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Herein, we report a facile strategy for the creation of 2D 

layered heterostructure with intimate interfacial contact and 

exposed reactive facets. The 2D layered heterostructure, 

intimate contact by sharing the interfacial oxygen atoms and 

exposed reactive facets endowed the as-prepared 10 

BiOIO3/BiOI nanostructures with highly enhanced visible 

photocatalytic performance for NO removal.  

Recent years have witnessed the boom development of 

semiconductor photocatalysis with applications in energy 

conversion, environment remediation and organic synthesis.1-5 15 

Heterostructured photocatalysts with enhanced light harvesting 

and fast charge transfer have attracted particular interest.6-10 

Beyond zero dimensional (0D) and one dimensional (1D) 

structures, two dimensional (2D) structure with specific exposed 

facet, good conductivity or superior electron mobility has 20 

received enormous attention.11-13 Also, 2D–2D heterostructures 

are more expected than others such as 0D–2D and 1D–2D 

heterostructures due to the significant advantages of the large 

contact surface and enhanced charge transfer rate.14-17 For a 

desired 2D–2D heterostructure, an intimate and efficient 25 

interfacial contact is required to achieve efficient carrier mobility. 

Photogenerated carriers at the intimate interface are reported to be 

efficiently transferred and separated.18 On the other hand, the 

exposed facet closely related to the photocatalytic performance of 

heterostructures should be active. Controlling the surface facet 30 

exposed to reactants allows us to control the photocatalysis 

efficiency.19-20 For instance, Zhang et al. reported that BiOCl 

single-crystalline nanosheets with exposed {010} facets 

possessed superior activity for indirect dye photosensitization 

degradation under visible light.21 Single-crystal nanosheet based 35 

AgSbO3 with exposed {001} facets prepared by Guo et al. 

showed enhanced photocatalytic activity for visible-light-driven 

O2 evolution.22 Also, TiO2 with co-exposed {001} and {101} 

facets forming a surface heterojunction exhibited enhanced 

photocatalytic performance.23 Unfortunately, the random 40 

synthesis of the 2D layered heterostructures is lack of intimate 

contact or exposed active facets of the components. Hence, it is 

highly demanded to develop reliable and controllable strategies 

for the preparation of 2D layered heterostructures with efficient 

interfacial contact and active facets.  45 

Bismuth-based semiconductors with layer structure are 

appealing for multifunctional applications.24-29 Among these 

materials, BiOI contains a layered structure of alternate [Bi2O2] 

sheets and the I slabs, stacking together by the nonbonding 

interaction through the I atoms to form a [Bi2O2I2] layer along the 50 

c axis as shown in Fig. S1a.30 Most recently, a new Bi-based 

semiconductor, BiOIO3, has been found, whose structure can be 

described as layers of (Bi2O2)
2+ cations structurally analogous to 

those observed in Aurivillius phase which are connected to (IO3)
－
 

anions (Fig. S1b).31-32 Such [Bi2O2] layered structures tend to 55 

guide the lower growth rate along a certain axis to form 2D 

nanosheets morphology. However, BiOI with high recombination 

of photogenerated carriers and BiOIO3 with a wide band gap limit 

the practical applications of them. 

In this work, we integrate the concepts of 2D–2D 60 

heterostructure and exposed active facets into one typical 

nanocomposite of BiOIO3/BiOI for increased solar absorption 

and highly enhanced photocatalysis. We tentatively design and 

construct a unique 2D BiOIO3/BiOI layered heterostructure. The 

BiOIO3 nanosheets with exposed {010} facets are first 65 

synthesized. As the atoms arrangement of {010} facets of BiOIO3 

is same with the {001} facets of BiOI, the pristine BiOIO3 

nanosheets then function as substrates to induce the preferential 

growth of BiOI along (001) plane via providing interfacial 

oxygen atoms. As the oxygen atoms at the interface are shared by 70 

BiOIO3 and BiOI nanosheets, the large contact areas and intimate 

interface can be achieved. The detailed procedure for the 

experiments was described in supporting information (SI). 

Benefiting from the 2D layered heterostructure with intimate 

contact by sharing the oxygen atoms at interface, as well as the 75 

exposed reactive facets, the as-obtained BiOIO3/BiOI 

heterostructures showed promoted visible light photocatalytic 

efficiency and stability for the removal of ppb-level NO in air. 

The construction of 2D layer semiconductor heterostructures with 

intimate contact and exposed facets opens up an unprecedented 80 

strategy for the development of highly active visible light 

photocatalysts for environmental and energetic applications.  

The phase and crystal structure of the as-prepared samples 

were examined by XRD as shown in Fig. 1. The XRD peaks of 

the BiOIO3 sample agree well with the orthorhombic BiOIO3, and 85 

the intensified (010) and (040) diffraction peaks compared with 

the standard card (ICSD # 262019) (Fig. S2) suggest that there is 

a biased orientations of {010} facets in BiOIO3. The as-prepared 

BiOI can be indexed to tetragonal BiOI (JCPDS Card No.73-

2062). With an increase in BiOI content in the BiOIO3/BiOI 90 
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heterostructures, the diffraction peaks of BiOI can be observed 

and the intensity is increased. Notably, the (001) peak of BiOI 

becomes stronger than the (110) peak in the BiOIO3/BiOI 

heterostructures compared with the standard card (Fig. S2) and 

the as-prepared BiOI. This fact demonstrates that BiOIO3 could 5 

induce the preferential growth of BiOI along the (001) plane.  

 
Fig. 1 XRD pattern of the BiOIO3, BiOI and BiOIO3/BiOI 

heterostructures.  

 10 

 
Fig. 2 SEM (a, b) and TEM (c, d) of the as-prepared 

BiOIO3/BiOI sample (3:1). 

The morphology and microstructure of the samples were 

characterized by SEM and TEM. For pure BiOI, the obtained 15 

samples are nanosheets-shaped structure as displayed in Fig. S3a 

and S4a. The HRTEM image (Fig. S4b) reveals that the lattice 

spacing of the nanosheet is 0.30 nm, matching the spacing of the 

(012) crystal plane of BiOI. The BiOIO3 with nanosheets feature 

can be clearly seen in Fig. S3b and S4c. The clear lattice fringe of 20 

the interplane is 0.287 nm in the HRTEM image (Fig. S4d), 

which is in accordance with the (002) crystal plane of BiOIO3. 

Combined with the XRD results, it can be found that there is a 

biased orientations of {010} facets. Thus, we can conclude that 

the bottom and top surfaces of the BiOIO3 nanosheets are 25 

identified as {010} facets according to the crystal structure.  

Fig. 2a shows the low magnification image of the 2D 

BiOIO3/BiOI layered heterostructure (3:1) with nanosheets 

morphology. It can be clearly seen in Fig. 2b and 2c that the 

samples are constructed by two dimensional layered nanosheets. 30 

The lattice fringes with the interplanar spaces of 0.280 and 0.287 

nm corresponding to the (110) plane of BiOI and the (002) plane 

of BiOIO3 can be observed in Fig. 2d and Fig. S4e, respectively, 

indicating that the BiOI are grown on the surface of BiOIO3. This 

fact verifies that the construction of 2D BiOIO3/BiOI layered 35 

heterostructures with intimate contact can be readily realized. In 

addition, based on the strengthened (001) plane revealed by 

XRD, together with the surface with (110) lattice fringes of the 

BiOI nanosheets in the heterostructure, we can infer that the BiOI 

nanosheets in the heterostructure exhibit flat facets of {001} 40 

facets. Similar phenomena were observed by Zan et al. who 

prepared BiOI nanosheets with dominant exposed {001} facets. 

The BiOI nanosheets with exposed {001} facets showed 

enhanced photocatalytic activity, and the origin of {001} facets-

dependent photoactivity is due to the improved separation 45 

efficiency of photo-induced carriers on {001} facets of BiOI.30 

Also, the BiOIO3/BiOI heterostructures with molar ratio of 6:1 

and 1:1 present similar layered morphology (Fig. S3c and S3d). 

 

Fig. 3 (b) EDS line scan profiles of Bi, I and O across the samples 50 

displayed in (a).  

To identify the chemical composition and distribution, we have 

examined the BiOIO3/BiOI sample (3:1) by line mapping with 

energy-dispersive spectroscopy (EDS). The Bi, I and O elemental 

signals can be clearly observed in selected area in the nanosheet 55 

(Fig. 3a). The signals are strengthened gradually (Fig. 3b) along 

with the red line due to the layer-by-layer assembly. In addition, 

EDX line spectra and point spectra show the coexistence of Bi, I 

and O elements (Fig. S5a and 5b), and Cu peaks attributed to the 

copper foil used as the holder can be observed in EDX analysis.  60 

 

Fig. 4 The side view of the (001) plane of BiOI and the (010) 

plane of BiOIO3 (a) and the schematic diagram of BiOI grown on 

the {010} facets of BiOIO3 (b).  

According to the crystal structures, the atomic structures of the 65 

{010} facets of BiOIO3 and the {001} facets of BiOI are 

characterized by the high density of exposed oxygen atoms of the 

(Bi2O2)
2+ layers as illustrated in Fig. 4a. Also, the atoms 

arrangement of {010} facets of BiOIO3 is identical to that of the 

{001} facets of BiOI, which is essential for governing the growth 70 

of BiOI along (001) facets. The BiOIO3 nanosheets with exposed 

{010} facets are first synthesized. Bi(NO3)3·5H2O dissolved in 

glacial acetic acid are exist in the form of Bi3+ and BiO+. As the 

exposed {010} facets of BiOIO3 are oxygen atoms, the Bi3+ ions 

in aqueous solution tend to combine with the oxygen of the {010} 75 

facets of BiOIO3. BiOI contains a layered structure of alternate 

[Bi2O2] sheets and the I slabs, stacking together by the 

nonbonding interaction through the I atoms to form a [Bi2O2I2] 

 (a)                                     (b)                          

 (c)                                     (d)                          

BiOIO3 

d002=0.287nm               

BiOI    
d110=0.280nm                     

(a)     (b)     

(b)     (a)     

Page 2 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

layer along the c axis.30 Thus, the latter added I
－

 ions combine 

with the Bi atoms via van der Waals force. Then the BiO+ in 

aqueous solution interact with the I atoms. Next, the I
－

 ions 

interact with the BiO+ along c axis. In this way, BiOI nanosheets 

are created. Due to the guided growth of the {010} facets of 5 

BiOIO3, the BiOI nanosheets are exposed with (001) plane. 

Consequently, the 2D BiOIO3/BiOI layered heterostructure with 

exposed facets are obtained. The oxygen atoms located at the 

interface are shared by BiOIO3 and BiOI nanosheets, leading to 

large contact areas and intimate interface (Fig. 4b). Such unique 10 

structure could effectively promote the transfer of photogenerated 

carriers between the two components. N2 adsorption–desorption 

isotherms and the BJH desorption pore size distribution plots of 

the samples are shown in Fig. S6. All the samples have typical 

Langmuir IV curves with hysteresis loops. The shape of the 15 

hysteresis loop is close to type H3 (Fig. S6a), suggesting the 

existence of slit-like pores formed by aggregation of nanosheet-

like particles. The surface area of the BiOIO3, BiOIO3/BiOI (6:1), 

BiOIO3/BiOI (3:1), BiOIO3/BiOI (1:1) and BiOI was calculated 

to be 18.3, 11.3, 11.8, 11.4 and 2.9 m2/g, respectively. 20 

The XPS spectra of the BiOIO3, BiOI and BiOIO3/BiOI 

samples (3:1) were further applied to investigate the chemical 

composition and surface states (Fig. S7). The results (described in 

SI) further demonstrate the coexistence of BiOIO3 and BiOI. 

Moreover, compared with the pure BiOIO3 and BiOI, the binding 25 

energies of Bi, O and I in BiOIO3/BiOI heterostructure (3:1) all 

undergo a chemical shift, indicating the strong interaction 

between BiOIO3 and BiOI benefiting from the intimate contact. 

Fig. S8 shows the FT-IR spectra of the five samples. A band 

corresponding to the vibrations of Bi-O bonds (505 cm-1) can be 30 

observed in pure BiOI. For the pure BiOIO3 and heterostructures, 

except the vibration of Bi-O bonds with two absorption peaks at 

404 and 510 cm-1, the intensive peaks at 695 and 764 cm-1 

attributed to the vibration of I-O bonds can be observed.33  

Fig. S9a displays the samples’ optical property investigated by 35 

UV-vis DRS. Obviously, BiOIO3 shows an absorption edge 

around 380 nm, whereas the absorption edge of BiOI is ca. 710 

nm. With increasing BiOI amount, the absorption edge of the 

heterostructures is continuously red-shifted. For a semiconductor, 

the band gap energy can be calculated by the formula: αhν=A(hν-40 

Eg)
n/2,34 where α is the absorption coefficient, hν is the photon 

energy, A is a constant and Eg is the band gap. For BiOI and 

BiOIO3, n = 4 for indirect transition. From the (αhν)1/2 vs. photon 

energy (Fig. S9b), the band gaps of the BiOI and BiOIO3 (Eg) 

were estimated to be 1.7 and 3.1 eV, respectively. The valence 45 

band-edge potential (EVB) of a semiconductor can be calculated 

by the empirical equation: EVB= X−Ee+0.5Eg,
35 X is the absolute 

electronegativity of the semiconductor, taken as the weighted 

average of the X values of the constituents, and Ee is the energy 

of free electrons on the hydrogen scale (about 4.5 eV). Then, the 50 

conduction band bottom (ECB) can be determined by 

ECB=EVB−Eg. For BiOI, the X value is about 5.99 eV, so the EVB 

is calculated to be 2.34 eV, and then the ECB is estimated to be 

0.64 eV. For BiOIO3, the X value is about 7.04 eV, then the EVB 

is calculated to be 4.09 eV and the ECB is estimated to be 0.99 eV.  55 

To investigate the photogenerated charge separation process, 

we performed electrochemical impedance spectroscopy (EIS) 

(Fig. S10). Generally, the smaller arc radius implies a higher 

efficiency of charge transfer.36 Obviously, the diameter of the arc 

radius on the EIS Nyquist plot of BiOIO3/BiOI (3:1) is smaller 60 

than BiOIO3 and BiOI no matter whether it is in the dark or under 

light irradiation. This fact reveals the enhancement of separation 

and transfer efficiency of photogenerated electron-hole pairs via 

the combination of constructing 2D layer heterostructure with 

intimate interfacial contact and tuning exposed facets. 65 

 

Fig. 5 Visible photocatalytic activities the as-prepared samples (a) 

and repeated photocatalytic activity of BiOIO3/BiOI (3:1) (b).  

We then tested the photocatalytic performance of the samples 

by removal of ppb-level NO in air under visible light irradiation 70 

(λ>420nm). Fig. 5a shows that the pristine BiOIO3 nanosheets 

have a little photocatalytic activity under visible light and the 

removal ratio is only 9 % in 30 min because of the large band gap. 

Meanwhile, the BiOI nanosheets show ignorable photocatalytic 

activity due to the rapid recombination of photoinduced electrons 75 

and holes. A small amount of BiOI introduced on the surface of 

BiOIO3 nanosheets could significantly enhance the NO removal 

efficiency. The BiOIO3/BiOI heterostructure (3:1) exhibits the 

highest photocatalytic activity with a NO removal of 41.3 %, 

superior to N-doped TiO2 and g-C3N4.
37 Meanwhile, other 80 

nanocomposites show slightly lower activity, which is still 

significantly higher than the pure BiOIO3 or BiOI sample. In 

addition, the mechanically mixed BiOIO3/BiOI (3:1) sample with 

loosely contacted interfaces displays poor photocatalytic activity 

(Fig. S11). The enhanced photocatalytic activity of BiOIO3/BiOI 85 

samples could be attributed to the heterostructure with intimate 

contact, 2D layer structure, and the exposed reactive facets. 

According to the band energy analyzed by UV–vis DRS part, 

the potentials of conduction band (CB) of BiOIO3 are more 

positive than that of BiOI (Fig. 6). Under visible-light irradiation, 90 

photogenerated electrons in the CB of BiOI transfer to the CB of 

BiOIO3 through the intimate interface, while holes are leaved in 

the valence band (VB). Such transfer of electrons in the 

BiOIO3/BiOI heterostructures could reduce the recombination 

rate and thus increases the number of carriers to initiate chemical 95 

reactions. The potential of the electrons is not negative enough to 

induce the production of ·O2
-. Alternatively, electrons are 

consumed by multi-electrons reaction to produce H2O,38 while 

holes leaving in the VB of BiOI may directly react with NO or 

oxidize OH
－

 to ·OH radicals to participate in chemical reaction. 100 

Furthermore, the 2D layer structure can also facilitate the transfer 

of photogenerated carriers and meantime provide more surface 

active sites. The exposed reactive planes of BiOI not only can 

improve the separation efficiency of charge carries, but also can 

absorb more pollutants, contributing to the photocatalytic reaction. 105 

However, excessive BiOI in the heterostructures might reduce the 

amount of photo-generated charges due to the increased charge 

recombination by BiOI. Similar phenomena have been observed 

(a)     (b)     
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for BiVO4/Bi2S3 and Bi2MoO6/BiOCl photocatalysts.7,15 Besides, 

no apparent decrease in activity can be observed after five 

consecutive runs (Fig. 5b), suggesting the high stability of 

BiOIO3/BiOI during the photocatalytic experiments.  

 5 

Fig. 6 Schematic diagram of electron–hole pairs separation and 

the possible reaction mechanism over the BiOIO3/BiOI 

photocatalysts under visible light irradiation.  

In summary, we have developed a facile synthetic approach to 

construct novel 2D BiOIO3/BiOI layered heterostructures. Since 10 

the atoms arrangement of {010} facets of BiOIO3 is the same 

with the {001} facets of BiOI, the pristine BiOIO3 nanosheets 

with exposed {010} facets induce the preferential growth of BiOI 

along (001) plane. The shared interfacial oxygen atoms lead to 

large contact area and intimate contact. The BiOIO3/BiOI 15 

heterostructures showed highly enhanced visible photocatalytic 

activity and stability for NO removal, which was associated with 

the formation of heterostructure with intimate contact, 2D layer 

structure and the exposed reactive facets. This work opens up 

new prospects for constructing other 2D layered heterostructures 20 

with intimate contact and exposed active facets. As the 2D 

structured photocatalysts are abundant, there are numerous 

opportunities for construction of 2D-2D heterostructures with 

desired facets. Also, these 2D-2D heterostructures as admirable 

photocatalysts could find wide applications in environmental 25 

remediation and solar-to-fuel energy conversion. 
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