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Abstract：Construction of vertical heterostructures by stacking two-dimensional (2D) layered 

materials via chemical bonds can be an effective strategy to explore advanced solar-energy-

conversion systems. However, it remains a great challenge to fabricate such the heterostructures 

based on conversional oxide-based compounds, as they either do not possess a 2D layered structure 

or are not suitable for epitaxial growth due to large lattice mismatch. Here, we report a vertical 

heterostructure of bismuth oxyhalide semiconductors fabricated through a hetero-epitaxial anion 

exchange method. Monolayer Bi2WO6 was epitaxially grown on the exposed surface of BiOI to inhibit 

photo-corrosion and introduce active sites. Theoretical and experimental results revealed that 

electrons generated under visible-light irradiation can directly transfer to surface coordinatively 

unsaturated Bi atoms, which contribute to the adsorption and activation of reactant molecules. As a 

result, the Bi2WO6/BiOI vertical heterostructures exhibit significantly enhanced visible-light-driven 

NO oxidation activity compared with BiOI and Bi2WO6. 

 

1. Introduction 

Exploration of two-dimensional (2D) epitaxial heterostructures has attracted considerable attention, 

because the coexistence of different 2D materials with a continuous atomic interface gives birth to 

unexpected exciting properties by taking advantage of the properties of each component by proper 

geometric construction and by precise engineering at epitaxial heterojunction.[1]  Examples such as 

graphene/h-BN,[2]  transition-metal dichalcogenides (TMDs),[3]  and topological insulators[4] have been 
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recently successfully constructed in 2D layer-by-layer (vertical) or 2D domain-to-domain (lateral) 

heterostructures via various epitaxial growth approaches.[5]  The composition selection, thickness 

control, stacking order (in vertical heterostructures), and adjacent order (in lateral heterostructures) 

offer tunability of key electronic characteristics, including band dispersion, the band gap, and 

polarity.[1c,6] Benefiting from the unique properties of these heterostructures, intriguing applications, 

including diodes,[5a]  transistors,[7] band-pass filters,[8] and detectors,[9] have been designed as 

prototypes and are paving the way to the development of high-performance, ultra-light, flexible, and 

wearable devices. 

 In semiconducting 2D heterostructures, band bending and built-in electronic fields are expected to 

occur at heterojunctions because electronic configurations change sharply across the interface.[10] 

This feature is of significance for integrating 2D heterostructures into photon energy conversion 

applications,[11] for example, photocatalysis.[12] The band offsets beside the heterojunction induce 

space charge accumulation and depletion areas, and enforce effective separation of the photon-

induced charge carriers.[13] The atomically sharp heterojunction enables the transport of charge 

carriers in the absence of boundary scattering.[14] In particular, the 2D vertical heterostructure 

provides a short diffusion distance for charge carriers and an abundance of surface active sites, due 

to its extremely small thickness and ultra-large surface area.[1c,15]  Given these, it is highly desirable to 

have 2D epitaxial heterostructures consisting of mature photocatalytic semiconductors with 

contrasting electronic structures and selected photocatalytic activities, the photocatalytic 

performances of which can be modulated by the components, thickness, and stacking order.[12,16] 

Unfortunately, it remains a great challenge to fabricate such 2D photocatalytic heterostructures, 
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because most of the conversional photocatalysts either do not possess a 2D layered structure or are 

not suitable for epitaxial growth due to large lattice mismatch. 

In this work, we report a one-step surface anion exchange strategy for the production of scalable 

and controllable 2D vertical photocatalytic heterostructures by using conventional photocatalysts, 

BiOX/Bi2TMO6 (X: Cl, Br, and I; TM: W and Mo), for the elimination of NO and organics under visible-

light irradiation. By epitaxially assembling monolayer Bi2TMO6 onto BiOX nanosheets, the surface 

electronic states have been engineered by coordinatively unsaturated Bi atoms in BiOX/Bi2TMO6. The 

energy dispersion and indirect gap together with the local electric field across the heterointerface 

offer highly efficient charge separation and transport in the 2D vertical BiOX/Bi2TMO6 

heterostructures. Significantly enhanced photocatalytic activities, as compared to those of each 

component, towards the photocatalytic elimination of NO and organics under visible-light 

illumination have been achieved. This work opens up a new way to design and construct 2D vertical 

heterostructures for photocatalytic applications. 

 

 

2. Results and Discussion 

As typical Bi-based 2D layered semiconductors, BiOX and Bi2TMO6 share the similar crystal structures, 

composed of fluorite-like [Bi2O2]
2+ layers interleaved by slabs of anion groups, as shown in Figure 1a 

and Figure S1-S2 in the Supporting Information. The neighboring halogen layers in BiOX stack via 

weak van der Waals (VdW) interactions.[17] Because the exposed atomic layer in BiOX only consist of 

halogen atoms,[18]  photocorrosion of BiOX is hard to avoid due to the loss of halogen atoms in the 

photocatalytic process.[19]  In contrast, Bi2TMO6 exhibits excellent chemical and thermal stability due 
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to its robust terminated surface [Bi2O2]
2+ layers.[20]  We proposed to use the anion exchange method, 

whichis widely utilized to fabricate complex nanostructures,[21]  to construct 2D vertical BiOX/Bi2TMO6 

(Bi-I-W) heterostructures, in which unstable halogen layers can be replaced by stable [Bi2O2]
2+ layers, as 

illustrated in Figure 1a. Due to the lower solubility of Bi2TMO6 relative to BiOX, the transformation of 

BiOX into 2D vertical BiOX/Bi2TMO6 heterstructures is thermodynamically favored.[21b, 22]   

 Taking the 2D vertical Bi2WO6/BiOI heterostructure as an example, monolayer Bi2WO6 forms on both 

surfaces of BiOI nanosheets via the replacement of I
−
 ions by WO4

2- ions in the anion exchange 

process. As shown in Figures 1b-c and Figure S3, DFT calculations reveal that the Bi2WO6/BiOI 

heterostructure has a typical indirect band gap. The valence band maximum (VBM) in the 

Bi2WO6/BiOI heterostructure is mainly composed of I 5p orbitals of BiOI, while the conduction band 

minimum (CBM) is mainly contributed by Bi 6p orbitals of Bi2WO6. This suggests that unlike the 

charge transfer process in conventional Bi2WO6/BiOI heterostructure with a type I heterojunction 

(Figure S4), photo-induced electrons hop from BiOI to Bi2WO6 during photoexcitation, as illustrated 

in Figure 1d.  

The Bi2WO6/BiOI heterostructure was fabricated via a hydrothermal method (Figure S5). And to 

weaken the Kirkendall effect in anion exchange process for the homogeneous synthesis of 

Bi2WO6/BiOI vertical heterostructures, some key factors such as the reaction temperature, the size of 

the substrate, and the concentration of anion exchanger have been deliberately adjusted. Scanning 

electronic microscopy (SEM) reveals that 2D vertical Bi2WO6/BiOI heterostructures have a square 

shape and are ~200 nm in size, as shown in Figure 2a. The heterostructures and compositions have 

been studied by high-angle annular dark-field scanning transmission electron microscopy (HAADF-
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STEM) and energy dispersive spectroscopy (EDS), and are in good agreement with our DFT simulation, 

as shown in Figures 2c-2f and Figures S6-S7. The Bi2WO6/BiOI heterostructures are 20 nm in 

thickness and are clearly demonstrated by the cross-sectional STEM images, in which only the 

surface layer of BiOI has been replaced by monolayer Bi2WO6. Additional characterizations to exclude 

the interference of surface Bi nanoparticles and determine the proper conditions for the high yield of 

the vertical heterostructures are provided in Figures S8-S10, in which the homogeneous morphology 

of constructed Bi2WO6/BiOI vertical heterostructures could be seriously destroyed with the addition 

of an excessive amount of Na2WO6 accelerating the anion exchange reaction. The ultraviolet-visible 

(UV-vis) absorption spectra of BiOI, Bi-I-W, Bi-I-W (mixed), and Bi2WO6 samples are displayed in 

Figure 2b. Bi-I-W exhibits characteristics that can be attributed to both BiOI and Bi2WO6 components, 

in which two absorption edges appear at ~630nm and ~380 nm. X-ray photoelectron spectroscopy 

(XPS) was carried out to reveal the electronic configuration at the interfaces in Bi2WO6/BiOI 

heterostructures, as shown in Figures 2g-2i and Figure S11. Owing to the influence of the lower 

energy of Bi-O bonding, in which the O originates from the [WO4]
2- layers of the surface Bi2WO6,

[23] O 

1s of Bi-O in Bi2WO6/BiOI shows a negative shift to 529.85 eV as compared to that of BiOI (530 eV), 

while Bi 4f peaks of Bi2WO6/BiOI shift to higher binding energies from 159 eV to 159.2 eV, which is 

attributed to the higher electropositivity of the Bi of surface Bi2WO6, as shown in Figure S11a. Note 

that I 3d peaks (3d5/2: 619.2 eV, 3d3/2: 630.7 eV) remain similar in Bi2WO6/BiOI and BiOI (Figure S11b), 

which indicates that the surface monolayer Bi2WO6 in the heterostructure only affects the electronic 

configuration at the interface and surface. The XPS results agree well with STEM-HAADF observations. 

The geometry characterizations demonstrate unambiguously the high yield of the vertical 

heterostructures, and electronic structure studies further confirm that the vertical heterostructures 
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are only constructed on the surface of the BiOI substrate, while the two adjacent component layers 

in the interfaces are linked with chemical bonds, which can act as electron shuttle pathways and 

induce new band structure. We also proved that other BiOX/Bi2TMO6 heterostructures can be 

fabricated by the same anion exchange strategy (as shown in Figure S12) and will be reported 

elsewhere.   

 The separation and transport behaviors of photoinduced charge carriers play a significant role in the 

photocatalytic processes.[24] According to DFT calculations (Figure S13), it was found that that 

Bi2WO6/BiOI vertical heterostructure shares a similar electron effective mass with BiOI, while the 

electrons in Bi2WO6 possess heavier effective mass due to its less dispersive band structure. This 

suggests that electron mobility in the Bi2WO6/BiOI vertical heterostructure is much higher than that 

in Bi2WO6. Taking advantage of the built-in electric field across the heterointerface in Bi2WO6/BiOI 

(Figure S14), effective production of photo-induced charge carriers in the Bi2WO6/BiOI vertical 

heterostructure can be achieved. This can be evidenced by the visible-light photocurrent response 

measurements (Figure 3a), in which the Bi-I-W electrode exhibits the highest photocurrent, 

consistent with the superior electrical conductivity confirmed by electrochemical impedance 

spectroscopy (EIS) (Figure S15). These results demonstrate that Bi-I-W shows the strongest capability, 

not only to generate electron-hole pairs under visible-light irradiation, but also to separate and 

transfer them to the reactant molecules, implying high-performance photoredox properties under 

visible light. Photogenerated reactive oxygen species under visible-light illumination were extensively 

studied. As illustrated in Figure 3b, the electron spin resonance (ESR) spectra of BiOI and Bi-I-W 

samples exhibit typical signals, which can be indexed to the generation of 2,2,6,6-

tetramethylpiperidine-N-oxyl (DMPOX) derived from the oxidation product of 5,5-dimethyl-1-
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pyrroline-N-oxide (DMPO) with H2O2.
[25] The signal intensities reveal that Bi-I-W can activate O2 into 

H2O2 species significantly better than the other catalysts through electron transfer. The possible 

charge transfer process for O2
- and 1O2 (Figure S16) generation could be excluded, as the changes in 

ESR trapping intensity were negligible. According to the above discussion, H2O2 can be the major 

generated reactive oxygen species (ROS) for BiOI and Bi-I-W, but Bi-I-W possesses a much faster 

generation rate of reactive oxygen species than BiOI, endowing it with higher photooxidation activity. 

However, •OH as the main ROS for Bi2WO6 (Figure S17) can make it exhibit a different reaction 

pathway with BiOI and Bi-I-W in photocatalytic processes. 

 To verify the hypothesis, photocatalytic nitric oxide (NO) oxidation (Figure S18) was selected as the 

probe reaction.[26]  NO removal versus time spectra over these bismuth-based samples are shown in 

Figure 3c and Figure S19. As expected, Bi-I-W achieved the dynamic equilibrium in photocatalytic 

process significantly faster than the other obtained bismuth-based samples, also showed much 

higher visible-light-driven photocatalytic NO oxidation activity, and finally acquired an ultimate NO 

removal rate of 40%, which was about 3 times higher than that over its counterparts. And the trend 

of quantum efficiencies of Bi-I-W measured under monochromatic lights (420 nm：~ 0.9%，500 

nm：~ 0.85%，550 nm：~ 0.5%，etc.) coincides with its absorption spectra, indicating that NO 

photooxidation was definitely induced by visible light (Figure S20). The possibility that the difference 

between the photocatalytic activity on BiOI and Bi-I-W originates from the surface area can be 

excluded by their similar Brunauer-Emmett-Teller (BET) surface areas (Figure S21). The significant 

contribution of photogenerated H2O2 for NO removal on Bi-I-W was further distinguished by selecting 

catalase as its scavenger (Figure S22). Moreover, Bi-I-W can be efficiently reused for NO removal with 

good recyclability and stability (Turnover Number = ~ 6), which did not show any loss of 
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photocatalytic activity even after being stored for nine months under ambient conditions (Figure 3d 

and Figure S23), and its crystal phase and morphology were well maintained during the reactions 

(Figure S24). For pure BiOI nanosheets, a significant decrease in photocatalytic activity was found in 

the cycling photocatalytic tests, which could result from the photocorrosion effect (Figure S25). In 

addition, similar photocatalytic results were observed for the degradation of Rhodamine B (RhB), in 

which Bi-I-W displayed much better visible-light photocatalytic performance than BiOI and Bi2WO6 

(Figure S26). 

 To further uncover the underlying reasons for the enhanced photocatalytic ability of Bi-I-W, the 

adsorption performances of O2 and NO molecules on I-terminated and Bi-terminated surfaces were 

simulated by density function theory (DFT) to confirm the contribution of coordinatively unsaturated 

(CUS) Bi sites. The optimized structures of O2 and NO adsorption on I-terminated and Bi-terminated 

surfaces were clearly observed, as shown in Figures 4a-b, Figure S27 and Table S1. In comparison 

with the I-terminated surface, which cannot supply sites for the adsorption of O2 and NO, both of 

them can be chemisorbed at CUS Bi sites, and the chemisorption is also accompanied by electron 

transfer from the CUS Bi sites to reactant molecules. Interestingly, the O-O bond length of absorbed 

O2 was weakened from 1.23 Å to 1.47 Å, close to that of H2O2 (1.49 Å)[27] (Figure S28), and hence, the 

formation of H2O2 from an O2 molecule accepting additional electrons and hydrogen ions can 

proceed relatively easily. So once Bi-I-W is photoexcited under visible-light irradiation, the strong 

chemical bonding between CUS Bi sites and O2 molecules would serve as a bridge to enable energy 

transfer from excitons to O2 species in accordance with the ESR results. To prove that the surface CUS 

Bi atoms of Bi-I-W can promote the adsorption of reactant molecules as predicted, the adsorption on 

these bismuth-based samples was characterized using in-situ diffuse-reflectance infrared Fourier 
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transform spectroscopy (DRIFTS) (Figure 4c, Figures S29-S30 and Table S2) under dark conditions. In 

the case of Bi-I-W, the adsorption of nitro compounds can be observed after the introduction of 

reactant molecules, which is extremely similar to the spectrum of the adsorption over Bi2WO6, 

whereas BiOI exhibits weak absorption peaks were found in the infrared (IR) spectra. The in-situ 

DRIFTS study confirms explicitly that the surface Bi atoms on Bi-I-W can chemically interact with the 

surrounding NO/O2 molecules, which is identical to what takes place on Bi2WO6. So, it can be verified 

that, after the construction of the vertical heterostructures, active surfaces were successfully 

introduced onto BiOI nanosheets and CUS Bi atoms can be identified as the active centers that 

facilitate the activation of reactant molecules. 

 To obtain a deep understanding of the reaction intermediates during the NO photooxidation process, 

the corresponding conversion rates for generated NOx
- production (Figure 4d and Figure S31-S32) by 

Bi-I-W, BiOI and Bi2WO6 were also monitored. The amount of generated NOx
− in the Bi-I-W 

photocatalytic system is much greater than that for BiOI and Bi2WO6 in the whole catalytic process. In 

addition, surface species evolved in the reaction were also monitored by in-situ DRIFTS (Figure 4e 

and Figure S33). Taking Bi-I-W as an example, it can be clearly seen that several bands appeared with 

the extension of irradiation time and disappeared after light-off. The infrared (IR) peaks at 983, 1271, 

and 1526 cm−1 are assigned to N-O stretching vibrations of the chelating bidentate, monodentate, 

and bridging NO3
− species, respectively.[28] The peaks at 1335 and 1487 cm−1 are attributed to the 

NO2
− species.[29] The assignments of these bands are listed in Table S3. In comparison with Bi-I-W, 

similar IR peaks were observed for BiOI, which suggests that they undergo the same catalytic 

reaction pathways. The peaks at 1271 cm-1 (Figure 4f) were used to follow the concentration changes 

of NO3
- species. Under visible-light irradiation, the values for the change in absorbance at 1271 cm−1 
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for BiOI and Bi-I-W increased with illumination time and declined rapidly when the light was turned 

off, showing that these species were produced in the photocatalytic process. Concomitantly, Bi-I-W 

exhibited much higher photocatalytic oxidation activity than BiOI in NO removal, so the surface NO2 

species on Bi-I-W can be further converted to the final product (NO3
-) (Figures 5 and S34), in 

accordance with the higher conversion rate for NOx
- production. In short, the possible reaction 

mechanism of NO photocatalytic oxidation for Bi-I-W can be proposed as follows: 

photocatalyst + hν (visible light) → h+ + e-                         (1)                                                                                                                                                                                                                                  

O2 + 2H+ + 2e- →   H2O2                                                          (2)                                                                                                                  

NO + H2O2 → NO2 + H2O                                                        (3)                                                                                                       

2NO + H2O2 →   2HNO2                                                        (4)                                                                                                                 

NO + H2O2 + h+ →   HNO3 + H+                                            (5)                                                                                                     

NO2 + H+ + e- → HNO2                                                      (6)                                                                                                                                                                             

NO2 + H2O + h+ → HNO3 + H+                                    (7).                                                                                                                                                                                                                                                                                                                                                                        

 

3. Conclusion 

In summary, this work demonstrates that the Bi2WO6/BiOI vertical heterostructures show high 

efficiency of photocatalytic NO oxidation with high stability. Unlike van der Waals heterostructures 

lacking the electron shuttle pathway between two adjacent component layers, the constructed 

bismuth-based vertical heterostructures with chemical bonding can utilize the linked [Bi2O2]
2+ layers, 

as the interfacial charge flow highway to enable photogenerated electron transfer. Due to the specific 

electronic structure, the surface CUS Bi atoms on Bi2WO6/BiOI vertical heterostructures can promote 

the adsorption and activation of reactant molecules in photocatalytic processes and contribute to 
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their superior photocatalytic activity. This research reveals the intrinsic surface functionalities of 

bismuth-based semiconductors on the atomic level. Moreover, the strategy of constructing vertical 

heterostructures through the surface anion exchange method will open up a new avenue for the 

exploration of efficient visible-light-driven photocatalysts. 

4. Experimental Section  

Sample Preparation: Synthesis of BiOI nanosheets: 1 mmol of Bi(NO3)3•5H2O was dissolved in a 

solution of 25 mL mannitol (0.1 M). 1 ml NaI (1M) was added to the above solution dropwise under 

vigorous stirring. Then, the suspension was transferred to a 50 mL Teflon-lined autoclave and heated 

for 3 h at 160 oC. Finally, the sample was washed and dried in an oven at 60 oC for 12 h before 

further characterization.  

Synthesis of Bi2WO6 nanosheets: 1 mmol Na2WO4 2H2O and 2 mmol Bi(NO3)3•5H2O were added to 80 

ml deionized water under vigorous stirring. The mixed solution was poured into a 100 ml Teflon-lined 

autoclave and heat-treated at 120 oC for 24 h. Finally, the product was washed and dried at 60 oC for 

12 h before further characterization. 

Synthesis of Bi2WO6/BiOI vertical heterostructures: Bi2WO6/BiOI vertical heterostructures were 

fabricated by a facile anion exchange reaction under hydrothermal treatment. In a typical synthetic 

procedure, as-prepared BiOI (0.07 g, 0.2 mmol) was suspended in 30 mL H2O and well-mixed with 

several levels of sodium tungstate dihydrate (Na2WO4·2H2O, 0.1 M) by vigorous stirring, respectively. 

The homogeneous solution was transferred into a 50 mL Teflon-lined autoclave, which was sealed 

and maintained at 120 °C for 24 h. Finally, the resulting products were washed and dried in an oven 

at 60 oC for 12 h before further characterization. The additions of 75, 150 and 300 μL of 
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Na2WO4·2H2O (0.1 M) corresponded to 7.5, 15, and 30 % Bi2WO6 in the Bi2WO6/BiOI heterostructures, 

which were denoted as BiOI-W (7.5%), Bi-I-W, and BiOI-W (30%). For comparison, Bi-I-W (mixed) was 

synthesized by mechanical mixing of the as-prepared Bi2WO6 nanosheets and BiOI nanosheets 

according to the molar ratio of 3:17. 

Synthesis of Bi2MoO6/BiOCl vertical heterostructures: Bi2MoO6/BiOCl vertical heterostructures were 

obtained with a similar method to form Bi2WO6/BiOI vertical heterostructures except using BiOCl as 

the pristine substrate and sodium molybdate dihydrate (Na2MoO4·2H2O, 0.1 M) as the anion 

exchanger. In addition, the synthetic procedures of BiOCl nanosheets were also similar with those of 

BiOI nanosheets except the use of sodium chloride as the source of halide anion. 

Characterizations: The crystalline structures of fabricated samples were examined by X-ray diffraction 

(XRD, GBC MMA diffractometer) with Cu Kα radiation at a scanning rate of 1° min-1. The 

morphologies were observed by field emission scanning electron microscopy (FESEM, JEOL JSM-

7500FA). The details of the crystal structures and EDS elemental mappings were further examined by 

scanning transmission electron microscopy (STEM, JEOL JEM-ARM200F). X-ray photoelectron 

spectroscopy (XPS) was performed on a VG Multilab 2000 (VG Inc.) photoelectron spectrometer 

using monochromatic Al Kα radiation under vacuum at 2 × 10−6 Pa. Mott-Schottky curves were 

monitored at a fixed frequency of 100 Hz with a Bio Logic Science Instruments VSP-300 

electrochemistry workstation. The films of the as-prepared samples, Pt foil, saturated calomel 

electrode (SCE), and saturated Na2SO4 solution were used as the working, counter, and reference 

electrodes, and the electrolyte, respectively. N2 adsorption-desorption isotherms were obtained on a 

N2 adsorption apparatus (Tristar II 3020, Micromeritics). UV-vis diffuse-reflectance spectrometry (UV-

vis DRS) measurements were performed on dry-pressed disk samples using a UV-Vis-NIR 
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Spectrophotometer (UV-3600, Shimadzu) equipped with an integrating sphere assembly, with 100% 

BaSO4 as the reflectance sample. Electron paramagnetic resonance spectroscopy was conducted on a 

JEOL FA-200 spectrometer with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)/methanol, DMPO, and 

2,2,6,6-tetramethylpiperidine (TEMP) as trapping agents of the spin-reactive species was used to 

detect the •O2
−, H2O2, and 1O2, respectively. 

Evaluation of Photocatalytic Activity and in situ DRIFTS Investigation: The photocatalytic activity was 

evaluated based on the removal efficiency of NO at ppb levels in a continuous flow reactor with 0.2 g 

prepared sample. The concentration of NO was continuously detected by a NOx analyzer (42c-TL, 

Thermo Environmental Instruments Inc.). A 150 W commercial Xenon lamp with a 420 nm cut-off 

filter that was vertically placed above the reactor glowed when the adsorption-desorption 

equilibrium was achieved. The quantum efficiencies (QE) of NO oxidation at a variety of wavelengths 

were measured by inserting monochromatic filters in front of the reactor. In situ DRIFTS 

measurements were conducted using a TENSOR II FT-IR spectrometer (Bruker) equipped with an in 

situ diffuse reflectance cell (Harrick) and a high-temperature reaction chamber (HVC). The reaction 

chamber was equipped with three gas ports and two coolant ports. High purity He, high-purity O2, 

and a mixture of 100 ppm of NO in He could be fed into the reaction system, and a three-way ball 

valve was used to switch between the target gas (NO) and the purge gas (He). The total gas flow rate 

was 100 mL/min, and the concentration of NO was adjusted to 50 ppm by dilution with O2. The 

chamber was enclosed with a dome having three windows, two for IR light entrance and detection, 

and one for illuminating the photocatalyst. The observation window was made of UV quartz and the 

other two windows were made of ZnSe. A Xenon lamp (MVL-210, Optpe, Japan) was used as the 
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irradiation light source. Before measurements, the prepared products were placed in a vacuum tube 

and pretreated for 1 h at 300 °C. 

DFT Calculation: The calculations were based on density functional theory (DFT) with the Perdew-

Burke-Ernzerhof parameterization of the generalized gradient approximation (GGA-PBE) for the 

exchange-correlation potential.[30] We used the projector-augmented-wave (PAW) method as 

implemented in the plane-wave basis code VASP.[31] An energy cut-off of 450 eV and 2×2×1 k-points 

were utilized in the calculations of BiOI-Bi2WO6 heterojunction parameters. The magnitude of force 

on each atom was converged to 0.02 eV/Å. The unit cell for BiOI is a tetragonal structure with lattice 

constants a = b = 4.030 Å and c = 9.783 Å. For Bi2WO6, the lattice constants are a = 5.570 Å, b = 5.540 

Å, and c = 16.802 Å. The interface model of BiOI (001) and Bi2WO6 (001) planes was built based on 

obtained high resolution TEM (HRTEM) results. To compensate for the lattice constant difference, the 

(001)-oriented BiOI was rotated counterclockwise by 45° to match with the lattice of the Bi2WO6 

(001) plane. Two unit cells of BiOI and one unit cell of Bi2WO6 were used along the interface for the 

heterostructure model. A 20 Å vacuum region was adopted to avoid the interactions between top 

and bottom atoms in the periodic slab images. The whole slab was 48.21 Å thick and consisted of 104 

atoms in total. 

 For the molecule adsorption structure of the open surface Bi2WO6, a Bi-exposed slab with 176 atoms 

was created from a 2×2×1 Bi2WO6 bulk structure. For the molecule adsorption structure of BiOI, I 

atom exposed slab with 98 atoms was built from a 3×3×2 BiOI bulk structure. The adsorption energy, 

Ead is defined as  

Ead =Emolecule@surface-Esurface-Emolecule                           (1)  
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where Emolecule, Esurface, and Emolecule@surface denote the energies of the isolated gas molecule, the Bi2WO6 

open surface, or the BiOI closed surface, and the combined molecule–surface system, respectively. 

The free energy of adsorbed molecules on different surfaces is calculated as  

ΔG=Ead+ΔZPE-TΔS                                        (2) 

where Ead is the molecule adsorption energy, ΔZPE is the zero point vibrational energy, and TΔS is the 

entropy value.  
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Figure 1. Rational design of Bi2WO6/BiOI vertical heterostructure. (a) Schematic illustration of the 

hetero-epitaxial growth of Bi2WO6/BiOI vertical heterostructures on the upper surface of pristine 

BiOI via the surface anion exchange reaction (Red, O atoms; Orange, Bi atoms; Green, W atoms; Dark 

cyan, I atoms. The yellow and cyan isosurfaces represent charge accumulation and depletion in the 

indicated space, respectively). (b) Calculated density of states of Bi2WO6/BiOI vertical 

heterostructure. The bottom of the conduction band is mainly composed of Bi 6p orbitals located in 

the exposed bismuth atoms on the surface of monolayer Bi2WO6 (right, top) and the top of valence 

band originates from the I 5p orbitals from BiOI (right,  bottom). (c) Electron transfer from the bulk 

BiOI to the Bi2WO6 surface along the interface of the vertical heterostructure under visible light 

irradiation. Light absorption by BiOI generates charge carriers; then, the electrons will travel to the 

Bi2WO6 surface and mainly participate in photocatalytic activities. 
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Figure 2. Structural and chemical modulation in Bi2WO6/BiOI vertical heterostructures. (a) SEM 

image of Bi-I-W nanosheets. (b) UV-vis diffuse reflectance spectra of different bismuth-based 

semiconductors. (c) EDS elemental mapping images of Bi, I, and W atoms. (d) High resolution dark 

field STEM image of the lateral side of a Bi-I-W nanosheet, taken along the arrow in the TEM image 

(inset). (e) EDS linescan profiles of I and W distributions across the lateral side to demonstrate the 

elemental compositions of the skin layer and the bulk and show that the upper and lower surfaces of 

BiOI are covered by ultrathin tungsten-based layers. (f) The magnified image of the region enclosed 

by the red box indicated in (d) with the corresponding atomic ball model of a Bi2WO6/BiOI vertical 

heterostructure superimposed on the interface (ball-and-stick representation). (g) XPS survey spectra 

and high-resolution (h) O 1s and (i) W 4f spectra. 
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Figure 3. Photocatalytic activities of the obtained bismuth-based materials. (a) Transient 

photocurrent responses of BiOI, Bi-I-W, and Bi2WO6 under visible-light irradiation. (b) ESR detection 

of hydrogen peroxide radicals using a DMPO spin-trapping agent. The DMPO solution in water was 

irradiated in the presence of Bi-I-W or BiOI. (c) Visible light photocatalytic activities of prepared 

bismuth-based photocatalysts for NO removal. (d) Cycling measurements of photocatalytic NO 

oxidation with Bi-I-W and BiOI. 
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Figure 4. Exploration of the enhanced photocatalytic efficiency. Schematic model of (a) O2 and (b) 

NO adsorption on I-terminated and Bi-terminated surfaces and the corresponding charge density 

difference plots revealed by first-principles calculations. The yellow and cyan isosurfaces represent 

charge accumulation and depletion in the space, respectively. (c) The infrared (IR) spectra of NO/O2 

adsorption on these three samples collected after the adsorption equilibrium. (d) NO conversion 

rate for NOx
- production in the presence of BiOI and Bi-I-W. (e) In situ DRIFTS spectra of surface 

species formed from photocatalytic NO oxidation reaction with Bi-I-W. (f) Time course of enhanced 

absorbance of NO3
- on the surfaces of BiOI and Bi-I-W during the photocatalytic process.  
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Figure 5. Schematic representation of NO photooxidation mechanism on the surface of 

Bi2WO6/BiOI vertical heterostructure. 
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It remains a great challenge to fabricate 2D vertical photocatalytic heterostructures. In this work, a 

one-step surface anion exchange strategy for production of scalable and controllable 2D vertical 

heterostructures (BiOX/Bi2TMO6 (X: Cl, Br, and I; TM: W and Mo)) by using conventional 

photocatalysts was explored. These constructed heterostructures exhibit efficient activity for 

elimination of NO and organics under visible-light irradiation. 
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