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a b s t r a c t

The NO gas is easily oxidized to form toxic by-products (NO2) during the oxidation process, which are

adsorbed on the catalyst surface and inhibit the subsequent reaction. For photocatalytic NO removal, a

significant challenge is to achieve catalytic stability while maintaining high conversion efficiency. Here,

we fabricated a (BiO)2CO3/β-Bi2O3 heterostructure that enables efficient charge transfer and promotes

the NO removal. We propose that the catalytic stability depends on the heterojunction structure, which is

able to generate interfacial charge transfer channels. In addition, we further introduce graphene quantum

dots on the heterojunction structure, which further strengthens the interfacial charge transfer dynamics

and finally realizes that the NO2 byproduct could gain electrons and convert to the final product (nitrite

or nitrate). This composite structure not only exhibits high activity for NO removal but also maintains

long-term stability under visible light.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrogen oxides (NOx, 95 vol% of NO) emitted from anthro-

pogenic sources, mainly from fossil fuel combustion in automobile

exhausts (∼55%) and power stations (∼45%), have caused severe air

pollution, posing a significant threat to human health [1,2]. There-

fore, efficient NO removal is critical in air pollution control. How-

ever, the conventional disposal strategies, such as absorption, and

adsorption, are not applicable for directly removing NO with the

sub-ppm level in the atmosphere due to economic limitations.

Semiconductor photocatalysis, a green and efficient technology

that directly utilizes solar energy to make NO molecules harm-

less, has aroused extensive attention in abatement of low con-

centrations NOx [3–5]. (BiO)2CO3 (BOC), a typical bismuth-based

photocatalyst with low toxicity, controllable structure and facile

preparation, has recently attracted wide attention in photocatalytic

applications, especially in NO purification. However, the bandgap

of BOC is too wide (3.1–3.5 eV), which is only ultraviolet light-

responsive, seriously limiting its practical application under natu-

ral solar light. Besides, more depressingly, the fast recombination

of the photo-induced electrons and holes also results in extremely

low charge carrier utilization efficiency in BOC. Constructing het-

erostructure can effectively solve the above limitations by forming
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a heterogeneous interface, creating the interfacial charge transfer

channel, optimizing bandgap and modulating electronic structure

[6–8]. Thus, great efforts have been made in BOC-based hetero-

junction photocatalysts for expanding absorption capacity and pro-

moting directional charge transfer [9–12]. Nevertheless, the further

improvement of catalytic efficiency is still restricted by the limited

reaction kinetics ascribed to the sluggish interfacial charge trans-

fer dynamics in these traditional BOC-based heterojunctions. More-

over, the inadequate charge transfer will further cause insufficient

reactant activation and lead to inevitably toxic by-products accu-

mulation, which finally results in catalyst deactivation [13,14]. For

example, toxic by-products (such as NO2) were generally accumu-

lated during the NO photooxidation process when the interfacial

charge transfer was blocked, eventually leading to catalyst deac-

tivation. Thus, strengthening the interfacial charge transfer capac-

ity, especially the directional charge transfer, could provide a pow-

erful way to design better photocatalysts. It is highly desirable to

construct an advanced bismuth-based heterojunction photocatalyst

equipped with highly efficient interfacial charge transfer dynamics.

This work firstly reported a graphene quantum dots (GQDS)

sensitized (BiO)2CO3/β-Bi2O3 (BOC/BO) heterojunction for photo-

catalytic NO purification application. In this system, an efficient in-

terfacial charge transport channel was constructed after hybridiz-

ing BOC with β-Bi2O3 (BO) with excellent visible light response
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Fig. 1. (a) SEM, (b) TEM, and (c) HRTEM images of GQDs/BOC/BO. (d) XRD pattern of the as-prepared BO, BOC, and BOC/BO samples. XPS high resolution (e) C 1s and (f) O

1s spectra of BOC/BO and GQDs/BOC/BO, respectively.

[15]. Furthermore, to break the charge transfer dynamics bottle-

neck, the GQDs with excellent electrical conductivity, were in-

troduced into this heterojunction structure to strengthen the in-

terfacial charge transfer dynamics further. Compared to the sin-

gle component, the as-synthesized GQDs/BOC/BO composite dis-

played highly enhanced visible-light NO-photooxidation ability.

The interfacial electronic structure and charge transfer behavior

were studied through systematically experimental characteriza-

tion and density functional theory (DFT) calculation. Moreover, the

time-dependent NO photooxidation process on different samples

was also monitored by in situ diffuse reflectance infrared Fourier

transform spectroscopy (DRIFTS) to understand the photocatalytic

mechanism in-depth. This work could provide new insights into

the mechanism of gas-solid phase photocatalysis and give a fresh

idea for constructing advanced heterojunction materials capable of

outstanding interfacial charge transfer dynamics.

Fig. 1 and Fig. S1 (Supporting information) display the mor-

phologies and microstructures of these as-prepared samples. As

shown in Fig. S1a, the BOC consists of irregular nanoparticles with

an average size of 200nm. BO exhibits a nano rod-like shape with

a diameter of 300nm and length of 1 μm (Fig. S1b). After hy-

bridizing, the BOC/BO sample maintains the initial BOC and BO

morphologies (Fig. S1c), and there is also no obvious morphology

change after introducing GQDs further (Figs. 1a and b). Fig. 1c ex-

hibits the HRTEM image of the GQDs/BOC/BO composite, and the

corresponding lattice fringes of 0.27 and 0.29nm are consistent

with the characteristic spacings of d002 and d211 in BOC and BO,

respectively [16,17]. Besides, the detected lattice fringes of 0.21nm

assigned to d100 in GQDs are also consistent with the HRTEM re-

sults of pure GQDs presented in Fig. S2 (Supporting information),

revealing the successful decoration of the GQDs [18]. XRD anal-

ysis was conducted to further characterize the crystal phase of

the sample. As shown in Fig. 1d, the sharp peaks indicate the

high crystallinity of these samples. The detected three prominent

diffraction peaks at 30.30°, 23.89° and 32.72° are assigned to the

(161), (121) and (002) planes of orthogonal (BiO)2CO3 (JCPDS No.

84–1752), respectively. And the main peaks at 27.94°, 32.69°, and
46.20° are assigned to (201), (220), and (222) planes of the tetrago-

nal β-Bi2O3 (JCPDS No. 78–1793). After hybridizing, the main char-

acteristic peaks of BOC and BO are all detected in BOC/BO pat-

tern, while there is no diffraction peak of GQDs observed in the

GQDs/BOC/BO composite, which could be due to the trace doping

amount of GQDs (Fig. S3 in Supporting information) [19].

XPS measurement was further performed to identify the com-

position and surface chemical state of the prepared samples. The

Bi, O, and C elements are well-indexed in the survey scan spec-

tra of BOC/BO and GQDs/BOC/BO (Fig. S4 in Supporting informa-

tion), and there are no other impurity elements detected, reveal-

ing the high purity of these prepared samples. Besides, Figs. 1e

and f exhibit the scanning spectra of C and O elements. All the

spectra were calibrated by C 1s of aliphatic carbon at 284.8 eV.

As shown in the C 1s spectrum of BOC/BO (Fig. 1e), the peaks at

284.8 eV and 289 eV are attributed to the C=C bond and O–C=O

bond, respectively [18,20]. And the characteristic peaks of 529.6

and 531.3 eV detected in the O 1s spectrum can be assigned to the

lattice oxygen (BO or BOC) and surface chemically adsorbed oxygen

species (OH– or CO3
2–) on the oxide semiconductor [21–24]. When

the GQDs were introduced, the new peaks appeared at 286 and

533.1 eV can be observed, which are ascribed to the C–O bond cor-

responding to the oxygen-related edge functional groups in GQDs

(Figs. 1e and f) [20]. The above morphology, phase composition,

and microstructures characterization results indicate the successful

fabrication of GQDs/BOC/BO composite.

The light absorption capability of these as-prepared catalysts is

compared in Fig. 2a. The pure BO shows a strong visible-light ab-

sorption up to ∼500nm, while the BOC only ultraviolet response,

corresponding to their bandgap energy of 2.23 and 3.41 eV, re-

spectively (Fig. 2b). After hybridizing BOC with BO, the resulted

BOC/BO sample displays an enhanced absorption compared to pure

BOC and BO, which could be the effect of electronic band structure

modulation from the heterointerface formation. To further enhance

the light utilization capacity of BOC/BO, GQDs are introduced. As

shown in Fig. 2a, benefiting from the excellent intrinsic absorption

capacity of GQDs [18], the absorption of GQDs/BOC/BO composite

can well cover the ultraviolet-visible-near infrared region and the

absorption edge can even reach ∼800nm, which may create more

opportunities in visible-light-driven photocatalysis.

Combined with the DFT results, we revealed that the work

function of BO (4.43 eV) is lower than that of BOC (4.56 eV) (Fig.

2c), and the calculated ECB by electronegativity for BO and BOC is

0.61 and 0.33 eV, while the EVB values are 2.84 and 3.74 eV, respec-

tively. The corresponding energy band structures of BO and BOC
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Fig. 2. (a) UV-vis DRS of as-prepared samples. (b) The plot of (αhv)2 vs. photon

energy of BOC and BO based on UV-vis DRS spectra. (c) The heterostructure diagram

of BOC/BO before (left) and after (right) the formation of heterojunction. Eg and Ef
are the bandgap and the Fermi level of Semiconductor material.

before contact could be schematically displayed on the left of Fig.

2c. With the BOC/BO heterojunction formed, the Fermi energy lev-

els of both BO and BOC will move to a uniform level after band

alignment (right part in Fig. 2c) [25]. Thus, in this as-designed sys-

tem, when the visible light is irradiated on the photocatalyst sur-

face, the electrons accumulated in the BO conduction band after

photoexcitation have higher potential energy than the electrons in

the BOC conduction band, which is the driven force for the di-

rected electrons transfer from the conduction band of BO to the

conduction band of BOC. Besides, the band energy alignment is fa-

vorable to the separation of photo-induced charges, resulting in an

extended charge lifetime [26], which may also be attributed to the

construction of interface charge transfer channels. Afterward, the

GQDs were introduced and further promoted the separation and

transfer of photogenerated carriers because GQDs are good elec-

tron transport materials, which is consistent with the adsorption

results by DFT on GQDs/BOC/BO surface (Table S1 in Supporting

information) [27].

DFT calculations were further conducted to evaluate the inter-

action and charge transfer among BOC and BO interfaces. The opti-

mized configuration of the BOC/BO heterojunction is shown in Fig.

3a, and the corresponding image of the Electron location function

(ELF, shown in Fig. 3b) manifests the strong covalent interaction

between O atoms of BOC and Bi atoms of BO, which means an

interfacial channel has been created for high-speed electron trans-

portation. Simultaneously, the charge difference distribution in Fig.

S5a (Supporting information) further points out the direction and

intensity of electron transfer between the BOC and BO interface.

It can be observed that the charge of the Bi atom of BO can effi-

ciently transfer to the O atom of BOC through this interfacial chan-

nel. Besides, the Bader charge was calculated based on the reason-

able and optimized geometric structure of the BOC/BO heterostruc-

ture. And the Bader charge data shows that the number of elec-

trons in the BO (222.12 e) is reduced compared to the initial struc-

ture (224 e), indicating the path of charge transfer would be from

BO to BOC again.

In addition, the effect of exogenetic GQDs on charge transport

in BOC/BO heterojunctions was further investigated. The calculated

DFT results indicate that the charges in the BOC/BO heterojunc-

tion will be further transferred and accumulated to the GQDs sites

(Fig. S5b in Supporting information). XPS was also performed to

verify the above theoretical results. As shown in Fig. 3c, the bind-

ing energy of Bi 4f in the GQDs/BOC/BO composite has a 0.3 eV

positive shift toward the higher energy in comparison with the

BOC/BO one, indicating an effective interaction between the exo-

genetic GQDs and BOC/BO heterostructure and also uncovers the

electron delivery from BOC/BO to GQDs [28,29].

To sum up, we theoretically and experimentally demonstrate

that there is an effective interaction between the BOC/BO heteroin-

terface, which is beneficial for high-speed electron transportation.

Meanwhile, the interfacial charge transfer of BOC/BO is further en-

hanced due to the introduction of GQDs, and we speculate that

the transmission route of photogenerated electrons would be from

BO to BOC, and finally accumulated on GQDs sites to participate

in the following photocatalytic reactions. Moreover, as displayed in

Fig. 3d, the apparent transient photocurrent response results show

that GQDs/BOC/BO has the best photoelectric conversion capacity,

followed by BOC/BO, and the worst is pure BO. This regularity of

the photocurrent signal is also consistent with the previous dis-

cussion.

The photocatalytic NO removal was evaluated under visible

light irradiation. As shown in Fig. 3e, the pure BOC is inactive

due to its wide band gap and poor visible light responsibility. For

pure BO, the NO degradation rate can reach up to 40% in the

first 10min, but rapid deactivation is inevitable. This decay may

be attributed to the accumulation of toxic by-products on the BO

surface, which impedes the continuous reaction. The BOC/BO het-

erostructure and GQDs/BOC/BO composite exhibit the enhanced

photocatalytic degradation ability toward NO. Especially, the NO

removal rate is 51% on GQDs/BOC/BO composite because of its ex-

cellent charge separation and directed delivery ability. The stabil-

ity of the GQDs/BOC/BO composite was also evaluated by perform-

ing four photocatalytic tests (Fig. 3f). No obvious deactivation is

observed after four cycling tests, indicating superior photocatalytic

stability on the as-prepared GQDs/BOC/BO composite.

In summary, the highly enhanced photocatalytic activity and

stability of NO degradation on the BOC/BO heterojunction can

be ascribed to the elevated charge separation and transportation

through the as-designed interfacial channel. Besides, Compared

with BOC/BO, GQDS/BOC/BO has better activity and stability, which

is attributed to the enhancement of the interfacial charge trans-

fer dynamics by GQDs, and inducing more active species to further

convert toxic byproducts.

Reactant adsorption on the catalyst surface is significant in het-

erogeneous catalysis because it is related to the subsequent cat-

alytic reaction. We investigated the adsorption and activation of

NO molecules by DFT calculations (Fig. 4). The adsorption energies

of NO on BO, BOC/BO, and GQDs/BOC/BO composite were −0.16 eV,

−0.38 eV, and −1.9 eV, respectively, indicating that the BOC/BO het-

erostructure and GQDs/BOC/BO composite promote the adsorption

of NO molecules. In addition, the charge difference density and

Bader charge were evaluated between the NO and substrates. It

reveals that the BOC/BO heterostructure and GQDs/BOC/BO com-

posite facilitated the charge transfer from the photocatalyst to NO

molecules with the enlarged N–O bond (Table S1 in Supporting

information). Overall, the construction of heterostructure not only

has a good adsorption effect on NO molecules but also can stretch

the N–O bond to the greatest extent, inducing an excellent activa-

tion effect on NO molecules. What’s more, the smaller Gibbs free

energy (G) value (Fig. S6 in Supporting information) proves that

constructing heterostructure can more easily promote the adsorp-

tion of NO molecules on thermodynamics. The above results indi-

cate that the composite structure exhibits a better activation effect

on NO molecules compared with pure phases, which is attributed

to the construction of interfacial channels and the strengthening of
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Fig. 3. (a) The side view of the modeled interface structure of BOC/BO; (b) the DFT calculated electron location function of BOC/BO heterostructure; (c) XPS high resolution

Bi 4f spectra of BOC/BO and GQDs/BOC/BO; (d) transient photocurrent responses, (e) the visible-light photocatalytic activity of the as-prepared samples, and (f) recycling

tests of GQDs/BOC/BO.

Fig. 4. Charge density difference of NO adsorption and activation at (a) BO, (b)

BOC/BO, and (c) GQDs/BOC/BO surface. Electron accumulation is in blue and de-

pletion in yellow. The purple, red, and gray spheres represent Bi, O, and C atoms,

respectively.

Table 1

Assignments of the IR bands observed during photocatalytic NO oxidation processes

over BO and GQDs/BOC/BO under visible light irradiation.

Band position (cm−1) Surface species Ref.

820, 907 N2O4 [30,31]

868, 998, 1200 NO2
− [32]

925, 1063 NO3
− [33]

1038 NO [34]

1105, 1157 NO−/NOH [34]

1321 N2O2
2− [35,36]

1340 N2O3 [35,36]

1097 NO3
− [37]

844 NO2
− [38]

1033, 1276 NO3
− [39]

the charge transfer process after the introduction of GQDs with an

excellent charge transport effect.

Correspondingly, in order to simplify the problem and fur-

ther reveal the essential reasons for the stabilizing activity of

GQDs/BOC/BO, DRIFTS was used to in situ monitor the evalua-

tion of intermediates on the surface of BO and GQDs/BOC/BO

in real-time. Table 1 summarizes all the assignments of the

observed IR bands. As shown in Fig. 5a, the plentiful adsorp-

tion peaks including N2O4 (820 cm−1, 907 cm−1) [30,31], NO2
−

(868 cm−1,998 cm−1 and 1200cm−1) [32], NO3
− (925 cm−1,

1063 cm−1) [33], NO (1038 cm−1), NOH (1105 cm−1, 1157 cm−1)

[34], N2O2
2− (1321 cm−1) and N2O3 (1340 cm−1) [35,36] ap-

peared on the pure BO during the adsorption process. In con-

Fig. 5. In situ DRIFTS spectra monitoring the dynamic evolution of NO (a, b) ad-

sorption and (c, d) oxidation under visible light irradiation on BO and GQDs/BOC/BO

samples.

trast, on the surface of GQDs/BOC/BO composite (Fig. 5b), fewer

absorption peaks about NO3
− (1063 cm−1, 1097 cm−1), NO−/NOH

(1157 cm−1), N2O2
2− (1321 cm−1), N2O3 (1340 cm−1) emerged

once the NO was introduced [37]. In particular, the characteris-

tic peaks of N2O4 (820 cm−1, 907 cm−1) on the surface cannot

be detected compared with BO, indicating less accumulation of

toxic by-products. Another point worth noting is that the peak lo-

cated at 844 cm−1 about nitrite accumulated significantly. In order

to reveal this phenomenon, we calculated the adsorption of NO2

molecules on catalyst surfaces as shown in Fig. S7 (Supporting in-

formation). The results of DFT show that NO2 molecules adsorbed

on the GQDS/BOC/BO surface obtained more electrons than on the

BO surface (Table S2 in Supporting information). The above results

show that adequate charge transfer could accelerate intermediates

by-products to get electrons to form NO2
− (844 cm−1) [38], and

more nitrite is attributed to efficient charge transfer through inter-

facial charge transfer channels and the excellent activation ability

of heterostructure. To sum up, more photogenerated carriers are
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helpful for the photocatalytic NO oxidation to nitrate, which is at-

tributed to heterostructure with interfacial channel that strength-

ens the charge transfer dynamics.

The time-dependent IR spectra of photocatalysts under visible-

light irradiation were recorded once the adsorption equilibrium

was achieved. Related reports have confirmed that catalysts with

strong carrier transferability can promote surface charge enrich-

ment. Then adsorbed oxygen could get electrons to generate radi-

cals that can activate the intermediates. In pure BO, compared with

the adsorption state under dark conditions, no peaks change sig-

nificantly but the intensity of the peaks was enhanced (Fig. 5c),

reflecting that light promotes the adsorption process and BO has a

weak ability to further convert NOx into nitrite or nitrate. More-

over, the DFT results about NO molecules absorption show that

NO molecules donated electrons to BO during the adsorption pro-

cess, indicating BO cannot provide more charges to participate in

the reaction (Table S1). The above results indicate that BO cannot

provide more photogenerated charges and generate more active

species, resulting in the accumulation of many toxic by-products

on the surface and inactivation. However, in GQDs/BOC/BO com-

posite, new peaks of NO3
− (1033 cm−1, 1276 cm−1) appeared com-

pared to dark conditions, along with the further growth of NO2
−

(844 cm−1) (Fig. 5d) [39]. And nitrite can be further activated

by free radicals, meaning GQDs/BOC/BO composite could generate

more nitrites or nitrates than pure BO without toxic-product (NO2/

N2O4). Finally, this can be summarized as the construction of in-

terfacial charge transfer channels is beneficial to adequate charge

transfer in the heterostructure, promoting pollutant activation and

further improving photocatalytic activity.

To sum up, BOC/BO heterostructure has been synthesized via

a one-step hydrothermal method, which achieves high efficiency

and stable visible-light NO-photooxidation ability. This study com-

bines experimental and theoretical methods to verify that an ef-

ficient interfacial charge transport channel was constructed in the

heterogeneous structure, which can enable better transfer of pho-

togenerated carriers than pure phase materials. Furthermore, the

introduction of GQDs with excellent electrical conductivity is bene-

ficial to strengthening the interfacial charge transfer dynamics and

thus enhancing the photocatalytic activity. Combined with the re-

sults of in situ DRIFTS, it is revealed that the photocatalytic perfor-

mance of BO catalyst originates from photogenerated carriers and

active free radicals. The catalyst deactivation is attributed to toxic

by-products remaining on the surface of BO. The interfacial charge

transport could facilitate the conversion of toxic byproducts and

drive the subsequent photocatalytic reaction to make the catalyst

stable in NO removal. These findings can provide new insights into

the impact of heterojunction interface structure on photocatalytic

reactions.
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