.O (20 mL), and the mixture was stirred to obtain a
clear solution (solution B). Solution B was dropwise added to suspension A upon stirring, and
the pH of the mixture was adjusted to 13 using 2 M aqueous NaOH. The above mixture was
poured into a 100-mL Teflon-lined autoclave, heated at 100 °C for 6 h, and naturally cooled
down to room temperature. Finally, the obtained solid was centrifuged, washed with water for
five times, and dried overnight in a convection oven at 60 °C. The as-prepared composite was
denoted as BOC/ZFO-(1:1) to reflect the 1:1 mass ratio of BiO2COz and ZnFe2Oa, with
BOC/ZFO-(1:0.1) and BOC/ZFO-(1:5) composites prepared in an identical way. For
comparison, pure ZnFe>O4 was also prepared using the above method without the addition of
BOC.
2.2 Photocatalyst characterization

Powder X-ray diffraction (XRD) patterns (X’pert Pro, PANalytical Corp., the
Netherlands) were recorded at a scan rate of 0.017° min? using Cu K, radiation.
Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) analyses were
carried out using a JEOL 2010 microscope (JEOL Corp., Japan). X-ray photoelectron
spectroscopy (XPS) measurements were performed on an Escalab 250 Xi spectrometer
(Thermo Scientific, USA), and binding energies were calibrated using the C 1s peak at 284.6
eV as a reference. Nitrogen sorption experiments were conducted at 77 K using an automated
physisorption analyzer (Gemini VII 2390, Micromeritics Instrument Corp., USA), and
specific surface areas and pore size distributions were determined employing the Brunauer—

Emmett-Teller (BET) equation and the Barrett-Joyner—Halenda method, respectively.



UV-vis diffuse reflectance spectroscopy (DRS) surveys were performed on an Agilent Cary
100 UV-vis spectrometer (Agilent Corp., USA) with BaSOs as a reference. NO
temperature-programmed desorption (TPD) experiments were conducted on a chemisorption
analyzer (PCA 1200, BJbuilder, China) using 50-mg samples. Prior to TPD analyses, samples
were pretreated in a stream of N2 at 100 °C for 30 min. After cooling to room temperature,
the thus treated samples were exposed to a stream of NO (40 mL min™) at room temperature
for 30 min, and the temperature was increased to 600 °C at a rate of 10 °C min in a flow of
He (30 mL mint) for NO desorption. Thermogravimetric analysis (TGA; STA 449 F5,
Netzsch, Germany) was conducted at a heating rate of 10 °C min* in ambient atmosphere.
Electron spin resonance (ESR; ER200-SRC, Bruker, Germany) spectra were recorded at
ambient temperature under 12-min visible light irradiation, with the corresponding samples
prepared by adding photocatalysts into a 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO)-containing solution (CH3OH dispersion for “O.~ and aqueous dispersion for "OH
observation).
2.3 NO removal testing

The activity of as-prepared photocatalysts for NO removal was evaluated in a
continuous flow reactor at room temperature. The rectangular stainless steel chamber of the
reactor had a top quartz glass panel and featured a total volume of 4.5 L (30 cm x 15 cm x 10
cm). A 9-cm-diameter glass dish was coated with 0.1-g samples by evaporating the
corresponding photocatalyst-containing suspensions at 70 °C and placed at the center of the
chamber. The initial NO gas (400 ppb) was obtained by diluting 100 ppm NO sourced from a

compressed gas cylinder (N2 balance) with air supplied by a zero-air generator (Model 1001,



Sabio Instruments LLC, USA), and the flow rate of the air/NO mixture was controlled at 3 L
min~t. A commercial 300-W xenon lamp with a 420-nm cutoff filter (Microsolar 300,
Perfectlight, China) was vertically placed above the reactor as a light source. The sample dish
was continuously exposed to the above gas stream, and the xenon lamp was turned on after a
constant NO concentration was achieved in the dark after ~30 min, with the concentrations of
NO, NOz, and NOx measured by an NOyx analyzer (Model 42c, Thermo Environmental
Instruments Inc., USA) throughout the photocatalytic test. The NO removal efficiency was
determined as (1 — C/Co) x 100%, where C and Co represent the NO outlet concentration at a
given time and the initial inlet concentration (ppb), respectively.
2.4 Photoelectrochemical measurements

Transient photocurrents were evaluated using an electrochemical workstation (Parstat
4000, Princeton, USA) in a conventional three-electrode cell, with a Pt plate and a Ag/AgCl
electrode used as counter and reference electrodes, respectively. To fabricate the working
electrode, solid samples (10 mg) were dispersed in ethanolic Nafion (1 mL, 1 wt%) by bath
sonication to obtain homogeneous suspensions that were dropt-cast onto fluorine-doped tin
oxide conducting glass and dried at room temperature to produce films. Photocurrent
density—time curves were measured at 0.2 V vs. Ag/AgCl in 0.5 M Na>SOz solution at room
temperature under LED lamp irradiation (1 = 420 nm).
2.5 Density functional theory (DFT) calculations

All first-principle DFT calculations were implemented using the Cambridge Sequential
Total Energy Package (CASTEP) code and the plane-wave Vanderbilt-type ultrasoft

pseudopotential approach[32]. The supercell models of the bulk BOC and ZFO were built,



and the supercells of 1 x 1 x 1 and 2 x 1 x 1 were used for BOC and ZFO, respectively. The
crystal models of the BOC/ZFO heterojunction with the interfaces composed of BOC (110)
and ZFO (220) lattice planes were also constructed. The generalized gradient approximation
with the Perdew-Burke—Ernzerhof functional was used to account for exchange correlation
potentials and electron-electron interactions[33]. The Brillouin zones were separately
sampled at 1 x 3 x 1 Monkhorst-Pack k-points for the BOC/ZFO heterojunction models. The
kinetic cut-off energy was set to 380 eV for all calculations, and the self-consistent field
convergence criterion was set to 2.0 x 107° eV. For geometry optimization, the energy change,
residual force, stress and displacement convergence criteria were chosen to be less than 2.0 x
105 eV atom™®, 0.05 eV A%, 0.1 GPa and 0.002 A, respectively. Charge transfer between
BOC and ZFO was evaluated based on electron density difference (EDD) maps and Mulliken
population analysis (MPA) performed using a 2 x 4 x 2 mesh.
2.6 Cytotoxicity tests

The cytotoxicity of BOC/ZFO-(1:1) to A549 cells was evaluated by a standard
methylthiazolydiphenyltetrazolium bromide (MTT) assay. Ab549 cells initially cultured for 12
h in an incubator (37 °C, 5% CO.) were seeded in 96-well U-bottom plates at a density of 5 x
10* — 1 x 10° cell mL* (200 pL per well) and incubated with different concentrations of
BOC/ZFO-(1:1) (0.5, 5, 10, 25, 50, 100, 200, and 400 ug mL™1). After 24-h culturing with
BOC/ZFO-(1:1), 15 uL of the MTT solution (normal saline or 1 mg mL ™ phosphate buffer
solution) was added to each sample, which were further incubated at 37 °C for 4 h. The
culture medium was discarded, and dimethyl sulfoxide (150 pL) was added upon 10-min
shaking to dissolve formazan. Optical densities (ODs) were measured at 490 nm using a
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microplate reader, and cell viability was estimated as
Cell viability (%) = ODxreated /ODcontrol X 100% 1)
where ODcontrol is the optical density obtained in the absence of BOC/ZFO-(1:1), and ODtreated
is the value obtained in the presence of BOC/ZFO-(1:1). Additionally, the same cytotoxicity
test was also conducted for P25 as a control.
3. Results and discussion
3.1 Physicochemical characterization
3.1.1 Crystal structures and chemical compositions

The crystal structures of as-prepared BOC, ZFO, and BOC/ZFO-(1:1) were determined
by XRD (Fig. 1). All diffraction peaks of pure BOC could be well indexed to tetragonal
Bi20.CO3 (JCPDS No. 41-1488), with their sharp and intense nature being indicative of very
high crystallinity[17]. For pure ZFO, the diffraction peaks at 26 = 29.9°, 35.2°, 56.6°, and
62.2° were assigned to the (220), (311), (511), and (440) reflections of ZnFe;O4 (JCPDS No.
22-1012), respectively[34], with the average crystallite size estimated as 13.1 nm according
to the Scherrer equation. The similarity between the diffraction peaks of BOC/ZFO-(1:1) and
those of BOC indicated that the latter compound was partially covered by ZFO in the former
composite, with the absence of ZFO peaks ascribed to its low crystallinity. For comparison,
the XRD patterns of BOC/ZFO-(1:0.1) and BOC/ZFO-(1:5) are shown in Fig. S1. The peaks
of BOC/ZFO-(1:0.1) resembled those of BOC, while BOC/ZFO-(1:5) showed only weak
BOC peaks due to the excessive coverage of BOC by ZFO, with ZnFe>O4 peaks being clearly
identifiable at increased ZFO loading. No other impurity peaks were observed, suggesting
that all as-prepared samples were highly pure. Thus, the aforementioned results confirmed the
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successful fabrication of BOC/ZFO composites.

Bi,0,CO, (JCPDS No. 41-1488)
ZnFe O, (JCPDS No. 22-1012)

A— iyt Sy
ZFO

BOC/ZFO-(1:1)

Intensity / a.u.

BOC

10 20 30 40 50 60 70 80
20/ degree

Fig. 1 XRD patterns of BOC, BOC/ZFO-(1:1), and ZFO.

The surface chemical states and elemental compositions of BOC, ZFO, and
BOC/ZFO-(1:1) were probed by XPS. Survey spectra in Fig. 2a show the presence of three
elements in BOC and reveal the simultaneous existence of Bi, C, O, Zn, and Fe in
BOC/ZFO-(1:1), indicating the partial coverage of BOC by ZFO and being in agreement with
the results of XRD analysis. Fig. 2b shows the C 1s spectra of BOC and BOC/ZFO-(1:1),
with the peaks at 284.6 and 285.5 eV (observed for both materials) assigned to adventitious
carbon species, whereas that at 288.6 eV was attributed to CO3s> in BOC and shifted to
higher binding energies in BOC/ZFO-(1:1)[35-37]. Fig. 2c features two strong characteristic
peaks at 158.9 and 164.2 eV that were ascribed to Bi 4fs;; and Bi 4f7 transitions of Bi®* in
BOC, respectively; whereas both of these peaks shifted to higher binding energies (by ~0.1
eV) for BOC/ZFO-(1:1)[23]. In O 1s spectrum of BOC (Fig. 2d), three peaks centered at

530.2, 531.0, and 532.1 eV were assigned to Bi—O bonds in BOC, carbonate species, and
12



absorbed H,O (or surface —OH), respectively[13, 38, 39]. In the case of ZFO, the peaks
observed at 529.3 and 530.4 eV were assigned to Fe-O and Zn-O bonds in ZFO,
respectively[40]. As for BOC/ZFO-(1:1), the O 1s spectrum contains five shoulders, among
which the peak drift towards higher binding energies at 530.3 eV of Bi-O bonds as well as
those shift towards lower binding energies at 529.2 and 529.8 eV of Fe-O and Zn—O bonds
could be clearly observed. Generally, XPS binding energy is negatively correlated with
surface electron density[41, 42]. The decreased electron density could lower the electron
screening effect, thereby resulting in the elevated binding energy. Thus, the enhancement of
binding energies of C, Bi, and O peaks observed for BOC in BOC/ZFO-(1:1) was ascribed to
the reduced electron concentration on its surface, which might be induced by electron transfer
from BOC to ZFO. The electron transfer direction between BOC and ZFO was further
evidenced by DFT calculations thereinafter. Therefore, the above results confirmed the
existence of a strong interaction between BOC and ZFO and suggested the formation of a

BOC/ZFO heterojunction.
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Fig. 2 XPS survey spectra of BOC and BOC/ZFO-(1:1) (a); high-resolution C 1s (b), Bi 4f

(c), and O 1s (d) spectra of the corresponding samples.

3.1.2 Morphological characterization

Morphological structures and crystallographic features of as-prepared BOC, ZFO, and
BOC/ZFO-(1:1) were characterized by TEM and HRTEM. As shown in Fig. 3a, BOC
featured plate-like nanostructures with sizes of 150-200 nm. The corresponding HRTEM
image (Fig. 3b) displays clear lattice fringes with interplanar spacings of 0.273 and 0.272 nm,
which were ascribed to the (110) and (-110) crystal planes of orthorhombic Bi,0.CO3
(JCPDS No. 41-1488), respectively, suggesting its high crystallinity[23]. Fig. 3c depicts a
representative TEM image of ZFO, revealing that it comprised spherical particles (9 £ 2 nm
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in size), in accordance with the results of XRD analysis. The corresponding HRTEM image
in Fig. 3d shows clear lattice fringes and interplanar distances of 0.298 and 0.254 nm, which
correspond to the (220) and (311) crystal planes of cubic spinel ZnFe;Os (JCPDS No.
22-1012), respectively[43]. Fig. 3e shows the TEM image of BOC/ZFO-(1:1), revealing the
partial deposition of ZFO onto the surface of BOC. Fig. 3f displays crystal lattice fringes in
distinct regions of the above composite, with the interplanar spacings of 0.273 and 0.272 nm
assigned to the (110) and (—110) crystal planes of BioO.COs3, whereas the d-spacings of 0.298
and 0.254 nm were indexed to the (220) and (311) crystal planes of ZnFe,QO4, respectively.
Moreover, the above image demonstrated that the BOC and ZFO phases were in close contact

with each other to form an intimate interface.

(110}

40273 mi
A//\
J

Fig. 3 TEM (a, ¢, e) and HRTEM (b, d, f) images of BOC (a, b), ZFO (c, d), and

BOC/ZFO-(1:1) (e, f).
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3.2 Photocatalytic activity

The photocatalytic NO removal activities of BOC, ZFO, and BOC/ZFO composites
were investigated under visible light irritation (4 > 420 nm) at ambient temperature. Fig. 4a
displays the NO removal extent over different photocatalysts as a function of irradiation time,
revealing that pure BOC showed poor photocatalytic activity. Moreover, despite showing a
certain activity, pure ZFO exhibited a suboptimal photocatalytic performance owing to the
rapid recombination of photogenerated electrons and holes[27]. Conversely, BOC/ZFO-(1:0.1)
exhibited enhanced photocatalytic NO removal activity compared to that of its individual
constituents, with the best performance observed for BOC/ZFO-(1:1). BOC/ZFO-(1:5)
exhibited lower activity than the 1:1 composite, which was explained by the excess ZFO in
the former hindering charge transfer between BOC and ZFO. The yield of the more toxic
NO: intermediate was monitored throughout the photocatalytic process (Fig. 4b), being quite
low over BOC and ZFO (<20 ppb). Coupling of ZFO with BOC significantly inhibited NO>
generation, i.e., no NO2 was produced when BOC/ZFO-(1:1) was utilized, which indicated
the high potential of heterostructured BOC/ZFO composites for air purification. As
demonstrated in Fig. 4a, the photocatalytic activity of all heterostructured photocatalysts did
not show any decay during NO removal. Repeated photocatalytic NO removal experiments
conducted over BOC/ZFO-(1:1) (Fig. S2) showed that the activity of this composite slightly
decreased after four-fold recycling, implying that the above heterojunction possessed superior

stability.
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Fig. 4 Efficiency of photocatalytic NO removal (a) and amount of generated NO> (b) as
functions of visible light (A > 420 nm) irradiation time for BOC, ZFO, and BOC/ZFO

composites.

3.3 Photocatalytic mechanism analyses
3.3.1 Textural, optical, and electric properties

In view of the fact that the textural and optical properties of photocatalysts impact their
activity, nitrogen adsorption isotherm and DRS measurements were performed to evaluate the
effects of specific surface area and light absorbance capacity on photocatalytic performance,
respectively.

Fig. S3 displays the nitrogen adsorption isotherms and pore size distributions of BOC,
ZFO, and BOC/ZFO-(1:1). Both ZFO and BOC/ZFO-(1:1) displayed type-V1 isotherms with
evident hysteresis loops characteristic of mesoporous materials, while BOC showed a type-ll|
isotherm typical of macroporous surfaces[44]. As illustrated in Fig. S3b, ZFO and
BOC/ZFO-(1:1) exhibited mesopores with diameters of 2.7 and 2.8 nm, respectively, while
BOC featured a bimodal size distribution of macropores (inset of Fig. S3b), in accordance

with the insights gained from the analysis of nitrogen sorption isotherms. BET specific
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surface areas (Sget) and pore volumes for BOC, ZFO, and BOC/ZFO-(1:1) are listed in Table
S1, with the larger Sger of BOC/ZFO-(1:1) compared to that of BOC suggesting that the
former material possessed a larger amount of active sites and thus exhibited a higher
photocatalytic activity. However, although BOC/ZFO-(1:1) exhibited a lower Sget than that
of pure ZFO, its photocatalytic performance was higher, which implied that Sger does not
account for the elevated photocatalytic activity of BOC/ZFO-(1:1).

Fig. 5a shows the UV-vis DRS spectra of BOC, ZFO, and BOC/ZFO composites,
revealing that pure BOC absorbs only in the UV region, whereas pure ZFO exhibits a broad
absorption peak in the visible light region. Notably, the deposition of ZFO onto BOC to
afford BOC/ZFO resulted in significantly enhanced absorbance intensity in the visible light
region, with this increase being positively correlated with ZFO content and thought to
promote photocatalytic activity. However, contrary to our expectations, the highest activity
was observed for BOC/ZFO-(1:1) and not for BOC/ZFO-(1:5), which implies that surface
area and light absorbance capacity are not the only factors determining photocatalytic
activity.

The band gap energies (Egs) of BOC and ZFO were calculated according to the
following equation[45]:
ahv = A(hv — Eg)"? 2)
where a, h, v, and A denote the absorption coefficient, Plank constant, light frequency, and a
constant, respectively, and n is determined by the type of semiconductor optical transition,
equaling four for direct transitions and unity for indirect ones[45]. For BOC, the (ahv)¥?vs.
hv plot constructed assuming n = 4 (Fig. S4a) allowed the E5 of BOC to be determined as
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3.30 eV, with the corresponding value of ZFO for n = 1 determined as 1.88 eV by a similar
method (Fig. S4b). Conduction band edges (Ecss) and valence band edges (Evss) of BOC
and ZFO were determined to further shed light on the photocatalytic mechanism. According
to previous reports, the Ecg of BioO.CO3 equals —0.76 V (vs. NHE)[46], which allows the Evs
of Bi202COsto be calculated as 2.54 V (vs. NHE) from Ecg = Eves — Eg. Similarly, the Ecsand
Evs of ZnFe,O4 were determined as —1.50 and 0.38 V (vs. NHE), respectively[47]. According
to the Ecs and Evg values obtained for Bi.O>CO3 and ZnFe;Oq4, the energy band structure of
these compounds before contact is illustrated in Fig. 5b (left). Given that Bi.O2COs is an
n-type semiconductor, and ZnFe;O4is a p-type semiconductor, these species should exhibit
different Er positions[21, 48]. However, upon contact of these materials, electrons are
transferred from Bi>0.CO3z (with a higher Ef) to ZnFe,O4 (with a lower one), as evidenced by
the results of XPS analysis, until both Ers ultimately reach an equilibrium state. This
phenomenon can cause band bending for both semiconductors, and ZnFe;04/Bi.02CO3 p-n
junctions are thus expected to form an IEF at the contact interface, as shown in Fig. 5b
(right).

To further demonstrate the origin of charge transfer at the BOC/ZFO heterojunction
interface, the EDD of this heterojunction was evaluated by density functional theory
calculations. The crystal models of BOC/ZFO composites featured interfaces composed of
BOC (110) and ZFO (220) lattice planes is illustrated in Fig. 5c, with Fig. 5d showing the
optimized BOC/ZFO interface after model relaxation. The calculated EDD plot is shown in
Fig. 5e. As noted above, the obtained EDD confirms that charge transfer occurs at the
BOC/ZFO interface. Furthermore, MPA charge distribution data indicates that about 3.07
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electrons transfer from BOC to ZFO, in accordance with the results of XPS analysis.
Therefore, the ZnFe>04/Bi20.COz p-n junctions facilitate the formation of an IEF at the
contact interface and thus promote interfacial charge separation.

The mechanisms of charge transfer/separation under visible light irradiation proposed on
the basis of the abovementioned analyses are illustrated in Fig. 5b (right). When
BOC/ZFO-(1:1) was exposed to visible light irradiation (4 > 420 nm), electron/hole pairs
were generated over ZFO. Owing to the existence of an IEF at the BOC/ZFO interface, the
photogenerated electrons in the ZFO conduction band could be transferred to that of BOC
due to the more positive Ecgs of the latter, whereas the photogenerated holes remained in the
ZFO valence band. Consequently, the coupling of ZFO and BOC facilitated charge transfer
and thus enhanced the separation efficiency of photogenerated electrons and holes, as verified
by photocurrent measurements (Fig. 5f). The highest photocurrent density was obtained for
BOC/ZFO-(1:1), suggesting that the above composite possessed the highest electron/hole

separation efficiency.
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Fig. 5 (a) UV-vis DRS spectra of BOC, ZFO, and BOC/ZFO composites. (b) Energy band
structure of BOC and ZFO before and after contact and the possible charge transfer process
for visible light-irradiated BOC/ZFO-(1:1). Constructed (c) and optimized (d) crystal
structures of the BOC/ZFO interface. (e) Calculated EDD plot for the BOC/ZFO interface at
an isovalue of 0.1 e A3 with blue and yellow regions representing electron density
accumulation and depletion, respectively. (f) Current-time curves of BOC, ZFO, and

BOC/ZFO-(1:1) recorded in 0.5 M Na>SOs under visible light irradiation (4 = 420 nm).

Based on the above results, we can conclude that the elevated electron/hole separation

efficiency caused by the presence of an internal electric field at the BOC/ZFO interface was
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identified as the main reason of the increased photocatalytic activity observed for
BOC/ZFO-(1:1). Previous reports have also demonstrated that the separation efficiency of
photogenerated charge carriers played a significant role in the photocatalytic activity[49-51].
3.3.2 NO adsorptive properties

Since the adsorption of NO is critical for its further photocatalytic oxidation, the NO
adsorption-desorption properties of BOC/ZFO-(1:1) and pure BOC were analyzed by TPD
experiments (Fig. S5). As demonstrated in Fig. S5a, the intensity of desorption peaks for
BOC/ZFO-(1:1) at T < 320 °C exceeded that of pure BOC, suggesting that the former
material exhibited a higher NO adsorption capability in the dark, with the adsorbed NO being
easily desorbed within the investigated temperature range. The strong peak at ~390 °C (onset
temperature =~ 300 °C) was ascribed to the decomposition of BOC, as confirmed by the
similar TPD profile observed for BOC in the absence of NO pre-adsorption (inset of Fig.
S5a). Thermogravimetric analysis of BOC (Fig. S5b) indicated that decomposition started at
~300 °C. Thus, the above results indicated that the coupling of ZFO with BOC to produce
BOC/ZFO-(1:1) resulted in enhanced NO adsorption capability, benefitting photocatalytic
NO oxidation.
3.3.3 Reactive radical production

The mechanism of photocatalytic NO removal over BOC/ZFO-(1:1) was further
investigated employing ESR spectroscopy to detect reactive oxygen species (‘O2 and "OH)
generated over different catalysts under visible light irradiation. As shown in Fig. 6a, strong
characteristic signals of "O,~ were detected in a methanolic dispersion of BOC/ZFO-(1:1),
whereas peaks of ‘OH were observed in the corresponding aqueous dispersion, as displayed
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in Fig. 6b. The high intensity of both *O2~ and "OH peaks indicated that these species might
play important roles in the photocatalytic removal of NO. In addition, BOC/ZFO-(1:1)
displayed much stronger *O2™ and "OH signals than pure BOC and ZFO, which indicated that
the coupling of BOC with ZFO promoted the generation of the above radicals. The
photogenerated electrons in the conduction bands of BOC and ZFO could be captured by O>
to produce large amounts of ‘Oz~ due to Bi.0.COs and ZnFe20O4 having Ecss more negative
than the redox potential of the O2/°O>™ system (-0.33 V)[52]. As for "OH, the valence band
energy of ZFO was more negative than the redox potential of the OH/"OH system (2.38
V)[52], with the photogenerated holes in the valence band thus not being able to oxidize OH~
to "OH. Therefore, the *OH radicals detected by ESR were believed to be formed viathe route

of ‘O~ — H202 — "OH[53].

(@) (b)
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Fig. 6 ESR spectra of DMPO-trapped ‘Oz  in methanolic dispersions (a) and of
DMPO-trapped "OH in aqueous dispersions (b) of BOC, ZFO, and BOC/ZFO-(1:1) subjected
to 12-min visible light irradiation.

Based on the obtained results, the following mechanism of photocatalytic NO removal
was proposed:
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ZnFe;04 + ho — ZnFe04 (W™ + €7) (4 > 420 nm) (3)

e (ZnFe204) — e (Bi202C03) 4
e (ZnFez04/Bi;0,C03) + O — "02” (5)
‘0, + NO — NO3~ (6)
‘07 +2H* + & — H0; (7
H20, + e — ‘OH + OH- (8)
NO + 2'OH — NO; + H,0 )
NO; + "OH — NOz + H* (10)

The irradiation of BOC/ZFO-(1:1) by visible light (A > 420 nm) resulted in the
photogeneration of electron/hole pairs over ZnFe>O4 (Eq. 3). Due to the presence of an IEF,
the electrons in the conduction band of ZnFe,O4could migrate to that of Bi.0.COs (Eq. 4).
Subsequently, electrons in both conduction bands reacted with molecular O to afford ‘Oz
(Eq. 5), which could directly oxidize NO to NO3z™ (Eg. 6) or be converted into ‘OH via the
‘O2” — H202 — "OH route (Egs. 7 and 8), with the produced ‘OH being able to further
oxidize NO to NO3™ (Egs. 9 and 10).
3.4 Biocompatibility

In order to be suitable for large-scale applications, semiconductor photocatalysts should
exhibit good biocompatibility. In view of the above, BOC/ZFO-(1:1) was subjected to
cytotoxicity testing. Fig. 7 shows that a dose-dependent decrease of cell number was
observed for P25 dosages of 0.5 — 400 ug mL?. Specifically, no significant change was
observed at concentrations of 0.5 — 5 ug mL™, whereas cell growth inhibition was observed

at levels of 10 — 400 pg mL1. A roughly 50% reduction of cell viability was observed at the
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highest P25 concentration of 400 pg mL™, whereas BOC/ZFO-(1:1) did not cause any
significant reduction of cell viability at concentrations of 0.5 — 400 pg mL™. Thus,
as-prepared BOC/ZFO-(1:1) was more biocompatible than P25, exhibiting a great potential

for practical applications.
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Fig. 7 Viability of A549 cells after 24-h exposure to P25 and BOC/ZFO-(1:1).

4. Conclusions

Herein, we successfully prepared a novel Bi20.COz/ZnFe>Os4 p-n heterojunction
photocatalyst and utilized it for the photocatalytic removal of NO under visible light
irradiation, showing that the heterostructured BOC/ZFO-(1:1) composite not only exhibited
superior photocatalytic NO removal activity (exceeding that of pure BOC and ZFO), but also
featured good stability and low NO- selectivity. The high photocatalytic activity was mainly
attributed to the enhanced separation efficiency of photogenerated electron/hole pairs due to
the existence of an IEF at the BOC/ZFO contact interface, whereas ESR spectroscopy
showed that both ‘O~ and ‘OH were the major active species generated during the
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photocatalytic process. In addition, BOC/ZFO-(1:1) displayed high biocompatibility, which

increased its practical application scope.
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Figures Captions

Fig. 1 XRD patterns of BOC, BOC/ZFO-(1:1), and ZFO.

Fig. 2 XPS survey spectra of BOC and BOC/ZFO-(1:1) (a); high-resolution C 1s (b), Bi 4f
(c), and O 1s (d) spectra of the corresponding samples.

Fig. 3 TEM (a, ¢, ) and HRTEM (b, d, f) images of BOC (a, b), ZFO (c, d), and
BOC/ZFO-(1:1) (e, f).

Fig. 4 Efficiency of photocatalytic NO removal (a) and amount of generated NO2 (b) as
functions of visible light (A > 420 nm) irradiation time for BOC, ZFO, and BOC/ZFO
composites.

Fig. 5 (a) UV-vis DRS spectra of BOC, ZFO, and BOC/ZFO composites. (b) Energy band
structure of BOC and ZFO before and after contact and the possible charge transfer process
for visible light-irradiated BOC/ZFO-(1:1). Constructed (c) and optimized (d) crystal
structures of the BOC/ZFO interface. (e) Calculated EDD plot for the BOC/ZFO interface at
an isovalue of 0.1 e A3 with blue and yellow regions representing electron density
accumulation and depletion, respectively. (f) Current-time curves of BOC, ZFO, and
BOC/ZFO-(1:1) recorded in 0.5 M Na>SOsz under visible light irradiation (4 = 420 nm).

Fig. 6 ESR spectra of DMPO-trapped ‘O2  in methanolic dispersions (a) and of
DMPO-trapped "OH in aqueous dispersions (b) of BOC, ZFO, and BOC/ZFO-(1:1) subjected
to 12-min visible light irradiation.

Fig. 7 Viability of A549 cells after 24-h exposure to P25 and BOC/ZFO-(1:1).
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Fig. 1 XRD patterns of BOC, BOC/ZFO-(1:1), and ZFO.
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Fig. 2 XPS survey spectra of BOC and BOC/ZFO-(1:1) (a); high-resolution C 1s (b), Bi 4f

(c), and O 1s (d) spectra of the corresponding samples.
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BOC/ZFO-(1:1) (e, ).
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Fig. 4 Efficiency of photocatalytic NO removal (a) and amount of generated NO2 (b) as
functions of visible light (1 > 420 nm) irradiation time for BOC, ZFO, and BOC/ZFO

composites.
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Fig. 5 (a) UV-vis DRS spectra of BOC, ZFO, and BOC/ZFO composites. (b) Energy band
structure of BOC and ZFO before and after contact and the possible charge transfer process
for visible light-irradiated BOC/ZFO-(1:1). Constructed (c) and optimized (d) crystal
structures of the BOC/ZFO interface. (e) Calculated EDD plot for the BOC/ZFO interface at
an isovalue of 0.1 e A3 with blue and yellow regions representing electron density
accumulation and depletion, respectively. (f) Current-time curves of BOC, ZFO, and

BOC/ZFO-(1:1) recorded in 0.5 M Na2SOs under visible light irradiation (1 = 420 nm).
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Fig. 6 ESR spectra of DMPO-trapped ‘O>  in methanolic dispersions (a) and of
DMPO-trapped "OH in aqueous dispersions (b) of BOC, ZFO, and BOC/ZFO-(1:1) subjected

to 12-min visible light irradiation.
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Fig. 7 Viability of A549 cells after 24-h exposure to P25 and BOC/ZFO-(1:1).
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