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Abstract

In this work, novel heterostructured SrTiO3s/SrCO3z (STO/SCO) interface was
constructed via the one-pot g-C3N4(CN) self-sacrificing hydrothermal strategy. The as-
developed STO/SCO photocatalyst shows the air cleaning potential in continuous-flow
reactors with degradation rates of NO and HCHO at 44% and 40%, respectively. From
XRD, FTIR, and XPS analysis, CN participates in the crystallise process as the source
of CO3? to form the STO/SCO interface viewed by TEM and HRTEM. Subsequent
temperature-programmed desorption (TPD) analysis and density functional theory
(DFT) calculation results revealed the enhanced chemisorption effects of O; on the
catalyst surface. The existence of oxygen vacancies combined with the formation of
heterojunction surface induces intermediate levels, which leads to the photocatalytic
oxidation under simulated solar light. Charge difference distribution simulation coupled
with electrochemistry and photoluminescence tests confirmed the internal-built
electron fields at the heterojunction interface which would be beneficial for
photocarriers separation. Based on the above-mentioned effects, enhanced reactive
oxygen species (ROS) *OH and *O2" were detected under light irradiation by electron
spin resonance (ESR). This work demonstrates the effectiveness of in-situ self-
sacrificed strategy for construction of heterojunction interfaces and provides
opportunities by utilising insulator-based materials for photocatalytic degradation of air

pollutants.

Keywords: Insulator-based photocatalyst; Oxygen activation; SrTiO3/SrCOs

Heterojunction interface; NOx and HCHO removal
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1. Introduction

Indoor air quality has attracted much attention and becomes a public concern globally,
particularly after the outbreak of the respiratory virus SARS-CoV-2 (COVID-19) [1,2].
Nitrogen oxides (NOx) and volatile organic compounds (VOCs) are major indoor air
pollutants generated from fireplaces, kitchen activities, furniture materials, cigarettes
and personal care products [3,4]. In general, NOx and HCHO are the most common
gaseous pollutants and have adverse health effects on human beings [5-7]. The indoor
concentrations of NOx and HCHO often exceed the standards set by World Health
Organization, which are 150 pg/m® and 100 pug/m?®, respectively [8,9]. Therefore, a
promising technology is expected to be developed to deal with the high concentrations
of NOx and HCHO.

Photocatalysis is an effective and environmentally friendly technology widely applied
for air pollutants removal without consuming extra energy and little secondary pollution
[10-14]. Traditionally, photocatalysts are semiconductors (e.g., TiO) [15,16] and some
noble metals (plasmonic metals, e.g., Au and Ag) [17-19]. Earth-abundant insulators
have great properties such as cheap price, stable chemistry and easy fabrication as
compared with the abovementioned semiconductors and plasmonic metals [20,21].
However, insulators suffer application obstacles because of their wide band gaps which
are difficult to be excited as compared to those semiconductors. Nevertheless, the wide
band gaps of the insulator photocatalyst could offer excellent redox ability [22].
Recently, various strategies have been developed to modify the wide-gap insulators in
resolving the bottleneck problem [17,23]. Thereinto, the combination of
semiconductors and insulators for the construction of heterojunctions could promote
the efficiency of light utilisation and the capacity of oxidation reactions at the same

time [24,25]. The methods for the construction of heterojunction structures include co-
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polycondensation, post-modification, ion exchange, hydrothermal hydrolysis, in-situ
synthesis, template method, etc. [26—28]. The in-situ self-sacrificial method synthesizes
the heterojunction structure by utilizing the template material as the sacrificial agent
and then converting it into another counterpart. Due to its chemical transformation in
the heterojunction formation process, there would be a well-combined interface with
the two components possessing strong interactions [28,29]. Wang et al. [30] and Huang
et al. [31] have reported the g-CsN4 self-sacrifice fabrication of BioO2CO3/g-C3N4 and
BixOyl,/g-C3N4. By using the in-situ self-sacrifice strategy, Liu et al. [32] have
synthesized the metal-organic frameworks and Hu et al. [33] have fabricated
heterostructured 3-Bi2O3/Bi.0O>CO3z microspheres successfully.

Typically, strontium titanate (SrTiOs, STO) is a natural abundant semiconductor and a
cubic perovskite with superior photocatalytic redox potential and provides higher
efficiency in the photocatalytic process than TiO> [34]. Insulator strontium carbonate
(SrCO3, SCO) is developed as a catalyst or co-catalyst and displays superior
photocatalytic activity for air pollutants removal [35,36]. Considering the unique
features of STO and SCO, fabrication of SrTiO3/SrCO3z heterojunction has been verified
to incorporate the merits of each component, and then to develop the application
potential in air pollution control. [37,38]. In this study, we constructed an insulator-
based STO/SCO heterojunction interface for the first time with a facile one-pot in-situ
self-sacrificed strategy by utilizing g-C3Ns as the template and carbonate source. The
as-prepared STO/SCO heterojunctions are verified the air cleaning ability by
effectively photo-degrading the typical indoor air pollutants NO and HCHO at different
concentration levels. Experimental analysis and theoretical calculation are combined to
study the mechanism of photocatalytic air purification over STO/SCO heterojunction

and provide a new strategy for the application of insulator-based photocatalysts.
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2. Experimental

2.1 Construction of SrTiO3/SrCOs heterojunction interface

g-C3N4 (CN) was synthesised through the pyrolysis method using an analytical grade
urea. In a general process, a total of 10 g of urea and 30 mL of deionised water were
placed in a crucible and stirred evenly. The sample is oven-dried at 60 °C, and then
heated at 550 °C in a muffle furnace for 2 hours. Subsequently, the obtained light yellow
powder CN sample was grounded and properly stored for future use.

SrTiO3/SrCOs composites (STO/SCO for short) were synthesised through the
hydroxide-mediated hydrothermal method. Normally, 0.30 mL of tetrabutyl titanate
(C16H3604Ti, Aladdin Co., Ltd, Chemical Grade, China) was added to 25 mL of
absolute ethyl alcohol (C2HsOH, Sinopharm Chemical Reagent Co., Ltd, Analytical
Grade, China). A semi-transparent light-white solution was obtained by continuous
mixing using a magnetic stirrer. 1 mmol of strontium nitrate (Sr(NOs)2, Sinopharm
Chemical Reagent Co., Ltd, Analytical Grade, China) was added to the mixed liquid
with persistent stirring. Then, a total of 10 mL of 0.4 mol-L ! sodium hydroxide (NaOH,
Sinopharm Chemical Reagent Co., Ltd, Analytical Grade, China) solution was mixed
into the liquid with continuous stirring for 30 mins. Afterwards, 0.018 g of prepared
CN powder sample was added with continuous stirring for another 60 mins. Then, the
mixture was transferred and sealed into a 100 mL Teflon-lined autoclave to be heated
at 160 °C for 24 h. After cooling down to room temperature, the SrTiOs/SrCO3
heterojunction (denoted as STO/SCO-1) was obtained after rinsing with absolute
ethanol and water thrice. STO/SCO composites with different weight ratios (denoted as
STO/SCO-2, STO/SCO-3) were fabricated by changing the added weight of CN (0.046

g and 0.092 g), respectively. The pure SrTiO3 (STO) sample was also prepared by
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following the same process without adding CN. The pure SrCO3 (SCO) of analytical
grade was purchased from Aladdin.

2.2 Characterisation methods and DFT calculation

The detailed methods for catalyst characterisations and DFT computational calculation
are described in the Supporting Information (SI).

2.3 Photocatalytic activity test

The efficiencies of the photocatalytic removal of the as-prepared catalysts for HCHO
and NO were evaluated using two well-designed continuous-flow reactors. The
volumes of the reactors were 0.4 L (20 cm x 10 cm x 2 cm) for HCHO reaction and 4.5
L (30 cm x 15 cm x 10 cm) for NO reaction, respectively, and the details of the two
reactors were described in previous studies [10,39]. A 300 W commercial Xe arc lamp
(microsolar 300, Perfectlight, China) was vertically placed outside the reactor. 0.1 g of
catalyst was added into 2 mL distilled water and then coated onto a glass dish with a
diameter of 8 cm. After being treated at 60 °C, the coated dish was placed in the centre
of the reactor to evaporate water and then cooled down to room temperature. The
standard HCHO gas was supplied by a compressed gas cylinder with the HCHO
concentration at 50 ppm (N2 balance), whilst NO was acquired from another gas
cylinder with the NO concentration at 49.6 ppm (N2 balance) conforming to the
standard of the National Institute of Standards and Technology (NIST). A zero-air
initiator (Model 111, Thermo Environmental Instruments Inc., USA) generated an air
stream that was separately mixed in a gas dilution calibrator (Model T700, Teledyne
Technologies Inc., USA) with HCHO or NO. The preset concentrations of HCHO and
NO were diluted to 1 ppm and 400 ppb with the controlled flow rate of 1 L min™,
respectively. Once the equilibrium of adsorption-desorption was achieved, the lamp

was then turned on to initiate the photocatalytic reaction. The concentration of HCHO
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was measured by an online Photoacoustic IR multi-gas monitor (Model 1412, INNOVA
Air Tech Instruments, Denmark). Chemiluminescence NO/NO2/NOx analyser (Model
T200, Teledyne Technologies Inc., USA) was used to continuously measure the NO
concentration and the removal efficiency () of each typical pollutant (HCHO or NO)
was calculated by Eq. (1):

1 (%) = (1- C/Co) x 100 % (1)
where C; is the outlet concentration of the typical pollutant at the reaction time of t, and
Co represents the initial inlet concentration.

3. Results and discussion

3.1 In-situ self-sacrificed fabrication of SrTiOs/SrCOs heterojunction

STO samples were synthesised by the hydroxide-mediated hydrothermal process and
STO/SCO heterojunctions were prepared by adding different contents of carbonous
precursor CN. The phase compositions of synthesised STO, STO/SCO-1,2,3, and SCO
samples were characterised by X-ray diffraction (XRD). Fig. 1(a) shows the XRD
pattern of STO that matches well with the standard SrTiOs (PDF#35-0734) and no other
diffraction peak is detected, indicating the pristine SrTiOs structure of the STO sample.
The diffraction peaks of SrTiOz are also detected in synthesised STO/SCO-1,2,3
heterojunction samples. Another group of distinct peaks at 25.2°, 25.8°, 29.6°, 31.3°,
34.5°,35.1°,36.2°, 36.5°,41.3°,44.1°, 45.6°, 47.7° and 49.9°, which could be indicated
to the (111), (021), (002), (121), (102), (200), (112), (130), (220), (221), (041), (132)
and (113) crystal planes of orthorhombic SrCOs; (PDF#05-0418), are indexed
respectively. The two crystal groups of STO and SCO in STO/SCO samples are
independent phases without any position shift of diffraction peaks, suggesting that there
was no lattice distortion occurred. With the increasing addition contents of CN, the

XRD patterns of SrCO3 become prominent in STO/SCO heterojunctions. Further XRD
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phase quantitative analysis [40] results of STO/SCO-1,2,3 samples shown in Table S1
demonstrate that 71.5% contents of SCO are found in STO/SCO-3 sample based on
XRD Rietveld refinement [41,42]. It was followed by STO/SCO-2 and STO/SCO-1
samples with 66.7% and 17.3% contents of SCO, respectively. The weight ratio of SCO

is positively related to the additional contents of CN.
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Fig. 1. (a) XRD patterns of SCO, STO/SCO-1,2,3 and STO; (b) FT-IR spectra of STO
and STO/SCO-1,2,3; and XPS spectra of (c) Sr3d and (d) O1s for STO and
STO/SCO-1,2,3
Fig. 1(b) shows the FT-IR spectra of the STO and STO/SCO-1,2,3. Four distinct
absorption bands at 820 cm™, 1067 cm™, 1468 cm™ and 1756 cm™ in STO/SCO samples

are identified as functional groups of COs? at out-of-plane bending mode, symmetric
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stretching mode, corresponding anti-symmetric vibration and both out-of-plane
bending mode and in-plane deformation, respectively [43]. Therefore, confirming the
existence of CO3% in STO/SCO components. In addition, no feature peak of CN [30]
was found in STO/SCO samples, implying that CN was completely decomposed during
the hydroxide-mediated hydrothermal process. The surface chemical states of as
prepared samples were further investigated by the XPS profiles. Fig. S1 displays the
full-scan spectra of, Sr, Ti, O and C elements in STO and STO/SCO heterojunction
samples as expected. For the Sr 3d spectra of pristine STO sample in Fig. 1(c), the
binding energy at 132.6 eV (Sr 3ds;2) and 134.3 eV (Sr 3dsp) attribute to Sr?* state of
SrTiOs [44]. While Sr 3d XPS spectra of the STO/SCO-1,2,3 samples are fitted into
four characteristic peaks with binding energy at the 132.6 eV (Sr 3ds2) and 134.3 eV
(Sr 3dap) attributed to SrTiOgz, and at the 133.5 eV (Sr 3ds2) and 135.1 eV (Sr 3dsr2)
referred to Sr?* of SrCOs [44], respectively. Also, the Sr?* ratio of SCO part in
STO/SCO samples increases from 37.5 % in STO/SCO-1 to 62.5 % in STO/SCO-2,
and then to 74.5 % in STO/SCO-3, which indicates the addition of CN promotes the
formation of SCO in crystal growth. This constitution results are consistent with the
previous XRD and FTIR analysis. The O 1s spectrum of STO shown in Fig. 1(d) is
fitted into two peaks at around 529.7 eV, and 531.6 eV, which are ascribed to Sr-O-Ti
in SrTiO3 and surface hydroxyl species, respectively. The O 1s of STO/SCO samples
are divided into three peaks at 532.0 eV, 531.6 eV and 529.7, which attribute to Sr-O-
C in SCO, surface hydroxyl species, and Sr-O-Ti in SrTiOs respectively. There is a
slight peak deviation observed in STO/SCO samples for oxygen bound to Sr and Ti,
owing to the construction of heterojunction between SrTiOz and SrCOs. Ti 2p12 and Ti
2p32 peaks indicating the exist of Ti*" [45] are identified in Fig. S2(a). The binding

energy of Ti 2p for STO/SCO samples shift to higher energy direction compared with
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STO sample due to the surface interaction between the STO and SCO counterparts of
the heterojunction structure [46]. C 1s in Fig. S2(b) is fitted into two distinct peaks.
The peak at 284.8 eV is attributed to the adventurous carbon compounds, whereas the
peak at 289.4 eV corresponds to O-C=0O of the carbonate in SrCO3z [47]. The
enhancement of O-C=0 peaks confirms the gradual increase of SCO from STO/SCO-
1 sample to STO/SCO-3 sample. All the above XPS results indicate the formation of

STO/SCO heterojunction with strong chemical bonds interaction.

(b)

0271 8/,

Fig. 2. TEM of the (a) STO and (b) STO/SCO-2 and HRTEM of the (¢c) STO and (d)
STO/SCO-2
As visualised by the SEM image in Fig. S3(a) and S3(b), typical STO sample is

composed of various nanoparticle structure stacked together. While in STO/SCO
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heterojunctions samples (Fig. S3 (c-h)), two types of characteristics morphologies are
identified, namely nanoparticles and nanorods, which attribute to the formation of
STO/SCO heterojunction structures. In catalytic reaction, the rough surface and crack
structure amongst nanoparticles would be assumed to be beneficial for the adsorption
process [48]. Related elements mappings in Fig. S4 indicate that these elements are
evenly distributed on STO/SCO-2 sample. Table 1 shows the lists of the atomic ratios
of Sr/Ti based on the EDS analysis, and the Sr/Ti ratio increases from 1/0.89 to 1/0.66
for STO/SCO-2 compared with the original STO. The decrease of the Ti element
implies there are other compounds engaged to react with the precursor of Sr. The TEM
and HRTEM images of both STO and STO/SCO-2 samples were obtained to view the
detailed morphology and the interface of the as constructed STO/SCO heterojunction.
The TEM image presented in Fig 2(a) further confirms the pileup of nanostructure of
STO. Besides the similar nanostructure of STO, another kind of rods-like
nanostructures are viewed in STO/SCO-2 sample, as pre-viewed in SEM image. The
HRTEM image of STO sample in Fig 2(c) displays clear lattice spacing of 0.277 nm,
which are well agreed with the (110) crystal plane of STO. For the corresponding
HRTEM image of STO/SCO-2 sample in Fig 2(d), lattice spacings viewed of 0.277 nm
and 0.352 nm are referred to the (110) crystal plane of STO and (111) crystal plane of
SCO, respectively. The HRTEM image of the STO/SCO-2 sample evidences the
formation of heterojunction interface with intimate contact, which promotes the
transmission and separation of photo-generated carriers. In addition, as listed in Fig.
S5(a), the specific surface areas detected by BET methods are found to increase with
the gradually addition of CN. And as shown in Fig. S5(b), no obvious change of the
crystal size for different combinations can be observed by BJH pore size distribution.

Based on the results of materials characterisation, the process of STO/SCO
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heterojunction formation is deduced as follows. TiOs? hydrolysed from the precursor
of tetrabutyl titanate and Sr?* that originated from Sr(NOs). will crystalise to STO
during the hydrothermal process. Considering that COs* from hydrolysed CN
participates in the reaction system, the precursor of Sr would also react with this C
source in simultaneously generating SCO under alkaline condition and finally
contributes to the construction of STO/SCO heterojunctions interface [49,50]. Fig. 3
shows the schematic illustration of the synthesis processes of STO/SCO heterojunctions.

Table 1 Elemental analyses of the STO/SCO-2, STO and SCO compounds by EDS

Element Atomic of Atomic of Atomic of
STO/SCO-2 (%) STO (%) SCO (%)
Sr 20.79 15.18 25.05
Ti 13.65 17.08 0.00
0] 65.56 67.74 74.95
Sr: Ti 1: 0.66 1: 0.89 -
Magnetic stirring “ﬂ Hydrothermal Reaction ﬁﬁ Centrifuge and rinse to obtain
90 min 160°C—-24h g SrTiO;/SrCO; heterojunction
' i O . lo-O
Solution: ?16H3604T1)\ Ww“g;%?;w“g;g 0 Sr ‘ Ti O C
Issgzi}i,llualiclf}lfldroloxide\i“}i\ ::(}9?; :ogvd‘ga‘, %Q?;D? O &N CH @o
oo, (LT TR | e e
C &GN, é % ! %—"

g-C;N, self-decomposition

Fig. 3. Schematic illustration of the synthesis processes of STO/SCO heterojunctions

3.2 Photocatalytic degradation of HCHO and NO by SrTiOs/SrCOs3
heterojunction
The photocatalytic air purification potentiality of the as-prepared STO and STO/SCO-

X (X =1,2,3) samples were evaluated in continuous reaction systems under simulated
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solar light irradiation. HCHO and NO were chosen as the representative target air
pollutants. Fig. 4(a) displays the time-varying concentrations of HCHO (C/Co %) with
the as-prepared photocatalysts under light irritation. The HCHO concentrations sharply
decline in the first 6 mins and become steady as the equilibration of the photocatalytic
reaction. After irradiating for 30 mins, the removal efficiencies of HCHO by STO,
STO/SCO-1. STO/SCO-2 and STO/SCO-3 samples are 7.1%, 32.2%, 40.3% and 20.5%,
respectively, whilst there is rare degradation for pristine SCO under similar conditions.
As for the photocatalytic degradation of NO shown in Fig. 4(b), the STO/SCO
heterojunctions all exhibit improved capacities compared with both pristine STO and
SCO. The removal case of NO is similar to that of the HCHO, STO/SCO-2 sample
presents the highest removal efficiency of NO at around 44%. Considering that SCO
cannot be activated under visible light irritation because of its wide band gap [50],
pristine SCO showed limited photocatalytic activity in both HCHO and NO degradation.
The reaction rates of NO and HCHO photooxidation were calculated to quantitatively
compare their capabilities. The early stage of photocatalytic degradation progress
follows the mass-transfer-controlled pseudo-first-order rate reaction [51]. The reaction
kinetics based on the Langmuir-Hinshelwood model is used and defined as Eq. (2) [52].

-In (C/Co) =k t )

where C and Co represent the concentrations after and before irradiation, respectively,
meanwhile, k represents the apparent reaction rate constant and t is the irradiation time.
The apparent reaction rate constant k is the slope of the plot of -In (C/Co) versus
irradiation time t (min), which is demonstrated in Fig. 4(c) and 4(d) for HCHO
degradation and NO degradation, respectively. The apparent reaction rate constants of
STO/SCO-2 are the largest for both HCHO (0.0646 min) and NO (0.0782 min™)

degradations amongst all the samples. Rates are 4.5 and 2.3 times higher for HCHO
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and NO than those of pristine STO. Photodegradation experiments with different initial
concentrations of both NO and HCHO were conducted to thoroughly study their
photocatalytic effects. As shown in Fig. S6, The SCO/STO-2 sample exhibits almost
the same reaction rates and degradation efficiencies for both NO and HCHO. Thus, the
removal effectiveness can be confirmed for both high and low pollution situations. The
above results indicate the STO/SCO-2 heterojunction is most effective in removing
both NO and HCHO amongst all samples. The photocatalytic stability and reusability
of STO/SCO-2 for degradation of both HCHO and NO were evaluated by repeated
cyclic experiments to evaluate the potential applications for air purification. After five
cycled runs, the removal efficiency of HCHO keeps the initial value of nearly 40% (Fig.
3(e)). Likewise, the efficiency for NO degradation also remains over 40% and
consistent with almost the same level in all five tests. These results verify its
outstanding reproducibility and stability for the purification of the two typical air

contaminants in practice.
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Fig. 4. Photocatalytic activities of STO, SCO and STO/SCO-1,2,3 for (a) HCHO and

(b) NO removal; reaction rate constant k of STO, SCO and STO/SCO-1,2,3 for (c)

HCHO and (d) NO removal; and (e) cycling runs for the HCHO and NO

photocatalytic removal over STO/SCO-2.
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3.3 The Oz activation, and adsorption behaviour of HCHO and NO

The O activation is generally considered the key step in photocatalytic reaction in
environmental remediation application [53]. In this case, O. activation adsorption
models are revealed by DFT calculation on the surfaces of STO, SCO and STO/SCO
heterojunction (Fig. 5). Table 2 shows the summary of the main calculation results.
The bond length of O-O observed at the surface of STO is 1.32 A whilst the O-O bond
on STO/SCO surface is stretched to 1.45 A. The adsorption energies of the O, molecule
(Eads) on the three composites are in the order of STO/SCO (-4.91 eV) < SCO (-4.72
eV) < STO (-1.14 eV) despite the O, bond length on SCO is 1.50 A. The STO/SCO is
determined to be more effective for O activation than STO with lower Eags and

elongated O-O bond which is the same as SCO.

1.50 A
- ﬁoo& i (s ) 8@0% o
v o 9008
£od T

0, on STO 0, on STO/SCO 0, on SCO
E,qs=-1.14 eV E.os=-491eV E,o=-4.72 ¢V
Aq=-0.58 e Aq=-1.40e¢ Aq=-154¢

Fig. 5. Optimised O adsorption on STO, STO/SCO and SCO configuration.
The HCHO and NO adsorption behaviours on the catalyst surface are before their
photocatalytic reactions, and the adsorption/desorption performances are extremely
necessary to determine the photocatalytic reaction [54]. The temperature-programmed
desorption (TPD) was employed to investigate the behaviour between HCHO and the
as-synthesised photocatalysts. The adsorption process of HCHO on the catalyst was

conducted at room temperature till equilibrium. As illustrated in Fig. 6, there is one
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distinguished desorption peak for the STO/SCO-2 sample at the temperature of nearly
500 °C representing the cleavage of the C = O bond of the intermediates formate
(HCOOH) from HCHO oxidation [55]. However, no clear peak can be identified in the

STO catalyst, indicating the HCHO chemisorption process does not occur on the

surface of STO.

=

=

20

7]

8 STO/SCO-2

3 \
STO

T T T T T T T T T T T
100 200 300 400 500 600 700

Temperature/°C

Fig. 6. HCHO-TPD profiles of STO/SCO-2 and STO.
The adsorption configurations of HCHO (Fig. 7 (a)) and NO (Fig. 7 (b)) onto STO,
SCO and STO/SCO were calculated through DFT, respectively, to further explore the
interactions between the gas pollutant molecules and the catalysts. The adsorption
energy Eass of HCHO molecules on STO/SCO structure is calculated to be -1.92 eV,
which is 4 times and 1.2 times lower than those on the pristine STO and SCO structure,
respectively whilst the charge depletion (Aq) also increases from -0.17 e on STO to -
0.94 e on STO/SCO by the Bader method [56]. The heterojunction structure of
STO/SCO in line with HCHO-TPD would facilitate the HCHO chemisorption process.
In the NO adsorption process, the Eass and Aq of NO on STO/SCO structure are found

to be -2.80 eV and -1.11 e, which are about 6.7 times lower than STO structure of -0.42
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eV and 4.6 times lower of Aq of -0.24 e, respectively. In addition, the N-O bond length
of adsorbed NO varies from 1.19 A on STO to 1.29 A on STO/SCO, respectively. This
indicates that the NO adsorption process would also be influenced by constructing the
heterojunction. Both experimental and DFT calculation results validate the STO/SCO
heterojunction surface promotes both the O, activation and air pollutants adsorption

process.

(a)

>

J,.
0,10, 0.0

i : o%co
O%‘go 0 A~
é —o

HCHO on STO HCHO on STO/SCO HCHO on SCO

E.qs=-0.47 eV E.qs=-1.92 eV E,q = -1.66 eV
Aq=-0.17 e Aq=-0.94¢ Aq=-1.08 e

(b) 1.29 A

1.19 A 1.25 A

’ 9.0.0. i
o -~ .1

NO on STO NO on STO/SCO NO on SCO
E.4s=-0.42 eV E.4 = -2.80 eV E.4=-1.15eV
Aq=-0.24 ¢ Aq=-1.11e Aq=-0.75e¢

Fig. 7. Optimised (a) HCHO adsorption; (b) NO adsorption on STO, STO/SCO and
SCO configuration. Aq and Eags represent the carried electrons and adsorption energy.
3.4 Band structure and Photo-charge transfer
The surface work functions of SCO and STO were obtained as 5.41 eV and 4.81 eV by

theoretical calculation, respectively, to further understand the effects of STO/SCO
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heterojunction as shown in Figs. 8(a) and 8(b). The unequal work functions of SCO
and STO spontaneously induce the charge migration at the interface by Colombian
force, thereby effectively inhibiting the recombination of photoexcited carriers [35,57].
When the STO/SCO heterojunction is formed, electrons will transfer from the STO to
the SCO’s side with a lower work function to achieve the equilibrium of the Fermi
levels (Fig. S7). Consequently, the charge distribution of the optimised STO/SCO
geometry was also obtained as shown in Fig. 8(c). The value of total charges (Aq)
calculated through the Bader method for SCO is -1.74 e, indicating that SCO will
receive 1.74 e electrons from STO, further confirming the direction of electron transfer
is from STO to SCO (Fig. 8(c)). The main agent of reactant adsorption is the electron
transportation at the STO/SCO interface and tends to reinforce the separation rate
between photogenerated holes and electrons. The transient photocurrent was tested to
probe the migration of photocatalytic electrons. The photocurrent signal excited over
the STO/SCO-2 heterojunction (7 x 10”7 A-cm) is the highest among the three prepared
STO/SCO samples and is about 4 times higher than that of the STO sample as
demonstrated in Fig. 8(d). The SCO sample exhibits nearly no photocurrent because of
its dielectric properties. Moreover, the photoluminescence (PL) spectra were tested to
investigate the transmission and recombination rate of the photogenerated carriers. The
excitation wavelength was set as 310 nm. As observed in Fig. S8, all the STO/SCO
samples exhibit much lower PL peaks compared with pristine STO sample, which is
caused by the formation of heterojunction interface that inhibiting the recombination of
the photo-generated carriers. These results are consistent with our hypothesis of

STO/SCO heterojunction.
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Fig. 8. The work functions of (a) SrCO3 (001) surface; (b) SrTiO3z (001) surface; (c)
Charge difference distribution of the STO/SCO interfacial structure (blue and yellow
represents charge accumulation and charge depletion, respectively); and (d) Transient

photocurrent responses.

3.5 Understanding the mechanism of the photocatalytic air purification process

Measurements of ESR on STO, SCO and STO/SCO samples were performed under
both simulated solar light irradiation and dark conditions by identifying the intensity of
DMPO signals to ascertain the generation of ROS that are key elements in the
photocatalytic purification process. Fig. 9(a) demonstrated the characteristic signals of
DMPO-+O>" which can be recognised over STO/SCO-2 and STO samples after being
simultaneously irradiated, and the signals of STO/SCO-2 is much stronger than those
of STO. Fig 9(b) shows the characteristic peaks of DPMO-+OH for STO/SCO-2 and
STO samples which exhibit the same patterns as «O2". The STO/SCO-2 heterojunction

enhances the generation of both «OH and <O.’, however, both the DMPO-+O;" and
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DMPO-+OH are not detected for SCO because the insulator materials cannot respond
to simulated solar light.
As for the band structure, the STO sample has a band gap energy of 3.22 eV with its
absorption edge at 380 nm, whilst the absorption edge for the typical insulator of the
SCO sample is at 285 nm with a band gap of 4.34 eV. The valence band (VB) and
conduction band (CB) of STO and SCO are calculated to further seek insights by the
following Eq. (3) and Eq. (4) [58]:
Eve= X —E®+ 0.5 Eq (3)
Ecs = Evs - Eg 4)
where Evg, Ecs and Eg4 are the VB, CB and the band gap of the compound, respectively.
Meanwhile, X represents the electronegativity of the compound, which can be
calculated from the electronegativity of each constituent atom, and E® is the energy of
free electrons on a hydrogen scale (~4.5 eV). For the STO, the electronegativity X and
band gap Eq are obtained to be 4.95 eV and 3.22 eV, respectively. The Evs and Ecg are
further calculated to be 2.06 eV and -1.16 eV. Meanwhile, the electronegativity X and
band gap Eg for SCO are determined to be 5.57 eV and 4.34 eV, respectively. The Evs
and Ecg for constituent SCO are 3.24 eV and -1.1 eV, respectively, as shown in Fig.
S9. In addition, the solid ESR spectrum was used to determine the oxygen vacancy (OV)
defects of STO/SCO-2 and STO. Two distinct symmetrical ESR signal peaks can be
identified for the STO/SCO-2 sample at g = 2.002, whilst the STO sample shows no
significant peak as demonstrated in Fig. S10. Restricted to band structure, pristine
insulator SCO cannot be excited by simulated solar light because of its wide band gap,
whilst the pristine STO is excited to produce limited photocatalytic charges. The
existence of oxygen vacancies induces intermediate levels which render the opportunity

to be excited by solar energy [59].
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Fig. 9. DMPO spin-trapping ESR spectra of STO, STO/SCO and SCO samples in
methanol dispersion for (a) DMPO-+O>’; in aqueous dispersion for (b) DPMO-+OH.
According to the results from the experimental analysis and theoretical calculation, the
corresponding mechanism of photocatalytic air purification over STO/SCO
heterojunction could be proposed in the following five processes demonstrated in Fig.
10. With the building of STO/SCO insulator heterojunction, electrons would be inclined
to transfer from the STO to the SCO side at the interface in absence of light irradiation.
This is because of the different potentials between the two parts that causes uneven
distribution of charges, thereby promoting the construction of an internal electric field
(process (1)). The OVs were simultaneously generated during the formation of
heterojunction rendering the possibility of direct transition from VB to intermediate
level over SCO part to take large utilisation of solar light (process (2)) and subsequently
allows the photoexcited electrons transfer from intermediate level to the CB of SCO
(process (3)). Thus, the insulator-based STO/SCO heterojunction exhibits
photocatalytic activities under simulated solar light irradiation. There will also be
certain photoexcited electrons migrating from VB to CB as its weak light utilisation of
STO (process (4)). The existence of an internal electric field from process (1) was

beneficial in separating the photoexcited electron-hole pairs (process (5)). The
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accumulated holes at the VB of SCO will react with surface H.O and hydroxy to
generate *OH. In addition, the electrons gathered at the CB of SCO and STO react with
O> to produce «O>". Consequently, the robust ROS generation of both «OH and <O>
would react with pre-adsorbed air pollutants NO or HCHO to achieve the target of air

purification.
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Fig. 10 Proposed photocatalytic mechanism to enhance photocatalytic activity over
STO/SCO heterojunctions.
Table 2 Summary of bond length (N-O for NO and O-O for Oz), Eadgs and Aq of

adsorption on STO, SCO and STO/SCO, respectively.

HCHO NO Oz

N- -
Sample Eads L en;)th Eads Aq 0-0 Eads Aq

Aq
ev) (e A) ev) (o) A) (ev) ()

STO -0.47  -0.17 1.19 -042 -0.24 1.32 -1.14  -0.58

SCO -1.66 -1.08 1.25 -1.15  -0.75 1.50 -4.72  -154

STO/SCO -1.92 -094 1.29 -280 -1.11 1.45 -491 -1.40
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4. Conclusion

Insulator-based STO/SCO nano-heterojunctions constructed by using the CN self-
sacrificing hydrothermal synthesis method have been applied for the first time to purify
the representative indoor air pollutants of NO and HCHO. The ideal photocatalytic
activities (44% and 40%) and reaction rates (0.0782 min and 0.0646 min) towards
both NO and HCHO can be achieved by optimising the ratio of counterparts of
STO/SCO heterojunctions. A certain level of oxygen vacancies and the internal electric
field were formed at the interface of the insulator-based STO/SCO heterojunction,
which maximized the utilisation of solar energy to excite photocarriers and enhanced
the transfer efficiency on the surface. Molecular O is validated to be beneficially
activated at the STO/SCO heterojunction surface with reduced adsorption energy from
-1.14 eV to0 -4.91 eV, and enlarged Oz bond from 1.32 A to 1.45 A based on the DFT
calculation. The abundant ROS was generated with the combined effects of efficient
photocarriers and stimulative O activation for the photo-degradation of NO and HCHO.
This study provides a feasible strategy for the design and fabrication of insulator-based

photocatalysts applied for indoor air pollutants purification.
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