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Abstract: Earth-abundant insulators are seldom exploited as photocatalysts. In this work, we
constructed a novel family of insulator-based heterojunctions and demonstrated their promising
applications in photocatalytic NO purification, even under visible light irradiation. The
heterojunction formed between the insulator SrCO; and the photosensitizer BiOIl, via a special
SrCO3-BiOlI core-shell structure, exhibits an enhanced visible light absorbance between 400-600 nm,
and an unprecedentedly high photocatalytic NO removal performance. Further density functional
theory (DFT) calculations and X-ray photoelectron spectroscopy (XPS) analysis revealed that the
covalent interaction between the O 2p orbital of the insulator (SrCOs, n-type) and the Bi 6p orbital of
photosensitizer (BiOI, p-type) can provide an electron transfer channel between SrCO; and BiOl,
allowing the transfer of the photoexcited electrons from the photosensitizer to the conduction band of
insulator (confirmed by charge difference distribution analysis and time-resolved fluorescence
spectroscopy). The <O, and *OH radicals are the main reactive species in photocatalytic NO
oxidation. A reaction pathway study based on both in situ FT-IR and molecular-level simulation of
NO adsorption and transformation indicates that this heterojunction can efficiently transform NO to
harmless nitrate products via the NO—NO" and NO, —nitrate or nitrite routes. This work provides
numerous opportunities to explore earth-abundant insulators as visible-light-driven photocatalysts,
and also offers a new mechanistic understanding of the role of gas-phase photocatalysis in

controlling air pollution.
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1. Introduction

Air pollution is one of the major challenges faced by developing countries. The NOy emitted from
fossil fuel combustion and automobile exhausts is one of the main contributors to acid rain and
photochemical smog, and endangers human health and the environment." Although some traditional
technologies (SCR, absorption, adsorption) are available for the treatment of high concentration NOx
emissions, they are not economically feasible for the purification of the low concentration NOy in the
atmosphere.z’ 3 Photocatalysis is an alternative technology and has great potential for removal of NOy
at ppb level, as it is environmentally friendly with little secondary pollution and can be driven
directly by sunlight irradiation.* Therefore, numerous efforts have been made to develop efficient
photocatalysts to achieve the high performance necessary for environmental applications.™

Currently, semiconductors (TiO,,” Bi-based compounds,® g-C3N4>'

) and some plasmonic metals (Au,
Ag and Bi) have been used as photocatalysts for NOy abatement.'' " Modification strategies, such as
doping,"* coupling,” photosensitization'® and deposition'’, can improve the photocatalytic
performance. For the environmental application of photocatalysts, the requirements of low-cost,
abundance and high performance should be fulfilled.

Earth-abundant insulators are widely used in the electronics, ceramics, and glass industries, but are
rarely used as photocatalysts because their band gap is typically larger than those of
semiconductors.'® Similar to the semiconductor, the insulator has separate valence and conduction
bands, which can be modified to allow them to function as new photocatalyst. Recently, Dong et al.
discovered a defective insulator and demonstrated decent photocatalytic activity under ultraviolet

light irradiation owing to the defect-mediated formation of midgap states in the band structure."

Visible light accounts for 50% of the solar spectrum, far exceeding the proportion of ultraviolet
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light (4%). If the light absorption spectra of insulators are extended into the visible light range, great
potential can be envisioned for the application of insulator-based photocatalyst in environmental
remediation.

Various strategies have been developed to modify photocatalysts with a wide band gap, among
which, photosensitization has shown promising results in promoting efficient visible light
photocatalysis.***' The light absorption spectra of semiconductors with wide band gap can be
extended into the visible region by the use of a photosensitizer that matches the band structure of the
semiconductor.”** Specific dyes, such as narrow band-gap semiconductors (BiOI and Agl) and
graphene oxide (GO) can be acted as photosensitizers.” > The conduction band of insulators, which
are similar to those of semiconductors, could potentially accept photoexcited electrons from the
photosensitizer. Thus, we propose broadening the light absorption spectra of the insulator into the
visible light range by coupling with a photosensitizer, on the basis that the energy band level can be
properly designed. This concept could harness the photosensitization effect to allow insulators to
achieve visible light photocatalysis. To the best of our knowledge, an insulator-based nanocomposite
with visible-light-driven photocatalytic performance has never been reported, and the underlying
mechanisms need to be unraveled.

In this work, we constructed an insulator-based nanocomposite (core-shell structured SrCOs3-BiOI
heterojunction) with high photocatalytic NO removal performance under visible light irradiation,
despite the negligible photocatalytic activity of SrCO;or BiOI alone. Based on a highly combined
experimental and theoretical investigation, we found that the covalent interaction between the O 2p
orbital of the insulator (SrCOs, n-type) and the Bi 6p orbital of the photosensitizer (BiOI, p-type)
induced the formation of an electron transfer channel between SrCO; and BiOI. This special channel
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facilitated the transfer of photoexcited electrons from the photosensitizer to the conduction band of
the insulator by the formation of a p-n junction. In situ Fourier-transform infrared spectroscopy
(FT-IR) was employed to monitor the reaction intermediates and products dynamically. It is
important to investigate whether this insulator-based nanocomposite could efficiently transform NO
and potentially toxic intermediates to harmless products via visible light photocatalysis. This new
concept can be extended to develop a family of insulator-based heterojunctions via the combination
of different insulators and photosensitizers, such as the coupling of BaCO; with BiOI or SrCO3 with
Agl (Figure S1 and S2). Thus, the present work opens numerous opportunities to explore other
earth-abundant insulators as visible-light-driven photocatalysts to control air pollution.
2. Experimental and theoretical section
2.1 Preparation of SrCOs3-BiOlI core-shell heterojunction

All chemicals were of analytical grade and were used without further treatment. The catalysts were
prepared by a facile precipitation method. In a typical preparation, Bi(NO3)3;*5H,0 (Sigma-Aldrich)
was dissolved in 100 mL glycol solution (90 mL deionized water and 10 mL glycol), following
which 3.0 mmol of SrCO; (Sigma-Aldrich) was added to the above solution and stirred for 30 min. A
KI solution (30 mL) was added dropwise and stirred for 2 h (the molar ratio of Bi(NO3)3*5H,0 and
KI were controlled at 1:1). The resultant precipitates were washed twice with deionized water and
ethanol and dried at 60 °C for 12 h to obtain the final product. The molar ratio of SrCO; and BiOI
was controlled at 6:3, 6:4, and 6:5 and samples were correspondingly labeled as Sr-B-X (X = 3, 4, 5).
For comparison, pristine BiOI was prepared via the same process without the addition of SrCOs.
2.2 Characterization methods

The crystal structure of the samples was recorded using a powder X-ray diffractometer with Cu
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Ka radiation (Model D/Max RA, Rigaku Co, Japan). X-ray photoelectron spectroscopy with an Al
Ko X-ray radiation source (Thermo ESCALAB 250, USA) was used to analyze the chemical
composition of the samples. A UV-vis diffuse spectrophotometer was used to analyze the optical
properties of the samples with 100% BaSO, as a reference (UV2550, Shimadzu, Japan). The
photoelectrochemical and Mott—Schottky measurements were recorded by an electrochemical system
with a three-electrode quartz cell and 0.1 M Na,SO4 as the electrolyte (CHI-660B, China). The
morphological structure was measured by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (SEM: JEOL Model JSM-6490, Japan; TEM: JEM-2010, Japan). The
Brunauer—-Emmett—Teller (BET) specific surface area and pore structure measurements were carried
out using an ASAP 2020 apparatus. Time-resolved fluorescence decay spectra were collected using a
fluorescence spectrophotometer (Edinburgh Instruments, FLSP-920). Electron spin resonance (ESR)
spectra of radicals that were spin-trapped using 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) were
recorded using a JES FA200 spectrometer.
2.3 Application of insulator-based heterojunction in photocatalytic NOx purification

The photocatalytic performance was evaluated by removing NO (present at ppb levels) from a
continuous stream reactor (Figure S3). A UV cut-off filter (420 nm) was applied to remove UV light
for the test of photocatalytic activity in visible light region (420—700 nm). The average light intensity
on the catalyst is 0.16 W-cm > For this, 0.2 g of the sample was ultrasonically dispersed on two
12-mm diameter glass disks and dried at 60 °C. After natural cooling, the glass disks were placed in
the continuous stream reactor. When the NO concentration reached the adsorption-desorption
equilibrium, the lamp was turned on. A NOy analyzer (Thermo Scientific, 42i-TL, USA) recorded the
concentrations of NO, NO,, and NOy (NO + NO,) every minute. The removal ratio (1) of NO was
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calculated using 7 (%) = (1-C/Cy) x 100 %, where C represents the NO concentration at the outlet of
the reactor after turning on the lamp, and C; represents the NO concentration when the
adsorption-desorption equilibrium is reached before turning on.
2.4 Density functional theory calculations

DFT calculations were introduced using the “Vienna ab initio simulation package” (VASP5.4) and
a generalized gradient correlation function.”**® A plane-wave basis set with a cut-off energy at 400
eV and the projector-augmented wave method framework was adopted. The Gaussian smearing
width was placed at 0.2 eV.**"*° The Brillouin zone was sampled with a 3 x 3 x 1 Monkhorst Pack
grid. All atoms were allowed to converge to 0.01 eV A™'. The 8 x 8 x 8 supercell of BiOI included 8
oxygen atoms, 8 bismuth atoms, and 8 iodine atoms, and the 10 x 15 x 17 supercell of SrCO;
included 52 oxygen atoms, 16 strontium atoms, and 16 carbon atoms. The supercells were first
relaxed, before the BiOI supercell was placed on the plane of SrC0;.%??
2.5 In situ FT-IR investigation of the photocatalytic NO oxidation mechanism

In situ FT-IR measurements were recorded using a Tensor II FT-IR spectrometer (Bruker), in situ
reaction bin, gas system, light source, and pretreatment equipment (Figure S4). The real-time FT-IR
spectrum was used as a background after a heat treatment (110 °C) under high-purity He. Then, the
reaction gas (50 mL/ min NO and 50 mL/ min O;) was sent to the reaction chamber. Because of the
detection limit of in situ FT-IR measurement, the concentration in the activity test (ppb level) is too
low to be detected. Therefore, NO with 50 ppm is introduced into the reactor. Under dark conditions,
the samples were subjected to 20-min adsorption reactions. Afterwards, the photocatalytic reaction

process was carried out for 60 min under visible light irradiation. Finally, the lamp was turned off.

The IR spectra were recorded at a given time interval. The scanned area of the infrared spectrum was
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4000600 cm .

The normalized curve is prepared in the following way. In the adsorption process, the value of the
baseline is taken as 0, and the maximum value of the adsorption process is normalized as 1, and the
other values are calculated as relative values to the maximum value. During the reaction, the value of
adsorption equilibrium is taken as 0, and the maximum value of the reaction process is normalized as
1, the other values are calculated as relative values to the maximum value.

3. Results and Discussion
3.1 Microstructure and optical properties.

XRD analysis was conducted to identify the crystal phase of the insulator-based SrCO;-BiOI
heterojunction (Sr-B-X, X=3, 4, 5), and the results are shown in Figure la. The typical diffraction
peaks of tetragonal BiOI (JCPDS 10-0445) and orthorhombic SrCO; (JCPDS 05-0418) are both
observed in Sr-B-X (X=3, 4, 5). The survey XPS spectra show all samples contained Bi, O, I, Sr and
C eclements (Figure 1b). These results indicate that the SrCOs;-BiOI composites have been
successfully prepared.

UV-vis diffuse reflectance spectra (Figure 1c) shows that SrCOj; as a typical insulator has a large
band gap of 4.43 eV (absorption edge at 280 nm), while the BiOI semiconductor has a narrow band
gap of 1.88 eV and exhibits little photocurrent response (Figure 1d). After the formation of
SrCO;-BiOI heterojunction, the light absorbance spectra of the Sr-B-X (X=3, 4, 5) can be extended
to a width of 600 nm. This extension can be ascribed to the interplay between the photosensitizer
(BiOI) and the insulator (SrCOs3), resulting in the enhanced light-harvesting ability of Sr-B-X.**
Figure 1d shows that SrCO; or BiOI alone exhibit little photocurrent response under visible light
irradiation, which can be attributed to the large band gap of SrCO; and the fast recombination of

8
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1.>* After the formation of the insulator-based SrCO;-BiOI

photogenerated electrons and holes in BiO
heterojunction, the photocurrent Sr-B-4 photocurrent was dramatically enhanced. This finding shows

that the photoexcited e - h' pairs could be effectively separated in the insulator-based

heterojunction.”
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Figure 1. XRD patterns (a), XPS-survey spectra (b), UV-vis diffuse reflectance spectra (c) and
photocurrent density (d).
SEM and TEM images of pure BiOI and SrCOj; are shown in Figure S5. BiOlI is constructed of
nanosheets and SrCO; is comprised of nanorods. Energy-dispersive X-ray (EDX) elemental mapping
(Figure 2a) and TEM images of Sr-B-4 (Figure 2b-2c) clearly revealed that BiOIl is evenly
distributed on the surface of SrCOj; nanorods, forming an open SrCO;-BiOIl core-shell structure.
Figure 2d shows lattice spacings of 0.282 and 0.365 nm, which correspond to the (110) plane of BiOI
and (111) plane of SrCO;, respectively. A border between SrCO; and BiOI can be observed, which
9
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implies that an intimate interface is formed. This interface is favorable for the transfer of charge
carriers between SrCOs; and BiOI, which could also account for the significantly improved charge
separation and photocurrent density in the Sr-B-4.>> Figure S6 and Table S1 show that the Sr-B-X
catalysts possess a mesoporous structure with large specific surface areas, which is beneficial for the

adsorption of contaminants and diffusion of final products.®

Figure 2. SEM image of Sr-B-4 (a) EDX elemental mapping of Sr (a-1), C (a-2), Bi (a-3), [ (a-4) and
O (a-5) in (a), TEM images (b, c) and HRTEM image of Sr-B-4 (d).
3.2 Charge separation and transfer.

Density functional theory (DFT) was extensively employed in calculations of the electronic
structure to confirm the nature of the interaction between insulator (SrCOs) and the photosensitizer
(BiOI) in the insulator-based SrCO;-BiOl core-shell heterojunction. The electron localization
function (ELF) shows a strong covalent interaction between Bi atoms of BiOI and O atoms of SrCOs

(Figure 3a). The projected density of states (PDOS) was also calculated (Figure 3b). The peaks
10
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(named as a, B, y, and ) of the Bi 6p and O 2p orbitals in BiOI and SrCOs, respectively, were
overlapped. This overlap suggests that an electron transfer channel is constructed by the covalent
interaction between the Bi 6p and O 2p orbitals within the SrCO3-BiOI core-shell heterojunction.
This unique electronic interaction enables electron transfer between the insulator (SrCO;) and
photosensitizer (BiOI). The charge difference distribution is calculated to determine the electron
transfer direction between them, as shown in Figure 3c. The Bi atoms of BiOI, which is charge
depleted, are shown in green, and the O atoms of SrCOs, where charge accumulates, are shown in
purple. This result predicts that the electron transfer direction and pathway is from Bi 6p orbital of

BiOlI to the O 2p orbital of SrCOs.
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wnn 1
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Figure 3. (a) Electron location function (ELF); (b) projected density of states (PDOS) of Bi atoms in
BiOI and O atoms in SrCOs;: the Fermi level is set to 0 eV; (¢) Charge difference distribution
between BiOI and SrCOs: charge accumulation is in purple and depletion in green, and the isosurface
is set to 0.003 eV A3; (d) XPS spectra of Bi 4f, (e) O 1s, and (f) nanosecond-level time-resolved
fluorescence spectra surveyed at room temperature.
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XPS results show that the binding energies for Bi 4f (Figure 3c) and I 3d (Figure S7a) in the
Sr-B-4 shifted to higher values compared to those in pure BiOI, whereas the binding energies for O
1s (Figure 3d) and C 1s (Figure S7b) in Sr-B-4 were shifted to a lower value in comparison with pure
SrCO;. These chemical shifts experimentally demonstrate that the electrons transfer from Bi and I
atoms of BiOI to O and C atoms of SrCOs in the SrCOs-BiOI core-shell heterojunction (Sr-B-4),
consistent with theoretical calculation (Figure 3¢).*® Furthermore, nanosecond-level time-resolved
fluorescence decay spectroscopy is used to study the photo-induced charge-transfer dynamics on
BiOI and Sr-B-4 (Figure 3f). The radiative lifetime is prolonged from 0.69 ns for BiOI to 0.80 ns for
Sr-B-4. This lifetime extension is attributed to the transfer pathway from the BiOlI shell to the SrCO;
core in Sr-B-4, leading to increased charge separation and transfer in SrCO3-BiOI heterojunction.
The DFT and experimental results both confirm that the Bi 6p orbital of BiOI covalently interacts
with the O 2p orbital of SrCOs; to form an electron transfer channel, enabling photo-induced
electrons in BiOl to be transferred to the conduction band of the insulator (SrCOj3) in the SrCO;-BiOI
core-shell heterojunction.

3.3 Active species and visible light photocatalytic performance.

The photo-generated radical species are investigated by DMPO ESR spin-trapping. Figure 4a and 4b
show that pure SrCO; has no ESR signal under visible light irradiation because the band gap is so
large that SrCO; alone cannot be excited sufficiently to produce charge carriers. In contrast, the
SrCO;-BiOI heterojunction could produce a significant of both *O,” and *OH radicals, which are
typically reactive species for subsequent reactions. As demonstrated previously, the photo-induced
electrons in BiOI could be transferred to the conduction band of SrCOs. These electrons on SrCO3
could reduce the O, to form *O;" radicals. The *OH radicals are generated via the oxidization of the
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OH (OH + h" — «OH) by the holes left in the valence band of BiOL*” The SrCO;-BiOl
heterojunction is applied in photocatalytic air purification taking NO as target pollutant. The NO
removal ratio of Sr-B-4 dramatically is increased to 48.3% under visible light irradiation in
comparison with the physical mixture of SrCO; and BiOI (Sr-B-M, 24.7%), pure BiOI with low
activity (6.0%) and pure SrCO; with no activity (0.0%). The low activity of BiOI arises from the
rapid charge recombination rate and weak redox ability. To the best of our knowledge, this is the
most efficient performance yet reported for an insulator-based photocatalyst, and is even better than
the performance of some well-known semiconductor-based photocatalysts, such as BiOBr (21.3%),”®
C-doped TiO; (21.8%),* I-intercalated BiOIO; (44.1%),* and (BiO),CO5 (43.5%).*' In addition, the
photocatalytic performance is stable without deactivation after testing for five consecutive cycles
(Figure 4d). The present new concept has already been applied in the development of a family of
insulator-based heterojunction via the combination of different insulators and photosensitizers, such
as the coupling of BaCO; with BiOI or SrCO; with Agl. The BaCOs-BiOl and SrCOs;- Agl
heterojunctions demonstrate highly enhanced photocatalytic NO purification performance under

visible light irradiation (Figure S1 and S2).
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Figure 4. DMPO ESR spin-trapping of Sr-B-4 and SrCOs; for <O, (a) and *OH (b) radicals.
Photocatalytic NO purification curves of all the samples (c) and stability tests for Sr-B-4 (d) under
visible light illumination.

3.4 In situ FT-IR investigation of the NO adsorption and transformation pathway.

In situ FT-IR is carried out to investigate the pathway of photocatalytic NO purification for the
insulator-based SrCO;3-BiOI heterojunction and to monitor the evolution of the reaction
intermediates and final products on the photocatalyst surface. Under dark conditions, a number of
adsorption peaks appear after NO and O, are introduced onto the photocatalyst surface (Figure 5a).
The chemical adsorption and polymerization of NO cause characteristic N,O3 (960 cm™), N,O,
(1628 cm™), NO," (1947 and 2084 cm™), and NO, (3503 and 3582 cm™) peaks to appear, and
undissociated H,O (3375 cm'l) can also be observed (Equation 1-3).42'43 The detected nitrite (NO;y,
1084 and 1179 cm™) peaks are attributed to the disproportionation of N,O4 in the presence of water
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(Equation 5).**** The normalized absorbance curve clearly shows that the amounts of the adsorbed
NO; and nitrites accumulated on the photocatalyst surface increased with time (Figure 5c). The
adsorption-desorption equilibrium is achieved in 20 min. An adsorption mechanism is proposed, as

shown in Equation (1-5).

2NO S N,0, (1
2NO + 0, = 2NO; )
NO + NO, = N,0; 3)
2NO; 5 N,O, “)
N,O4 + H,0 = NO," + OH + HNO, (5)

After the adsorption period, the visible light source is turned on, and the photocatalytic reaction is
initiated. The whole photocatalytic NO purification process is recorded dynamically as shown in
Figure 5b. The spectrum of “ad-eq” is same as that of “20 min” in the adsorption process. Under
visible light irradiation, new absorption bands at 1003, 1113, and 1552 cm™ appear, indicating the
production of nitrate (NO;3") ions on the catalyst surface via photocatalytic NO oxidation by the
reactive radicals. The peak intensity at 1179 and 1084 cm™ is obviously increased, which can be
attributed to the generation of nitrites. It is worth noting that the absorption bands of some adsorption
products of N,O, (1628 cm'l), NO, (3503, 3582 cm'l), and undissociated H,O (3375 cm'l) are
consumed and disappear during the visible light irradiation but appear again after turning off the
light. The peak of N,O; (948 cm™) also increased during the photocatalytic reaction, yet the intensity
of the peak remained relatively weak, indicating that N>Oj is consumed as it is generated (Equation 3,
6-7, 10-11). The absorption bands of NO* (1690 and 2223 ¢cm™) and NO," (1980 and 2144 cm™) can
also be observed (Figure S9). These reaction intermediates are generated by the oxidation of NO and
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NO, by *OH and *O;" and are finally oxidized to nitrites or nitrates. The results suggest that the
insulator-based SrCO3-BiOIl core-shell heterojunction could transform NO, NO-related adsorption
products, and intermediates into the final products of nitrites and nitrates via visible light
photocatalysis. These final products accumulated on the photocatalyst surface can be easily removed
by water washing and the photocatalyst can be regenerated via this facile method.**’

NO; and N,O4 are more toxic than NO as an air pollutant, and thus the conversion of NO into NO,
should be largely inhibited. In some cases, the NO; may be released into the air, leading to secondary
pollution if the photocatalysis efficiency is not high enough. In this work, NO; is produced and
accumulates on the catalyst surface during the adsorption stage (Figure 5c). The normalization
absorbance curves in Figure 5d show that all the NO, can be transformed into a stable final product
of nitrates/nitrites by the abundant reactive photo-generated radicals (NO,—NO, —nitrate). The
absorption band of H,O decreased as the photocatalytic reaction progressed as H,O is consumed in
the formation of *OH radicals and transformation of NOX.40 Both the *O, and *OH radicals are
involved in the photocatalytic oxidation reactions (Figure 4a and 4b).”> Based on these results, the
reaction mechanism of photocatalytic NO oxidization by an insulator-based heterojunction is
proposed as shown in Equation (6-18). The present work demonstrates the first earth-abundant
insulator-based heterojunction photocatalysts that can efficiently transform NO and potentially toxic
intermediates to harmless final products via visible light photocatalysis.

Reaction pathway 1: NO = N,O; = NO, — NO," = NO5y

2NO + 2:0H = N,0; + H,0 (6)

N,Os + 2:OH — 2NO, + H,0 (7

NO, +-OH — NO," + OH’ (8)

NO," +20H — NO;3 + H,0 9)
16

ACS Paragon Plus Environment

Page 16 of 24



Page 17 of 24 Environmental Science & Technology

6NO + 2:05 + H,0 = 3N,0; + 20H (10)
3N,05 + 2:05” +H,0 = 6NO, + 20H (11)
NO, + -0y + 2¢"+ 2H,0 = NO," + 40H (12)
NO, +H,0 = NOs + 2H" (13)

Reaction pathway 2: NO = NO" = NO;  (NO;)

NO +-OH = NO" + OH (14)
NO"+2-0H + 2 OH = NOy + 2H,0 (15)
NO + -0, +2¢’+ 2H,0 = NO" + 40H (16)
NO" + ‘O + e = NO3~ (17)
NO'+ OH +¢ — NO, + H,0 (18)
0.04 o : 0.09 "
) (a) ng';:“ ws | - min |
S; M e :::: T § :3:
= 20 3582]
2 1 :g: X 8 ;:s‘c(llinc 35031
= 960 base line § 337$s 1
f .E 2223
2 E | wfo 21‘441 /\.\A,‘
5 0.00 X < q
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Wavenumber (cm™) Wavenumber (cm™)

-
>

1.0

| (©) (d) ‘

/ |
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0.5 0.51
- v NOJ
—o—No, 10
NO, { NO,
0.0 / 0.04a¢ Light on Light off]
0 5 10 15 20 0 10 20 30 40 50 60 70
307 Time (min) Time (min)
308 Figure 5. In situ FT-IR spectra of the NO adsorption process (a) and corresponding normalized
309 absorbance curves (c). Photocatalytic NO oxidation process: the adsorption curve is in yellow and

310 the FT-IR curve after switching the light off for 10 min is in red (b) and corresponding normalized
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absorbance curves (d) over Sr-B-4 under visible light irradiation.
3.5 Mechanisms of Photocatalysis on insulator-based SrCQ;-BiOI heterojunction.

In this work, we employ a simple precipitation method to construct an insulator-based SrCOs-BiOI
core-shell heterojunction, which is capable of highly efficient visible-light-driven photocatalytic NO
conversion. The conversion pathway of photocatalytic NO oxidation is revealed by time-dependent
in situ FT-IR (Figure 6a). Combined with the results of DFT calculation and experimental
characterizations, the proposed photocatalytic mechanism is illustrated in Figure 6b.

The valence band (VB) and conduction band (CB) of SrCO; and BiOlI are determined by equation
21 and 22.%

Eve=X—-E*+05E, (21)
Ecg =Evg— E, (22)

Where E, represents the band gap of the semiconductor. X is the electronegativity of the
semiconductor, which is calculated from the electronegativity of the constituent atoms. The X values
of SrCO; and BiOI are calculated to be 5.57 and 6.21 eV, respectively. E®is the energy of free
electrons on the hydrogen scale (~4.5 eV). The band gaps of SrCO; and BiOI are calculated to be
4.43 and 1.88 eV, respectively. For SrCOs, the Eyg and Ecp are estimated to be 3.28 and —1.15 eV,
respectively. The Eyp and Ecp of BiOI are estimated to be 2.65 and 0.74 eV, respectively. It appears
that the band structures of SrCO; and BiOl do not match sufficiently to form an effective
heterojunction. However, the Mott-Schottky plot confirms SrCO; to be an n-type material where the
Fermi level is located close to the conduction band (CB) (Figure S8). BiOI is a typical p-type
semiconductor with a Fermi level close to the valence band (VB).?? The coupling of a p-type
photosensitizer (BiOI) to an n-type insulator (SrCOs) enables the Fermi level of BiOI and SrCO; to
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333 shift to the same level and to reach equilibrium, forming a p-n heterojunction. Eventually, the CB of
334  SrCOs; is shifted to an energy level lower than that of BiOI. Once the insulator-based heterojunction
335 s exposed to visible light, the photoexcited electrons of the photosensitizer BiOI can migrate to the
336  CB of insulator (SrCO3) under the driving force of the energy difference between the CB of BiOI and
337  SrCOs. This finding also favors the electron-hole pairs’ separation on BiOl. The electrons on the CB
338  of SrCO; could react with the O, to produce the *O;" radicals. The residual holes in the VB of BiOI in
339  the heterojunction react with the OH™ to produce *OH radicals. These two radicals are primarily
340 responsible for the remarkable visible light photocatalytic NO removal on the insulator-based

341 SrCO;3-BiOl core-shell heterojunction.

(a)
NO N0 NO,

‘OH

(.
NO, /NO; NO,"

NO*
\ -OH -OH

Photocatalytic NO transformation pathway.

CB (0.74 eV) ¥
0. PR S E,
443 eV coupling
1.88 eV Y % PO\ H,0
E¢ 4 BiOI (photosensitizer)
VB (2.65 eV)
BiOI (p-type)
SrCO; (n-type) SrCQ; (insulator)

342

343 Figure 6. Photocatalytic NO transformation pathway (a) and visible light photocatalysis mechanism
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of the insulator-based SrCO3-BiOlI core-shell heterojunction (b).

Associated Content

Supporting Information

Photocatalytic NO purification curves of BaCOs, BiOI, and BaCOj3-BiOI heterojunction (Figure S1). Photocatalytic
NO purification curves of SrCO; and SrCO;-Agl heterojunction (Figure S2). Thermo NO, analyzer (a), Continuous
stream reactor (b), Visible light source (c) and photocatalytic NO, reaction system under working condition (d)
(Figure S3). In situ reaction bin and loading parts (a), Pretreatment equipment and light source (b), Tensor II FT-IR
spectrometer (c) and in sifu FT-IR measurement under working conditions (d) (Figure S4). SEM (a) and TEM (b) of
pure BiOI; SEM (c) and TEM (d) of pure SrCO; (Figure S5). N, adsorption-desorption isotherms (a) and the
corresponding pore-size distribution curves (b) (Figure S6). XPS spectra of the I 3d (a) and C 1s (b) (Figure S7).
Mott-Schottky curves of SrCOj; (Figure S8). In situ FT-IR spectra of photocatalytic NO oxidation process in the
range of 1870-2300 cm’! (Figure S9). Sggr, total pore volume, pore size and NO removal ratio for SrCOs, BiOl,
Sr-B-3, Sr-B-4 and Sr-B-5 (Table S1). Assignments of the IR bands observed during adsorption and photocatalytic

NO oxidation processes over Sr-B-4 (Table S2).
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