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a b s t r a c t

The BiOCl (BOC) synthesized by the water bath heating method was treated with sodium borohydride

(NaBH4) to introduce oxygen vacancies (OVs). At the same time, Au nanoparticles were loaded to pre-

pare a series of Au/BiOCl samples with different ratios. OVs and Au nanoparticles can promote the light

absorption of host photocatalyst in the visible region. The calculated work function of BiOCl and Au can

verify the existence of Ohmic contact between the interface of them, which is conducive to the sepa-

ration of charge carriers. Through a series of photoelectric tests, it was verified experimentally that the

separation of charge carriers is indeed enhanced. The high-energy hot electrons produced by Au under

the surface plasmon resonance (SPR) effect can increase the counts of electrons to participate in the CO2

reduction reaction. Especially for 1.0%-Au/BOC, the yields of CO can reach 43.16 μmol g−1 h−1, which is

6.6 times more than that of BOC. Therefore, loading precious metal on semiconductors is an effective

strategy to promote the photocatalytic performance of CO2 reduction reactions.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photocatalytic reduction of CO2 needs a very negative reduction

potential, which requires the photocatalyst to have a relatively neg-

ative conduction band (CB) position. Generally, semiconductor pho-

tocatalysts that meet this condition have a wide band gap, which

is not conducive to the absorption of visible light [1,2]. Introducing

defects and loading precious metals can be used as two important

methods to solve this problem [3–8]. Due to its unique electronic

structure, oxygen vacancies (OVs) will change the light absorption

capacity and photogenerated carrier mobility of the semiconduc-

tor photocatalyst, thereby enhancing its performance [9]. The local

electrons near the OVs can induce shallow donor levels below CB

[10,11]. The donor levels caused by the suitable content of OVs can

further hybridize with the CB, thereby changing the Fermi level of

the semiconductor and the forbidden band width [12]. Meanwhile,

this energy level also promotes the separation of charge carriers

[13].

The surface plasmon resonance (SPR) effect makes noble metal

nanoparticles capture partial visible light, and then produce high-
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energy hot electrons [14–17]. In this way, semiconductor loaded

with noble metals can use these high-energy hot electrons to

drive chemical reactions on their surfaces. Meanwhile, the metal-

semiconductor heterojunction that forms Ohmic contacts facilitates

the separation of charge carriers and promotes the progress of

photocatalytic reactions [18,19]. Thus, it is very critical to select

the appropriate semiconductor and precious metal for construct-

ing nanocomposites. BiOCl (BOC) is a wide-gap photocatalytic ma-

terial. The CB position of BOC is relatively negative, generally be-

tween −0.9V ∼ −1.1V (vs. SHE), which matches with the poten-

tial of reducing CO2 to CO (−0.51V vs. SHE) and CH4 (−0.24V vs.

SHE) [20]. BOC has a valence band (VB) position of 1.7V ∼ 1.8V

(vs. SHE), which has sufficient oxidation capacity to decompose

water (0.82V vs. SHE), providing protons for CO2 reduction [21].

Therefore, BOC can meet the potential requirements of CO2 reduc-

tion. Loading metal nanoparticles with a suitable Fermi level can

be selected to form a heterojunction in Ohmic contact with BOC,

thereby improving the light absorption ability and the separation

ability of photogenerated charge carriers.

In this work, the presence of OVs and Au nanoparticles

in BOC (OVs-Au/BOC) not only significantly enhances the visi-

ble light absorption capacity of the composite sample, but also
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Fig. 1. The TEM images (a, b), HAADF-STEM images (c-e) and EDX mappings of

1.0%-Au/BOC (f, g).

significantly improves the separation ability of photo-generated

carriers, thereby greatly boosting the catalytic activity of the pho-

tocatalyst. Through the combination of experiments and DFT cal-

culations, the improvement mechanism of photocatalytic activity

and the reaction process of photocatalytic reduction of CO2 are ex-

plored (Supplementary Notes 1–4 in Supporting information).

The synthesis process of BOC is described in Supplemen-

tary Note 5 (Supporting information). Furthermore, dissolve 0.2 g

BOC in 30mL deionized water, and then add the corresponding

chloroauric acid solution and stirred for 1h (Au:Bi molar ratios

of 0.5%, 1.0%, 1.5%, 2.0%, 2.5%). Weigh an appropriate amount of

NaBH4 (the molar concentration is 5 times than the Au concen-

tration in the corresponding mixed solution), dissolve it in 30mL

of deionized water, and quickly pour it into the stirred mixed so-

lution. The precipitate was washed several times with deionized

water and alcohol, and collected after drying for 6h at 60 °C. Ac-
cording to the different proportions of Au loading, the photocat-

alyst is recorded as BOC, 0.5%-Au/BOC, 1.0%-Au/BOC, 1.5%-Au/BOC,

2.0%-Au/BOC, 2.5%-Au/BOC.

As shown in Fig. S1a (Supporting information), the X-ray

diffraction (XRD) pattern is exactly the same as that of the tetrago-

nal BiOCl (PDF #85–0861). However, the diffraction peaks of Au are

not observed after because of the low loading counts and unique

dispersion [19]. As shown in Fig. S1b (Supporting information),

FTIR further confirms the phase structure of as-prepared samples.

In BOC and Au/BOC samples, the peak at 527 cm−1 is attributed to

the Bi-O stretching mode [19], and the peaks at 1293, 1423, and

1663 cm−1 are attributed to the N−H−O group, pyrrole and free

C=O stretch mode [22]. There is no obvious change in the posi-

tion of the signal indicates that further characterization methods

are needed to observe the loaded Au species.

The TEM image of 1.0%-Au/BOC is shown in Fig. 1a, which main-

tains the flower-shaped appearance of hollow structure of BOC

stacked of nanosheets, where some nanoparticles with a diam-

eter of 5–6nm are distributed on the surface (Fig. 1b). In the

HAADF-STEM images (Figs. 1c and d), two clear lattice plane spac-

ings of 0.275nm and 0.738nm are shown, corresponding to the

(110) and (001) of BiOCl, respectively. Fig. 1e shows a set of clear

lattice plane spacing 0.235nm, corresponding to the (111) lattice

plane of Au0. Energy dispersive X-ray spectroscopy (EDS) further

shows the distribution of elements. From Figs. 1f and g, it can be

Fig. 2. The high-resolution XPS spectra of Au 4f (a), O 1s (b) and EPR spectra (c)

of BOC and 1.0%-Au/BOC samples, UV–vis diffuse absorbance spectra of all prepared

samples (d).

seen that the Bi, O, and Cl elements are uniformly distributed on

the nanosheets, while the Au elements are mostly concentrated to

form the nanoparticles. It proved that Au0 was successfully loaded

onto BiOCl nanosheets.

The element composition and chemical state of the sample

were further analyzed by X-ray photoelectron spectroscopy (XPS).

The survey spectra and high-resolution spectra of Bi 4f and Cl 2p

of BOC and 1.0%-Au/BOC samples are shown in Fig. S2 (Support-

ing information). In the HR-XPS of Au 4f, the peaks at 83.2 eV

and 86.8 eV can be attributed to Au0 [23], indicating that Au ex-

ists in the composite sample in the form of metal, and there is

no Au element in the pure BOC sample (Fig. 2a). In Fig. 2b, three

peaks at 529.4, 531.4 and 532.9 eV are ascribed to lattice oxygen,

surface adsorbed oxygen, and surface adsorbed oxygen in water

molecules [24]. The O at 530.5 eV is OV. It can be seen that the

peak area of OVs in the metal-loaded BOC has increased, which

demonstrates that the amount of OVs has been increased. In order

to directly prove the existence and variation of OVs in as-prepared

samples, the electron paramagnetic resonance (EPR) spectroscopy

of the sample was tested, as shown in Fig. 2c. BOC and 1.0%-

Au/BOC both show resonance signals at g=2.003 [25], while the

signal of BOC is relatively weak. It indicates that OVs have existed

in BOC. After chemical reduction, more OVs are generated, so the

peak intensity in 1.0%-Au/BOC gets higher, which is consistent with

the conclusion in XPS.

Fig. 2d records the UV–vis absorption spectra of BOC and

Au/BOC, reflecting the light absorption properties of the photocat-

alysts. The location of the absorption band edge of BOC is about

367nm, which shows that BOC has strong absorption for ultravio-

let light and has a weak response to visible light. This weak visi-

ble light response can be attributed to the existence of the OVs in

BOC. As the loading of Au nanoparticles increases, the absorption

of the photocatalyst in the visible light region becomes more ro-

bust. In addition, an absorption peak that appears near 531nm can

be attributed to the SPR effect of Au nanoparticles [26]. From the

absorption edge of as-prepared samples, it can be observed that

the edge gradually redshifts toward the visible region with the in-

crease of the Au loading, owing to the increasing content of OVs.

OVs are mainly reflected in two aspects to promote the activity

of semiconductor photocatalysts. Firstly, the localized electrons on

OVs energy level can be excited to the CB under visible light [2].

Secondly, the intermediate energy levels of these defect states may

4386



S. Gong, F. Rao, W. Zhang et al. Chinese Chemical Letters 33 (2022) 4385–4388

Fig. 3. Generation rate of CO and CH4 under simulated sunlight (a), under visible

light (b), cyclic experiment over 1.0%-Au/BOC (c), mass spectra of 13CH4 (m/z 17)

and 13CO (m/z 29) generated over 1.0%-Au/BOC (d).

also accept electrons in the valence band (VB) transition under the

excitation of visible light, and indirectly transfer photoelectrons to

CB, which not only broadens the visible light response range, but

also inhibits the recombination of e−-h+ pairs [27]. According to

the DFT calculation of the density of states (DOS), the conclusion

can be drawn that the shallow energy levels come into being by

O 2p orbit in OVs-BOC (Fig. S3 in Supporting information), which

is overlapped with the bottom of the CB to narrow the band gap,

thereby enhancing light absorption.

The photocatalytic performance of the as-prepared samples is

evaluated by the CO2 photoreduction test. As shown in Fig. 3a, af-

ter 1h of simulated sunlight exposure, the formation rate of CO

and CH4 over BOC are 6.57 μmol/g and 3.03 μmol/g, respectively.

The loading of Au0 in BOC and the introduction of OVs remarkably

boosted the photoreduction activity of CO2 (Table S1 in Support-

ing information). Especially for 1.0%-Au/BOC, the yields of CO and

CH4 can reach up to 43.16 μmol g−1h−1 and 5.98 μmol g−1h−1, re-

spectively. The rate of CO generation is 6.6 times higher than that

of pristine BOC. Furthermore, the activity of 1.0%-Au/BOC is still

very good compared with other photocatalysts (Table S2 in Sup-

porting information). However, with the continuous increase of the

loading, the photocatalytic activity decreased, which is due to the

size augment of Au0 nanoparticles. The changes in the specific sur-

face area (SBET) and pore size distribution of the pure BOC sam-

ple and composite material can be observed through the nitrogen

(N2) adsorption-desorption curves (Fig. S4 in Supporting informa-

tion), which is an essential factor affecting the photocatalytic ac-

tivity. With reference to the IUPAC classification, the isotherm of

the sample shows a typical IV-type isotherm and H3 hysteresis, in-

dicating that the synthesized material has a mesoporous structure.

After loading Au0, the increased SBET of the sample is beneficial to

the photocatalytic performance. But as the loading ratios increase,

the SBET of the sample gradually decreases, which decreases the

surface reaction and adsorption sites for the target gas. The size

augment of Au0 nanoparticles will cause the photogenerated elec-

trons to recombine before reaching the surface of the Au0 to react

with CO2, thereby reducing the reaction activity [20]. Therefore, it

is extremely important to adjust the loading amount so that the

Au0 nanoparticles maintain the appropriate amount and size to

promote the CO2 photoreduction performance.

In order to verify that the promotion of the photocatalytic ac-

tivity is due to the SPR effect of Au0, the performance test under

visible light irradiation was carried out. It can be observed that

the photocatalytic performance trends of all samples are consistent

with the results under simulated sunlight (Fig. 3b). After loading

Fig. 4. The in situ FTIR spectra of 1.0%-Au/BOC during the CO2 reduction process

(a) in dark and (b) with illumination under simulated light, schematic diagram of

energy band change of 1.0%-Au/BOC before (c) and after (d) contact (Φ is the work

function, E0 is the vacuum level, Ef1 and Ef2 are the Fermi levels of OVs-BOC and

Au0, respectively, and Ef is the Fermi level of 1.0%-Au/BOC).

Au0 nanoparticles, 1.0%-Au/BOC has the most significant increase. It

can reach CO: 13.02 μmol g−1h−1, CH4: 1.90 μmol g−1h−1, respec-

tively, which is 8 times and 5 times than BOC. It can be proved that

the loading of Au0 nanoparticles enhances the effective absorption

of visible light. Detailed performance data is shown in the support-

ing documents (Table S3 in Supporting information). In addition,

a cyclic measurement was performed to manifest the stability of

1.0%-Au/BOC. Even after five photocatalytic reactions, 1.0%-Au/BOC

still maintains high reactivity (Fig. 3c). By comparing the XRD be-

fore and after the reaction (Fig. S5a in Supporting information), it

can be seen that the phase structure of the catalyst was not de-

stroyed even after several photocatalytic reduction experiments of

CO2, which indicates that 1.0%-Au/BOC possesses high stability.

To explore the source of carbon in the product, a sequence

of experiments have been done to prove that under the effect of

the photocatalyst, CO2 is reduced to other carbon-containing sub-

stances (Fig. S5b in Supporting information). In order to more in-

tuitively verify the source of carbon in the product, the isotope la-

beling method (13CO2) was used in the experiment. From Fig. 3d,

the peaks of 1.0%-Au/BOC at m/z 17 and m/z 29 can be ascribed to
13CH4 and 13CO, respectively, which proves the carbon in CH4 and

CO comes from the 13CO2.

To explore the specific process of CO2 reduction and the inter-

mediate products, in-situ FT-IR tests were carried out in the pres-

ence or absence of light irradiation condition. As exhibited in Fig.

4a, the adsorption/desorption equilibrium is reached in the dark

environment. The peaks at 1650 cm−1 correspond to H2O, and the

peaks at 1280 and 1369 cm−1 attributed to bicarbonate (HCO3
–),

the peaks at 1314, 1426, 1463, and 1616 cm−1 ascribed to carbon-

ate (CO3
2–), which are all caused by the initial reactive adsorption

of CO2 [28–30]. The peaks at 1515 and 1771 cm−1 correspond to

formate (HCOO–), and the peaks at 1695 and 1740 cm−1 corre-

spond to CO2
– and CO, respectively [12,19]. These are important

intermediate products in the reduction of CO2. After turning on the

light, as shown in Fig. 4b, it can be observed that the shape of the

in-situ infrared peak has no obvious change, but the intensity is

significantly increased, especially for CO and HCOO–. The increase

of these two important intermediate products represents the rapid

progress of the reaction. The specific reaction process is listed in

Supplementary Note 6 (Supporting information).

After loading Au nanoparticles, the performance of the photo-

catalyst has been greatly improved. The adsorption of CO2 over

the surface of photocatalysts has an important influence on CO2
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photoreduction. The CO2 adsorption curve has been shown in Fig.

S6 (Supporting information). It can be found that there is no sig-

nificant difference between the two samples, which indicates that

in this experiment, the CO2 physical adsorption ability is not the

main factor impacting the photocatalytic performance. The en-

hancement of photocatalytic performance is governed by other fac-

tors.

Promoting the effective separation of photogenerated carriers

is an important aspect to boost the activity of photocatalysts. Fig.

S7 (Supporting information) shows the surface photovoltage spec-

tra (SPV), the photocurrent response, the impedance spectroscopy

(EIS) and the fluorescence spectra, which suggests that the Au0

component can improve the separation ability and suppress the re-

combination of photogenerated carriers so that the activity of the

photocatalyst has been improved.

The fundamental reason why the separation ability of photo-

generated carriers has been improved will be further explored

through DFT calculation. The heterojunction composed by metal

nanoparticles and semiconductor is favorable for charge carrier

transfer. As shown in Fig. S8 (Supporting information), the work

function of OVs-BOC (110) (5.19 eV) is higher than the work func-

tion of Au0 (111) (3.32 eV), so an Ohmic contact can be formed in

the interface between them [15]. The band structure of Au0 and

OVs-BOC before contact is exhibited in Fig. 4c. After contact (Fig.

4d), the electrons of Au0 flow to OVs-BOC to achieve a thermo-

dynamic balance, thereby bending the energy band of OVs-BOC to

form an Ohmic contact. When 1.0%-Au/BOC was excited by light

with suitable energy, photogenerated electrons jumped from VB in

OVs-BOC to CB. In addition, the photogenerated electrons move to

Au0 under the effect of the built-in electric field, which improves

the separation ability of photogenerated electron-hole pairs.

In summary, the semiconductor is mainly excited by ultravio-

let light to produce e−/h+ pairs in the BOC without modification;

when OVs are present, OVs can form shallow energy levels near

the CB, which can not only hybridize with the bottom of the CB

to narrow the band gap, and can also be used as a step for pho-

togenerated electrons. The electrons generated by light excitation

can first jump to the OVs energy level and then jump to the CB.

This process will absorb visible light, thereby enhancing the light

absorption. After loading Au0, the electrons on the CB will move

to Au nanoparticles to participate in the reaction, enhancing the

separation ability of e−/h+ pairs. In addition, Au nanoparticles will

absorb visible light and produce the SPR effect and generate hot

electrons. The hot electrons with higher energy will cross the con-

tact barrier between the semiconductor and the metal and move to

the CB of the semiconductor to participate in the reaction, so that

the number of available electrons participating in the reaction will

increase, which in turn accelerate the reaction rate. Our work pro-

vides a new perspective for the use of defects and metal loading

to solve the problem of low efficiency of photoreduction of CO2.
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