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Abstract: Semiconductor-based photocatalysis has attracted considerable interdisciplinary attention 1 

for its diverse applications in environmental remediation and solar energy conversion. However, pure 2 

earth-abundant insulators have been seldom considered as photocatalysts because of the unfeasible 3 

electronic excitation. In this work, we make the earth-abundant insulator BaSO4 as conceptually new 4 

photocatalyst via Ba-vacancy engineering for the first time. The BaSO4 with Ba-vacancy is 5 

synthesized by a facile precipitation method and applied for photocatalytic NO removal in air. XAFS 6 

spectroscopy and DFT calculations demonstrate the formation of Ba-vacancy. Also, defect level 7 

induced by Ba-vacancy between the wide band gap is demonstrated, which endows insulator BaSO4 8 

with semiconductor-like photocatalytic performance. Besides, according to the TPD analysis and 9 

theoretical simulation, Ba species is functioned as the NOx storage center for the primary 10 

accumulation of NO molecule on substrate, and simultaneously Ba-vacancy is equipped with the 11 

capability to redistribute charge carriers and thus accelerate the activation of NO molecule by the 12 

donation of electrons to electron-deficient areas, facilitating the conversion of NO into a higher 13 

valance state for further favorable photocatalytic oxidation. In situ DRIFTS spectra are applied to 14 

dynamically monitor intermediates and products on photocatalyst surface, revealing the reaction 15 

process and the enhancement role of Ba-vacancy. This work opens a new research doorway on 16 

earth-abundant insulators for the development of a new family of photocatalyst.  17 

Keywords: Ba-vacancy; insulator; semiconductor-like photocatalysis; catalytic mechanism; solar 18 

energy conversion  19 

20 
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1. Introduction 1 

This is the age where the capture and utilization of solar energy for energy conversion has 2 

attracted considerable interdisciplinary attention. [1-3] Heterogeneous photocatalysis, which could 3 

use the photo-induced charge carriers inside a material as a working medium to realize the 4 

conversion of solar energy, has been investigated and developed extensively in response to 5 

addressing the energy and environmental issues. [4-8] There are numerous research works dealing 6 

with the topic of the design of highly efficient semiconductor-based photocatalysts. [9-14] 7 

Meanwhile, some insulator-related materials also have been exploited, including photocatalytic NO 8 

removal on insulator-based heterojunctions, selective photo-oxidation of different benzyl alcohols in 9 

the presence of a large variety of dyes and O2 on aluminum oxide, and photo-induced H2 production 10 

on insulator quartz surfaces. [15-18] However, the pure earth-abundant insulators with metal-defects 11 

have never been reported probably because of the unfeasible electronic excitation on insulator. [19]  12 

During heterogeneous photocatalysis, the adsorption of reactive molecules, the photoactivated 13 

reaction, and the desorption of product molecules are the elementary processes mediated by the 14 

substrate and correspondingly determine the feasibility and efficiency of photocatalytic reaction. 15 

[20-23] Considering this fact, appropriate modification could endow insulator with 16 

semiconductor-like photocatalysis, realizing the direct conversion of solar energy to chemical energy 17 

on earth-abundant materials. [15-19] Recent years have witnessed fruitful studies on electronic 18 

structure tailoring and catalytic performance enhancement. The vacancy-engineering is one of the 19 

most studied and effective methods that could manipulate the properties of materials such as surface 20 

structure, electrical transport and band structures. This could introduce the insulators with new 21 

features and functions. [24-26]  22 

In this work, vacancy-engineering is proposed to make the pure earth-abundant insulator as 23 

photocatalyst and the BaSO4 with Ba-vacancy (BSO) is synthesized by a facile precipitation 24 

method and applied for photocatalytic NO removal. For the first time, we discover that defect 25 

level induced by Ba-vacancy between the wide band gap endows insular BaSO4 with 26 

semiconductor-like photocatalysis. Meanwhile, Ba species is functioned as the NOx storage 27 

centre for the primary accumulation of NO molecule on substrate, and simultaneously 28 

Ba-vacancy is equipped with the capability to redistribute charge carriers and thus accelerate 29 

the activation of NO molecule by the donation of electrons to electron-deficient areas, 30 

facilitating the conversion of NO into a higher valance state for further favorable 31 

photocatalytic oxidation. Reaction process and the enhancement role of Ba-vacancy also have 32 

been revealed by in situ diffuse reflectance infrared Fourier transform spectroscopy 33 
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(DRIFTS). This work opens a new research doorway on earth-abundant insulator for the 1 

development of a new family of photocatalyst. 2 

2. Experimental  3 

2.1 Synthesis of defect-controlled BaSO4  4 

All the reagents employed in this study were analytical grade and used without further purification. 5 

BaSO4 was obtained by a simple precipitation method. 10 mmol Ba(NO3)2 dissolved in 60 mL 6 

deionized water was added dropwise into 70 mL aqueous solutions of Na2SO4, which were mixed 7 

together in 1:1 molar ratio and stirred for 1 h. For exploring the influence on reaction temperature, 8 

three different samples have been synthesized at room temperature (20 ℃), 40 and 80 ℃ in a water 9 

bath. Afterward, the precipitates were washed by deionized water and ethanol four times and dried at 10 

60 °C. The samples which were synthesized at room temperature, 40 and 80 ℃ are labelled as BSO, 11 

BSO-40 and BSO-80, respectively. Commercial BaSO4 (PBSO) with rare defects purchased from 12 

Aladdin Industry Corporation.  13 

2.2 Evaluation of photocatalytic activity  14 

The photocatalytic activity was investigated by examining the removal ratio of NO at ppb 15 

levels (500 ppb) in a continuous-flow reactor (rectangular reactor, 30 cm × 15 cm × 10 cm). 16 

The concentration of NO was continuously detected by a NOX analyzer (Thermo 17 

Environmental Instruments Inc., model 42c-TL). 0.20 g as-prepared sample was dispersed 18 

and coated onto two glass dishes (diameter: 12.0) for photocatalytic activity tests under 19 

UV-light irradiation (λ = 280 nm). After adsorption–desorption equilibrium being achieved, the 20 

lamp was turned on and the removal ratio (η) of NO was calculated as η = (1 − C/C0) × 100%, 21 

where C and C0 are the concentrations of NO pollutant in the outlet steam and the feeding 22 

stream, respectively.  23 

After the photocatalytic NO oxidation test, the post-tested sample was washed by 35 mL deionized 24 

water and then the supernatant was collected to analyze the content of accumulated final products. 25 

Gas-phase molecular absorption spectrometer (GMA3370), which is a specific analytical technique 26 

applied to measure nitrite nitrogen, nitrate nitrogen, total nitrogen and so on, was used to 27 

quantitatively detect the content of NO2
−
/NO3

−
 species on post-test samples.  28 

2.3 In situ DRIFTS investigation  29 

In situ DRIFTS measurements were conducted using a TENSOR II FT-IR spectrometer 30 

(Bruker) equipped with an in situ diffuse-reflectance cell (Harrick) and a high-temperature 31 

reaction chamber (HVC), as shown in Scheme S1. Detailed descriptions of the in situ 32 

DRIFTS apparatus are available in the Supplementary Material.  33 
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Before measurements, the prepared samples were pretreated 30 min at 300 
o
C in the 1 

high-temperature reaction chamber. The background spectra were recorded before injecting 2 

reactant gas into the reaction chamber. The total gas flow rate was 100 mL/min, and the 3 

concentration of NO was adjusted to 50 ppm by dilution with O2. Once the adsorption equilibrium 4 

was achieved, a UV-light source was applied to initiate the photocatalytic reaction. The 5 

temporal evolution of normalized absorbance of adsorbed NO2
−
/NO3

−
 species on 6 

photocatalysts surface correspond with in situ DRIFTS spectra, and the integration of 7 

characteristic absorption bands of adsorbed species leads to follow their individual evolutions 8 

as a function of time. For all species, the normalized absorbance is calculated by considering 9 

their individual maximum absorbance as 1.  10 

3. Results and discussion  11 

3.1 Chemical composition and microstructure  12 

The X-ray diffraction (XRD) patterns indicate that as-synthesized BaSO4 with Ba-vacancy (BSO) 13 

well maintains the orthorhombic structure of BaSO4 (PDF#24-1035). However, a decreased degree 14 

of crystallinity can be observed in comparison with commercial BaSO4 (PBSO, purchase from 15 

Aladdin Industry Corporation), attributing to the low crystallization with the potential formation of 16 

defect. We subsequently employ a powerful element-specific tool, the synchrotron radiation-based 17 

X-ray absorption fine structure (XAFS) spectroscopy, to characterize the defect-controlled BaSO4, 18 

using PBSO sample with rare defects as a reference. Although there is a general similarity of Ba 19 

L3-edge X-ray Absorption Near Edge Structure (XANES) for BSO and PBSO samples, [27] an 20 

obvious shift of adsorption edge towards to higher photon energy can be observed. This result 21 

indicates a decreased electron concentration in BSO crystal and thus demonstrating the formation of 22 

the Ba-vacancy inducing coordinatively unsaturated sites. [28] Meanwhile, the high-resolution 23 

spectrum of Ba 3d with peak features at 795.9 eV (Ba 3d3/2) and 780.2 eV (Ba 3d5/2) presents a right 24 

shift of adsorption peaks toward lower binding energy in BSO sample, indicating the existence of 25 

Ba-vacancy on BaSO4, which is also corresponding to the XANES spectra. [29] Ignited by this 26 

observation, detailed atomic-level structures of defect-controlled samples are simulated by Density 27 

Functional Theory (DFT) calculations. As shown in Fig. 1d-1f, the optimized geometric structure of 28 

BaSO4 with Ba-vacancies, O-vacancy and SO4-vacancy are simulated respectively for comparison. 29 

The lowest formation energy (Ef) of the BaSO4 with Ba-vacancy demonstrates that the formation of 30 

Ba-vacancy in BaSO4 lattice is most attainable. Thus, the highly combined and complementary 31 

experimental characterization and theoretical simulation confirm the construction of Ba-vacancy in 32 

BaSO4 lattice. 33 
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Fig. 1. 1 

The morphological feature of the as-prepared defect-controlled samples was further studied by 2 

scanning electron microscopy (SEM) and high-resolution transmission electron microscopy 3 

(HRTEM). The as-prepared samples exhibit nanoparticle morphology (Fig. 2a, 2b) and EDX 4 

elemental mapping of BSO sample suggests that the S, O, and Ba elements are distributed uniformly. 5 

Nevertheless, a slight lattice disorder and dislocation can be locally observed in the margin of BSO 6 

sample (circled by dotted line in Fig. 2d), highlighting the existence of vacancy. [30] According to 7 

the XPS analysis, the atomic ratio of sulfur to barium (S/Ba) and oxygen to barium (O/Ba) in PBSO 8 

sample are both smaller than that of in BSO sample, which also indicates the formation of 9 

Ba-vacancy in BSO. Additionally, the nature of Ba-vacancy was further resolved by room 10 

temperature solid state electron paramagnetic resonance (EPR) spectroscopy. The defect-rich BSO 11 

sample displays a much higher EPR signal intensity (g value is 2.0028, Fig. 2e) both in dark and 12 

under UV-light irradiation, which can be identified as the electrons trapped around Ba-vacancy. A 13 

weak EPR signal has been detected in PBSO sample due to the inevitably intrinsic defects in 14 

material, [26] which is also the reason why commercial PBSO exhibits a low photocatalytic activity.  15 

Fig. 2. 16 

3.2 Optical properties and band structures  17 

The photo-absorption property of defect-controlled samples were studied by UV-vis 18 

diffuse-reflectance spectrometry (UV-vis DRS) spectra, using a scanning UV-vis spectrophotometer 19 

equipped with an integrating sphere assembly and 100% commercial BaSO4 as the reflectance 20 

sample. Surprisingly, defect-rich BSO sample demonstrates strong light absorption with the 21 

absorption edge located at approximately 254 nm. The corresponding experimental value of the 22 

bandgap (4.89 eV) is well consistent with the reported value, and also indicates that BaSO4 is a 23 

typical insulator with wide band gap. Besides, it's worth noting that a weak absorption peak centered 24 

around 270-300 nm can be clearly observed. Combining with the experimental characterization and 25 

theoretical simulation, it can be concluded that this special optical absorption characteristics 26 

originate from the defect state emission that derives from the Ba-vacancy. The position of defect 27 

level is thus estimated via a plot of (αhν)
1/2

 versus photon energy (hν), as shown in Fig. 3a (inset). 28 

Furthermore, the total density of states (TDOS) are calculated by DFT method (Fig. 3b), which 29 

shows a tolerable error in comparison with the experimental value. [31] A middle energy level (at 3.8 30 

eV) below the conduction band (CB) appears in the band gap structure of BSO (marked by shaded 31 

area). According to the calculation of partial density of states (PDOS), the contribution of the 3d 32 

states of Ba atoms on account of the presence of Ba-vacancy. In this case, photoexcited electrons 33 
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could easily jump from a foothold (valence band) to the springboard (middle defect level) under 1 

irradiation. This electronic transition induces insular BaSO4 with photocatalytic performance, similar 2 

to the semiconductor photocatalysis. Therefore, the Ba-vacancy plays a vital role in band structure 3 

engineering and facilitating the electronic excitation under irradiation. The deductive band structure 4 

of defect-controlled BSO sample is shown in Fig. 3c. 5 

Fig. 3. 6 

3.3 Adsorption and activation of NO molecule and photocatalytic performance 7 

Furthermore, the Ba-vacancy, as the essence for the semiconductor-like photocatalytic 8 

performance on insulator BaSO4, could provide unsaturated sites to facilitate the adsorption and 9 

activation of reactant. The adsorption of reactants on the surface of catalyst, as the precondition of 10 

heterogeneous catalysis, should be well promoted in order to ensure the subsequent catalytic 11 

reaction. Exactly, the Ba species are equipped with the performance of NOX storage, which has been 12 

well demonstrated by the temperature-programed desorption (TPD) profiles (Fig. 4a). [32, 33] 13 

Obviously, BSO sample shows a much stronger adsorption capability than that PBSO, which 14 

indicates that Ba-vacancy could accelerate the adsorption of NO molecule on the defective site. 15 

Meanwhile, as depicted by the charge difference density (Fig. 4a, inset), the Ba-vacancy makes the 16 

local charge redistributed by serving as convergent center of electrons to assemble delocalized 17 

electrons to form localized states, which is beneficial to facilitate the adsorption and activation of 18 

reactant on/around defect site. The adsorption and activation of NO molecule are subsequently 19 

probed by DFT calculations. As shown in Fig. 4b, the NO molecules tend to absorb on the side of 20 

defect site. The increased adsorption energy (from –1.03 eV for PBSO to –1.67 eV for 21 

defect-controlled BSO) implies that the adsorption of NO is promoted on BSO. The total charge of 22 

NO for BSO sample (Δq = 0.41 e, calculated with Bader method [34]) indicates that the NO 23 

molecules would donate electrons to electron-deficient areas (around the defect sites) to form NO
+
 24 

species, promoting the activation of NO molecule and thus inducing the conversion NO into a higher 25 

valance state for further favorable photocatalytic oxidation. Therefore, the construction of 26 

Ba-vacancy could not only induce the semiconductor-like photocatalytic performance on insulator 27 

BaSO4 but also facilitate the adsorption and activation of gas molecule for NO removal.  28 

Fig. 4. 29 

Consequently, to experimentally characterize the adsorption and activation of reactant, in situ 30 

DRIFTS was used to dynamically monitor intermediates and products on photocatalyst surface 31 

during NO adsorption and UV-light irradiation processes. As shown in Fig. 5a and 5b, the absorption 32 

bands related to NO species on BSO obviously appear once NO was introduced at 25 °C in dark 33 
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conditions in comparison with PBSO. Note that the absorption band approximately around 2120 1 

cm
−1

 (marked by shaded area) associated with nitrosyl species (NO
+
) over BSO sample arises 2 

gradually as evidenced by the DFT calculation. [35] This is consistent with the theoretical results that 3 

the construction of Ba-vacancy could accelerate the activation of NO molecule by the donation of 4 

electrons of NO molecule to electron-deficient areas, and thus facilitating the conversion of NO into 5 

NO
+
 during the adsorption stage. Also, the dark reactions about the generation of NO2

−
/NO3

−
 (the 6 

absorption band around at 1900, 1250, 1172, 1050 cm
−1

) [36-38] have been extremely promoted due 7 

to the localized center of electrons around Ba-vacancy, as suggested by the evolution of the 8 

normalized absorbance of NO2
−
/NO3

−
 species (Fig. 5c). Besides, the time-dependent IR spectra of 9 

BSO and PBSO under UV-light irradiation are recorded once the adsorption equilibrium is achieved 10 

(Fig 5d and 5e). And the “baseline” spectrum is the same as that of “the curve of adsorption 11 

equilibrium” in NO adsorption process. The distinct absorption bands about NO2
−
/NO3

−
 (at 1378, 12 

1250, 1172, 1043, 980, 833 cm
−1

) [36, 37, 39, 40] can be observed on BSO, reflecting that the 13 

amount of final products (nitrites or nitrates) generated on BSO is much higher than that on PBSO, 14 

which is accordance with the temporal evolution of normalized absorbance of NO2
−
/NO3

−
 on 15 

samples (Fig. 5f). Therefore, Ba-vacancy as the activate sites could significantly promote the 16 

adsorption and activation of reactants, and thus enhance the photocatalytic NO removal efficiency.  17 

Fig. 5. 18 

The photocatalytic performance of prepared samples towards NO removal was evaluated under 19 

UV-light irradiation (λ = 280 nm). As shown in Fig. 6a, the commercial PBSO exhibits a slight 20 

photocatalytic NO removal performance, arising from the inevitably intrinsic defects and the 21 

capability of NOx storage on Ba species. The photocatalytic NO removal efficiency of 22 

defect-controlled BSO sample is increased to 42.0%. Besides, according to the Fig. S4, higher 23 

reaction temperature could accelerate the crystallization of samples and thus reduce the formation of 24 

defects, giving rise to decreased photocatalytic efficiencies in comparison with BSO sample. Also, 25 

the final products (NO2
−
/NO3

−
) has been verified and quantitatively detected by gas-phase molecular 26 

absorption spectrometer. As show in Fig 6a (insert), NO3
−
 species is the major final product both in 27 

BSO and PBSO samples and the content of NO3
−
 species on BSO is much higher than that of on 28 

PBSO. The photocatalytic NO oxidation is achieved by the photo-induced reactive radicals. As 29 

noted, in comparison with PBSO, much stronger DMPO spin-trapping signals of reactive oxygen 30 

species (ROS, superoxide anion radical (•O2
−
, Fig. 6b), hydroxyl radical (•OH, Fig. 6c), and singlet 31 

oxygen (
1
O2, Fig. 6d) have been detected for BSO. Correspondingly, the signals of trapped electrons 32 

(e
−
, Fig. 6e) on BSO are reduced as the consumed electrons are transformed into the ROS. [41] 33 
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Therefore, Ba-vacancy induces the formation of defect level to endow the insular BaSO4 with 1 

semiconductor-like performance, and simultaneously serves as the active center to significantly 2 

promote the reactants activation for optimized photocatalysis.  3 

Fig. 6. 4 

4. Conclusions  5 

In conclusion, we develop the BaSO4 with intrinsic Ba-vacancy for the first time and investigate 6 

the essence for the insulator with semiconductor-like performance. The construction of Ba-vacancy 7 

contributes to the formation of defect level to enable photocatalytic performance on insulator BaSO4 8 

and simultaneously manipulates the band structure, surface property, and charge carrier redistribution 9 

of BSO. The multiple roles of Ba-vacancy give rise to unprecedented photocatalytic performance on 10 

BaSO4 in removal of NO in air. This work proposes a new concept on photocatalysis with 11 

earth-abundant insulators. The discovery of this interesting semiconductor-like photocatalysis 12 

induced by defects would motivate further work in this field, which could carve a potential path for 13 

the practical viability in the development of environmental and energy-related applications.  14 

Supplementary Material  15 

Evaluation of photocatalytic activity, characterization of photocatalysts, detailed descriptions of 16 

the in situ DRIFTS apparatus and the specific test method, DFT calculation, XPS spectra, SBET and 17 

pore volume, time-resolved fluorescence spectra, assignments of the IR bands are available in 18 

Supporting Information.  19 
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Figure captions  1 

Fig. 1 Structural characterization for the defect-controlled samples. XRD pattern (a), the normalized 2 

X-ray absorption near-edge structure (XANES) spectra (b), and high-resolution (Ba 3d) XPS spectra 3 

(c) of BSO and PBSO samples; and schematic illustrating the locations of Ba-vacancy (d), 4 

O-vacancy (e), SO4-vacancy (f) in BaSO4 lattice. Ef stands for the formation energy of the optimized 5 

geometric structure, negative values indicate heat release. Green, red and yellow spheres stand for Ba, 6 

O and S atoms, respectively.  7 

Fig. 2 Microstructure of the catalysts. SEM and HRTEM images of PBSO (a, c) and BSO (b, d); 8 

EDX elemental mapping of S, O, and Ba in image for BSO sample (e); atomic ratio of BSO and 9 

PBSO samples (f); and room temperature solid state EPR spectra (g) of as-prepared samples.  10 

Fig. 3 The photo-absorption property and band structure. The UV-vis spectra and the estimated plot 11 

of (αhν)
1/2

 versus photon energy (inset) of prepared samples (a); density of states (DOS), the Fermi 12 

level is set to 0 eV (b); and the deductive band structure of defect-controlled BSO sample (c).  13 

Fig. 4 Adsorption and activation of NO molecules. TPD profiles of BSO and PBSO for NO gas (a), 14 

and charge difference density distribution of BSO (Fig. 4a, insert): charge accumulation is shown in 15 

blue and depletion in yellow, and isosurfaces are set to 0.002 eV Å
−3

; optimized geometric structure 16 

of NO molecules adsorption on BSO and PBSO (b). Green, red, yellow and gray spheres stand for 17 

Ba, O, S and N atoms, respectively.  18 

Fig. 5 In situ DRIFTS spectra of BSO and PBSO samples. In situ DRIFTS spectra on BSO and 19 

PBSO samples during NO adsorption (a, b) and UV-light irradiation (d, e) processes, respectively; 20 

temporal evolution of normalized absorbance of adsorbed NO2
−
/NO3

−
 species on BSO (solid line,) 21 

and PBSO (dashed line,) during NO adsorption (c) and UV-light irradiation (f) processes, 22 

corresponding to in situ DRIFTS spectra.  23 

Fig. 6 Evaluation and analysis of the photocatalytic performance. Photocatalytic activity comparison 24 

(a), the content of NO2
−
 and NO3

−
 species on post-test BSO and PBSO samples (Fig. 6a, insert); and 25 

DMPO spin-trapping ESR spectra of BSO and PBSO samples, •O2
−
 (b), •OH (c), 

1
O2 (d), e

−
 (e).  26 
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Graphical Abstract 

TOC Art: Ba-vacancy induces the formation of defect level to endow the insular 

BaSO4 with semiconductor-like performance, and simultaneously serves as the active 

center to significantly promote the adsorption and activation of reactants for NO 

removal.  

 

*Graphical Abstract



Research highlights  

 The BaSO4 with Ba-vacancy is synthesized by a facile method.  

 Defect level is induced by Ba-vacancy between the wide band gap.  

 The Ba-vacancy endows insular BaSO4 with semiconductor-like photocatalysis.  

 The adsorption and activation of NO molecule are highly promoted.  

 The in situ DRIFTS is used to dynamically reveal the reaction mechanism.  

*Highlights (for review)




