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Na-doping dual engineering
ultrathin BiOCl nanosheets with efficient oxygen
activation for enhanced photocatalytic
performance†

Kunyu Chen,a Yiwei Huang,a Meina Huang,c Yanqiu Zhu, ad Ming Tang,a Renjie Bia

and Meiping Zhu *ab

Photocatalytic oxidation (PCO) based on semiconductors offers a sustainable and promising way for

environmental remediation. However, the photocatalytic performance currently suffers from weak

light-harvesting ability, rapid charge combination and a lack of accessible reactive sites. Ultrathin two-

dimensional (2D) materials are ideal candidates to overcome these problems and become hotpots in

the research fields. Herein, we demonstrate an ultrathin (<4 nm thick) Na-doped BiOCl nanosheets

with {001} facets (Na-BOC-001) fabricated via a facile bottom-up approach. Because of the

synergistic effect of highly exposed active facets and optimal Na doping on the electronic and crystal

structure, the Na-BOC-001 showed an upshifted conduction band (CB) with stronger reduction

potential for O2 activation, more defective surface for enhanced O2 adsorption, as well as the highest

visible-light driven charge separation and transfer ability. Compared with the bulk counterparts (BOC-

010 and BOC-001), the largest amount of active species and the best photocatalytic performance for

the tetracycline hydrochloride (TC) degradation were achieved for the Na-BOC-001 under visible-light

irradiation, even though it had slightly weaker visible-light absorption ability. Moreover, the effect of

the Na doping and crystal facet on the possible pathways for TC degradation was investigated. This

work offers a feasible and economic strategy for the construction of highly efficient ultrathin 2D

materials.
1. Introduction

Antibiotic contaminated wastewater has become a major
worldwide crisis since it is hostile to human health and causes
ecological imbalance. Photocatalytic oxidation (PCO) tech-
nology based on semiconductors driven by renewable solar
energy has been regarded as one of the most promising strat-
egies for alleviating the antibiotic pollution.1,2 The photo-
catalytic activity of semiconductors under ambient conditions is
highly dependent on the reactive oxygen species (ROS, e.g. cO2

−

and cOH) with strong redox ability.3 The generation of ROS is
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mainly subject to the charge separation and the molecular
oxygen (O2) activation over photocatalysts under light irradia-
tion. Although remarkable progress has been made, the
common semiconductors (e.g. TiO2, ZnO, CdS and g-C3N4) still
suffer from some bottlenecks such as insufficient visible light
absorption and rapid recombination of photo-induced
charges.4–8 The visible light (380–780 nm) accounts for more
than half of the full solar spectrum. Developing novel semi-
conductor based photocatalysts with enhanced visible-light-
driven activation of O2 is essential.

A new class of Aurivillius phase materials named bismuth
oxyhalides (BiOX; X = Cl, Br and I) has attracted great interests
in the elds of photocatalysis, such as hydrogen production,
CO2 reduction and pollutant degradation.8–10 The BiOX has
a sandwich substructure of [X]−–[Bi2O2]

2+–[X]− with internal
electric eld (IEF) between layers, which is benecial for
promoting the charge separation and transfer along [001]
direction.11–13 The selectively exposed facets have signicant
inuence on the electronic structure and surface properties of
BiOX, thus strongly affecting the photoactivity. For example,
Zhang's group have previously demonstrated that the single-
crystalline BiOCl with exposed {001} facets (BOC-001)
RSC Adv., 2023, 13, 4729–4745 | 4729
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displayed superior photodegradation activity to and more effi-
cient photoinduced charge separation than those with {010}
facets (BOC-010) under UV light, which was ascribed to the
favorable IEF.14 They also reported that the activation of O2 into
cO2

− over the BOC-001 under UV light irradiation was more
efficient in comparison to the BOC-010.15 In addition, the
positive contribution of (001) crystal surface exposure in the
photocatalytic performance has been also reported by Zhou
et al. They found that BiOCl with (001) crystal facets and carbon
quantum dot decoration could achieve the highest TC removal
efficiency (up to 98%) even under visible light irradiation.16 In
this regard, facet engineering provides a potential pathway for
designing highly efficient BiOX based photocatalysts.

Among the BiOX family, BiOCl has attracted increasing
attention for its advantages such as suitable band edge, low
toxicity and earth abundance.17 However, the photocatalytic
performance of BiOCl under visible light irradiation is
restricted by its weak O2 activation ability. Up to now, surface
defect particularly oxygen vacancies (OVs) engineering has been
widely explored to improve the visible-light-driven O2 activation
and the ROS generation in BiOCl and other Aurivillius phase
materials such as (BiO)2OHCl and Bi2MoO6.18,19 Various strate-
gies have emerged for the construction of surface defects, such
as nonmetal or metal doping, solvothermal reduction and
liquid-exfoliation, of which, the nonmetal or metal doping has
been proved as one of the most facile and effective strategies.
For example, Deng et al. prepared BiOClxBr1−x and BiOClxI1−x

solid solutions by in situ doping of nonmetal ions (Br− and I−)
during the synthesis of BiOCl. Both BiOCl0.3Br0.7 and BiOCl0.7-
I0.3 showed 97.7% and 100% of Cr(VI) removal rate under visible
light irradiation, respectively, which were attributed to the
doping-induced OVs that not only broadened the light absorp-
tion range, but also improved the charge separation efficiency.20

Very recently, Huang and co-workers reported a strontium (Sr)
doping strategy for fabricating BiOI with OVs, resulting in
almost 10 times of degradation activity higher than pristine
BiOI under visible light. Sr is an alkaline earth metal featured
with nontoxicity and low cost, especially trapping electron effect
which play a vital role in the OVs generation and charge sepa-
ration. Similarly, alkaline metals, e.g. Na and K, are also bene-
cial for promoting the OVs creation and charge separation
under visible light irradiation, which has been realized on
different type of semiconductors such as g-C3N4 and
ZnWO4.21–23 However, the investigation of effects of alkaline
metal doping on the visible-light-driven catalytic properties of
BiOCl remains scarce.

In comparison to the reported bulk BiOCl, a higher ratio of
unsaturated coordination atoms in the ultrathin BiOX is more
benecial for promoting the formation of the surface defects,
which can further boost the charge separation and O2 activa-
tion, in addition to the enhanced adsorption for target pollutant
molecules.24,25 Xie's group26 rstly reported that as the thickness
of BiOCl with highly active {001} facets decreased from 30 nm to
2.7 nm, the photo-degradation activity was signicantly
improved with the enhanced adsorption performance,
increased charge separation efficiency and more favorable band
edges for O2 activation. Wang et al.9 prepared the hierarchical
4730 | RSC Adv., 2023, 13, 4729–4745
BiOBr microower consisting of ultrathin nanoakes with
highly exposed {001} facets. They found that the ultrathin
microstructure with exposed {001} facets is favorable for
promoting the generation of surface OVs and boosting the
charge separation/transfer, resulting in the high photo-
degradation performance for ortho-dichlorobenzene under
visible light irradiation. Therefore, the synthesis of ultrathin
BiOX nanosheets with highly exposed {001} facets is desirable
and critical for achieving abundant adsorption sites and highly
efficient photocatalytic performance. Liquid-phase exfoliation
and surfactant self-assembly are two common and effective
strategies for the synthesis of ultrathin BiOCl nanosheets.
However, the low production yield, time-consuming procedures
involving with unsafe use of organic solvents, and residues of
inert surfactants severally restricted their large-scale practical
applications.27,28 Hence, it is imperative and challenging to
develop a scalable, green and controllable technique for fabri-
cating ultrathin BiOCl nanosheets with highly exposed {001}
facets.

Herein, ultrathin Na-doped BiOCl nanosheets with exposed
{001} facets (Na-BOC-001) have been fabricated via a facile one-
step facet regulation and Na doping. The synergistic effects of
crystal facet engineering and Na doping on the structural and
electronic changes will be studied and discussed in detail. The
performance of photocatalytic degradation for TC under visible
light irradiation will be evaluated. Finally, the possible mecha-
nism for the TC photo-degradation process will be analyzed.
This work will provide a guidance on designing of efficient,
ultrathin, semiconductor based photocatalysts with high
performance.
2. Experimental section
2.1. Chemicals

Bismuth nitrate penta-hydrate (Bi(NO3)3$5H2O), sodium dode-
cylbenzene sulfonate (C18H29NaO3S), and sodium hydroxide
(NaOH) were purchased from Aladdin Biochemical Technology
Co., Ltd. Hydrochloric acid (HCl), ammonium hydroxide
(NH3$H2O) and nitric acid (HNO3) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. All chemicals used in this
study were analytical grade without further purication.
Deionized water was used for all the experiments.
2.2. Synthesis of photocatalysts

2.2.1. BiOCl with {010} and {001} exposed facets (BOC-010
and BOC-001). Typically, 10 mmol of Bi(NO3)3$5H2O was rstly
dissolved in 60 mL of HCl aqueous solution (2 M) to form
a transparent solution under continuous stirring. Then, 6 mmol
of surfactant (C18H29NaO3S) was added into the above solution
and stirred for 30 min. The pH of the mixtures was adjusted to
a certain value (0.6 or 5) using HNO3 (2 M) and NH3$H2O (2 M)
aqueous solution. Aer 30 min of stirring under ambient
condition, the resultant precipitate was collected by ltration
and washed with absolute ethanol and water thoroughly. The
samples were nally obtained aer dried at 60 °C overnight,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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which were denoted as BOC-010 and BOC-001, corresponding to
pH value of 0.6 and 5, respectively.

2.2.2. Na-doped BiOCl with {010} and {001} exposed facets
(Na-BOC-010 and Na-BOC-001). Samples (Na-BOC-010 and Na-
BOC-001) were separately fabricated under the similar condi-
tions as BOC-010 and BOC-001, besides the addition of 20 mL of
NaOH aqueous solution as the Na+ source. The resulting
samples with 0.15, 0.35, 0.50 and 0.60 mM of Na+ (relative to the
80 mL of precursor solution in total) addition were labeled as x-
Na-BOC-001 (x = 0.15, 0.35, 0.50 and 0.60, respectively). The
sample with the highest degradation efficiency under visible
light irradiation was selected as the representative of x-Na-BOC-
001 and renamed as Na-BOC-001. By comparison, the added
Na+ concentration ([Na+]) for Na-BOC-010 was consistent with
that of the Na-BOC-001.

A schematic synthesis procedure of BOC-010, BOC-001 and
Na-BOC-001 is shown in the following Scheme 1.
2.3. Characterization

Scanning electron microscope (SEM, Sigma 300, Zeiss Gruppe)
and energy-dispersive X-ray spectroscopy (EDS) were employed
to investigate the morphology and elemental distribution,
respectively. More microstructural information was obtained
by transmission electron microscope (TEM, FEI-Tecnai G2F20)
and high-resolution transmission electron microscope
(HRTEM, JEOL-JEM 2100 F) with an accelerating voltage of 200
kV. Atomic force microscopy (AFM, HITACHI 5100N) was used
to study the thickness of samples. The structure and crystal-
linity of the as-prepared samples were analyzed by power X-ray
diffractometer (XRD) (A24A10, Bruker) with a Cu Ka as the
radiation source under 40 kV and 30 mA. The laser Raman
spectrometer (Renishaw 1500S) was utilized for the Raman
spectra with a laser (532 nm) as the excitation source. Surface
Scheme 1 Schematic synthesis procedure of BOC-010, BOC-001 and N

© 2023 The Author(s). Published by the Royal Society of Chemistry
elemental compositions and chemical states were analyzed by
X-ray photoelectron spectrometer (XPS, Thermo ESCALAB
250XI+) with an Al Ka X-ray radiation source (hn = 1486.6 eV).
The valence band (VB) position was examined by the VB-XPS
analysis using another XPS spectrometer (Thermo Fisher
Scientic K-Alpha).

The Branauer–Emmett–Teller (BET) specic surface area was
evaluated on a N2 isothermal adsorption/desorption apparatus
(Micromeritics, USA) at 77 K. EPR and ESR spectra were
acquired by an electron paramagnetic resonance spectrometer
(Bucker A300) at 298.15 K under darkness and visible light
irradiation (l > 420 nm). O2-temperature programmed desorp-
tion (O2-TPD) proles were obtained by an automatic chemi-
sorption analyzer (Micromeritics AUTOCHEM II 2920). Prior to
the O2-TPD test, 100 mg of sample was rstly pretreated in a He
ow (50 mL min−1) at 300 °C for 1 h, then cooled to 50 °C.
During the test, the sample was purged with O2/He (5 vol%, 50
mL min−1) ow at 50 °C for 1 h, and then swept by He ow (50
mL min−1) in 50–300 °C with a heating rate of 10 °C min−1 and
the desorbed gas was detected.

UV-Vis diffuse reection spectra (UV-Vis DRS) were recorded
using a UV-Vis spectrophotometer (UV-3600Plus, SHIMADZU)
for investigating the optical absorption property. The bandgap
energy (Eg) value can be estimated according to the Kubelka–
Munk formula (eqn (1)):

ahn = A(hn − Eg)
n/2 (1)

where a, h, n, A are absorption coefficient, Planck's constant,
light frequency, and proportionality constant, respectively.
The value of n is 4 since BiOCl is an indirect bandgap semi-
conductor.29 In detail, Eg can be estimated from plotting
(ahn)1/2 vs. hn following the Tauc approach based on the ob-
tained UV-Vis DRS data.
a-BOC-001.

RSC Adv., 2023, 13, 4729–4745 | 4731
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Photoluminescence (PL) spectra were recorded using
a steady state and transient uorescence spectrophotometer
(OmniFluo990LSP, Zolix) with an excitation wavelength of
300 nm. Photocurrent response proles, electrochemical
impedance spectroscopy (EIS-Nyquist) plots and Mott–Schottky
plots were measured by an electrochemical workstation
(CHI660E) in a three-electrode system. Typically, the FTO glass
coated with samples, Ag/AgCl and platinum wire were used as
the working, reference and counter electrodes, respectively.
Besides, the Na2SO4 solution was used as the electrolyte (pH =

5.3). During the photocurrent response and electrochemical
impedance spectroscopy (EIS) test, the working electrode was
irradiated by a 300 W xenon lamp (CEL-HXF300-T3, Beijing
China Education Au-light Co., Ltd) with a UV cut-off lter
(visible light, l > 420 nm). For the preparation of the working
electrode, a certain amount of sample was dispersed in 95 mL of
ethanol to form a homogeneous solution (100 mg mL−1). Then,
5 mL of Naon solution was added into the above mixture
solution under ultrasonication. Finally, the working electrode
was obtained aer coating of the above colloidal solution on
a slice of clean FTO glass (1 × 2 cm2) and vacuum drying for
∼6 h.

2.4. Photocatalytic activity and intermediates analysis

Photocatalytic activity of the as-prepared samples was evaluated
by the removal of TC. A 250 mL of open cylinder quartz glass
container and a 300 W xenon lamp (CEL-HXF300-T3, Beijing
China Education Au-light Co., Ltd) with a 420 nm cut-off lter
were employed as the reactor and light source, respectively. The
light intensity is 220, 251 and 700 mW cm−2 for visible, UV and
UV-visible light, respectively, which were monitored at
a distance of 15 cm from the light source to the center of the
photocatalytic reactor and recorded by using an optical power
meter (CEL-NP2000-10A, Beijing China Education Au-light Co.,
Ltd). For each photocatalytic test, 50 mg of sample was
dispersed to 100 mL of TC aqueous solution (20 mg L−1) under
continuous stirring (∼500 rpm). Prior to the irradiation, the
above suspension was magnetically stirred under darkness for
30 min to reach adsorption–desorption equilibrium for the TC.
Subsequently, 3 mL of liquid sample was extracted from the
reaction suspension at certain intervals and collected through
a syringe lter (0.45 mm, polyethersulfone ultraltration
membrane) to remove the catalyst particles. The ltrates were
analyzed at the absorption wavelength of 357 nm by a UV-Vis
spectrophotometer (TU-1900, PerkinElmer). The degradation
efficiency (h) of TC was calculated by eqn (2) as follows:

h ¼
�
1� Ct

C0

�
� 100% (2)

where C0 and Ct (mg L−1) represent the concentrations of TC at
initial and certain irradiation time, respectively.

To quantitatively elucidate the reaction kinetics for TC
degradation, the following pseudo rst-order model (eqn (3))
was utilized for the analysis of the experimental data:

�ln
�
Ct

C0

�
¼ kt (3)
4732 | RSC Adv., 2023, 13, 4729–4745
where k is a constant of pseudo rst-order rate; t (min) is the
reaction time.

Organic carbon mineralization of TC solution during pho-
tocatalysis was investigated by total organic carbon (TOC)
analysis using a TOC analyzer (Shimadzu TOC-L CPH). The
intermediate products were determined by a low-resolution
mass spectrometry (MS) equipped with an electrospray inter-
face (ESI) as the ion source, and the fragment scanning mode is
negative ion mode with the m/z range of 64–500.

3. Results and discussion
3.1. Morphology, thickness and elemental distribution

The morphology and microstructure of the as-prepared BOC-
010, BOC-001 and Na-BOC-001 samples were investigated by
using SEM and TEM. As shown in Fig. 1a, the BOC-010 exhibits
a circular pie shaped morphology with lateral lengths varying
from 200 to 300 nm. In Fig. 1b, it can be observed that BOC-001
is composed of 2D nanoplates with higher standing-up ratio
and smaller thickness than the BOC-010, which demonstrates
that the crystal planes and thickness of BOC can be regulable by
adjusting the pH during the BOC growth. Noteworthy, semi-
transparent nanosheets without compromising the high ratio of
standing-up planes are obviously visible aer the Na doping
(Fig. 1c).

The crystal microstructure of the as-prepared samples was
further studied using the high-resolution TEM (HRTEM). As
shown in Fig. 1d, the Na-BOC-001 exhibits two distinct lattice
fringes with interplanar crystal spacings of 0.194 nm and
0.275 nm, which are ascribed to the (200) and (110) atomic
planes of the lamellar Na-BOC-001, respectively. In addition, the
corresponding fast Fourier transform (FFT) patterns display
spot patterns with an angle of 45°, which is consistent with the
theoretical angle between the (200) and (110) planes. This result
reveals that the set of diffraction spots can be indexed to the
[001] zone axis. According to the symmetry of tetragonal BiOCl,
it can be deduced that the dominant exposed planes of Na-BOC-
001 are {001} facets.9,14 The BOC-010 with dominant facets of
{010} and BOC-001 with dominant facets of {001} can be sup-
ported by Fig. S1.†

The AFM images and corresponding height proles describe
the thickness of Na-BOC-001 nanosheets, as shown in Fig. 1e.
The Na-BOC-001 shows 3.65 nm of thickness, verifying the
ultrathin nanosheets of Na-BOC-001 have been successfully
fabricated by the facile Na doping and facet regulation strategy.
To investigate the Na doping efficiency, SEM/EDS analyses of
BOC-010, BOC-001 and x-Na-BOC-001 (x = 0.15, 0.35, 0.50 and
0.60) were applied and their results are shown in Fig. S2, S3†
and 1g, respectively. The relative content of Na, Bi, O and Cl was
summarized in Table S1.† The EDS images (Fig. S2 and S3†)
display a uniform distribution of the Bi, O and Cl element in all
samples. Additional Na element appears evenly in all of the x-
Na-BOC-001 samples. As seen in Fig. S4 and Table S1,† the
actual doping ratio of Na to Bi in x-Na-BOC-001 (x = 0.15, 0.35,
0.50 and 0.60) is 1.30, 2.63, 5.83 and 5.10%, respectively,
according to the SEM/EDS analyses. The morphology and
thickness of x-Na-BOC-001 (x = 0.15, 0.35, 0.50 and 0.60) were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of (a) BOC-010 and (b) BOC-001. (c) SEM image and TEM image (inset), (d) HRTEM image with enlarged view (lower inset) and
SAED pattern (upper inset), (e) AFM image and corresponding height profile (inset), (f) thickness as a function of (EDS) Na/Bi (the dotted line shows
the super-linear trend of thickness on the (EDS) Na/Bi), and (g) SEM image and corresponding EDS elemental mapping of Na-BOC-001.
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further investigated by SEM and AFM, as displayed in Fig. S5
and S6,† respectively. As the added [Na+] increased from 0.15 to
0.60 mM, the x-Na-BOC-001 samples show a morphology
change from circular pie to ultrathin nanosheet (Fig. S5†). The
exact thickness of x-Na-BOC-001 (x = 0.15, 0.35, 0.50 and 0.60)
in Fig. S6† was measured as 14.91, 11.76, 3.65 and 4.24 nm,
respectively. Interestingly, the thickness of x-Na-BOC-001
reduced with the increasing Na/Bi ratio (from EDS) (Fig. 1f).
The result conrms the negative super-linear correlation
between the thickness and the actual Na-doped ratio in the Na-
BOC-001 samples. In addition, the other counterparts (0.50-Na-
BOC-010, BOC-010 and BOC-001) show thicknesses of 24.4, 21.6
and 8.46 nm, respectively, as shown in Fig. S6.† Based on the
above results, it can be concluded that the ultrathin Na-BOC-
001 nanosheets with atomic layer thickness (<4 nm) and
highly exposed {001} facets have been successfully prepared via
simply adjusting the pH value of the precursor solution and
controlling the [Na+] during growth, and that the atomic layer
thickness of ultrathin Na-BOC-001 is attributed to the syner-
gistic effect of {001} facets and Na doping.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2. Crystal structure

The crystal phase and structure of the as-synthesized BOC-010,
BOC-001 and Na-BOC-001 samples were identied by XRD. The
results (Fig. 2a) display that all diffraction peaks of the samples
match well with those of tetragonal BiOCl (JCPDS: 06-0249),30

indicating the successful synthesis of the samples with highly
pure phase. It is notable that the peaks ascribed to (001) plane
of BOC-010 are much stronger than that of BOC-001. In addi-
tion, the BOC-010 show a clearly decreased intensity ratio of
(110)/(001) peaks in comparison to that of BOC-001. These are
attributing to that the crystal growth of BiOCl along c axis of
BOC-010 was inhibited in the acidic growth condition (pH =

0.6),31 which is in good agreement with the HRTEM results.
Moreover, as seen in Fig. 2b, the Na-BOC-001 shows a slight
shi to higher diffraction angle for the (110) peak compared
with BOC-001, indicating the shrinkage of lattice according to
Bragg equation. This result is ascribed to the Na doping effect
and the resulted defects based on the charge compensation.

The effect of initial added [Na+] on the structural change of
Na-BOC-001 is shown in Fig. 2c. Compared with 0.15-Na-BOC-
001, an obvious upshi is observed at the (110) peak position
RSC Adv., 2023, 13, 4729–4745 | 4733
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Fig. 2 (a) XRD patterns of the as-synthesized BOC-010, BOC-001 and Na-BOC-001 samples, (b) enlarged view of the marked area in (a). (c)
Enlarged view of (110) diffraction peak in XRD patterns, and (d) (EDS) Na/Bi and thickness of x-Na-BOC-001 (x = 0.15, 0.35, 0.50 and 0.60)
samples.
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of 0.35-Na-BOC-001, which indicates the mild lattice shrinkage
due to the increasing [Na+]. As the [Na+] further increased, the
peak of 0.50-Na-BOC-001 shis to the highest angle, demon-
strating that the severe lattice shrinkage was presented at
0.50 mM of [Na+].32 However, 0.60-Na-BOC-001 exhibits an
abnormally downshi back to the angle similar to 0.15-Na-BOC-
001. A similar anomalous trend was observed from the doping
efficiency of Na+, that is, the actual doping ratio of Na/Bi in the
samples reversely decreased as the [Na+] increased from 0.50 to
0.60 mM (Fig. 2d). This can be attributed to the fact that the
dominant doping sites of Na+ was converted from the substi-
tutional site to the interstitial site.33 Generally, the interstitially
doped Na ions have higher energy and less stability than the
substitutional doped Na+, which was accompany with the lattice
expansion (as veried by the XRD results) and readily diffused
to the surface and then lost aer washing, leading to the
reduction of the doping efficiency.33,34 Interestingly, there is
a positive correlation between the degree of lattice shrinkage
and nanosheet thickness induced by the [Na+] ranged from
0.15–0.50 mM. Hence, it can be concluded that the severe lattice
shrinkage of Na-BOC-001 is mainly originated from the Na
doping effect, which results in the ultrathin thickness.

The laser (l = 532 nm) was utilized for the Raman spectra to
conrm the vibrational normal modes of the samples (Fig. 3).
4734 | RSC Adv., 2023, 13, 4729–4745
The A1g, B1g and Eg denote the three center vibration modes for
BiOCl due to the tetragonal structure (space group P4/nmm).35

All samples exhibit two resembling peaks (143.6 and
199.4 cm−1) and one weak peak at around 398 cm−1. The peak at
143.6 and 199.4 cm−1 ascribed to the A1g and E1g internal Bi–Cl
stretching mode, while the peak at around 398 cm−1 due to the
Eg and B1g modes caused by the vibration of oxygen atoms.36

Compared with BOC-001, the Na-BOC-001 exhibits a blue shi
from 143.6 to 144.7 cm−1, while the Na-BOC-010 shied from
200.7 to 199.4 cm−1 (red shi). These results indicated the
crucial role of exposed facet and Na-doping dual engineering. In
addition, the peak of all samples at around 399 cm−1 disappears
due to the weak surface oxygen vibrations.37

The FTIR spectra were further employed to conrm the
stretching mode of the samples (Fig. S7†). All samples appear
the characteristic peaks of BiOCl, located at about 527 cm−1 and
1397 cm−1 were assigned to the Bi–O and Bi–Cl stretching
mode, respectively.29,38 The other peaks located at 1634 cm−1

and 3433 cm−1 can be indexed to the surface hydroxyl group
and the chemisorbed H2O.39,40 From Fig. S7,† the Bi–O peak
intensity of Na-BOC-001 was much weaker than BOC-001, and
the peak shied to higher wavenumber, which may be attrib-
uted to the substitution of Bi by Na ions. Similar results have
also been observed in BOC-010 and Na-BOC-010.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Raman spectra of Na-BOC-010, BOC-010, Na-BOC-001 and BOC-001 samples, (b) enlarged view of the marked area in (a).
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3.3. Surface chemical states

XPS spectra were acquired to further study the surface
elemental compositions and chemical states of the BOC-010,
BOC-001 and Na-BOC-001 samples. The survey XPS spectra
show that all samples are composed of Bi, O and Cl elements
(Fig. S8†). Notably, an additional peak ascribed to Na 1s can be
observed in the Na-BOC-001. The peak at 284.6 eV of C 1s was
employed as calibration standard for other binding energies.
The high-resolution Na 1s spectrum (Fig. 4a) exhibits a peak
corresponding to the Na species centered at 1070.2 eV, recon-
rming that the Na+ has been successfully introduced into the
Na-BOC-001,21,41 which is in agreement with the EDS elemental
mapping.

In the high-resolution Bi 4f spectra (Fig. 4b), two strong
peaks assigned to Bi 4f7/2 and Bi 4f5/2 are presented in the BOC-
010, BOC-001 and Na-BOC-001 samples. The splitting value
between Bi 4f7/2 and Bi 4f5/2 of all samples is∼5.3 eV.42 The Bi 4f
peaks of Na-BOC-001 slightly shi toward a lower binding
energy than those of BOC-010 and BOC-001. In Fig. 3c, the Cl 2p
spectra of the samples can be tted with two peaks corre-
sponding to Cl 2p3/2 and Cl 2p1/2, respectively. Similar to the Bi
4f peaks, a negative shi is observed in the binding energy of Cl
2p peaks for Na-BOC-001 compared with the BOC-010 and BOC-
001, suggesting that the electron-withdrawing of Cl and Bi
originates from the interfacial electron interaction between Na
and Na-BOC-001.

The high-resolution O 1s XPS spectra (Fig. 4d) of the samples
are tted into three peaks (Oa, Ob and O3), which can be indexed
to lattice oxygen, chemically and physically adsorbed oxygen
species (e.g. O2, –OH) over oxygen vacancies (OVs), respec-
tively.38,43 Na-BOC-001 presents a lower binding energy shi for
the O3 peak in comparison with BOC-010 and BOC-001, which
demonstrates that the electron redistribution around O atom in
Na-BOC-001 is owing to the Na doping effect. The relative
© 2023 The Author(s). Published by the Royal Society of Chemistry
content of the O 1s splitting peaks (Oa, Ob and O3) is summa-
rized in Table S2.† Compared with BOC-010 and BOC-001, Na-
BOC-001 exhibits a dramatically increased proportion (22.1%)
of O3 for the physically adsorbed oxygen species whereas
a decreased ratio (7.0%) of the Ob. The result indicates a pref-
erential adsorption of the weaker bonding oxygen species on the
surface of Na-BOC-001 owing to the Na doping effect.
3.4. Oxygen vacancies and oxygen adsorption

The solid-state EPR analysis was applied to further probe the
surface defect of the samples (BOC-010, BOC-001 and Na-BOC-
001). As displayed in Fig. 5a, an obvious peak centered at the g-
factor value of 2.003 is presented in the EPR spectra of all
samples under darkness and visible light irradiation, which is
ascribed to the defect of surface OVs.30 In the dark, BOC-010 and
BOC-001 show almost similar intensities for the EPR peak,
whereas slightly higher intensity for the Na-BOC-001 than that
of BOC-001 and BOC-010, directly verifying the higher concen-
tration of synthetically introduced surface OVs on Na-BOC-001.
This result is in good agreement with the XPS result. Moreover,
under visible light irradiation for 20 min, the concentration of
surface OVs signicantly increases over the samples. Among
them, Na-BOC-001 presents the highest OVs content. These
results indicate the Na doping is benecial for promoting the
generation of light-controlled OVs on the surface of BiOCl.
Compared with the synthetically introduced OVs which is
unstable, the light-controlled OVs have high potential as
sustainable active sites for their better reversibility in adsorp-
tion and desorption of oxygen species (e.g. O2 and H2O),44 which
is benecial for promoting the O2 activation.

To determine the adsorption interaction between oxygen
species and the surface defects of the prepared samples, O2-TPD
assessment was conducted and the results are shown in Fig. 4b.
No obvious TCD signal of oxygen species in the range of 50–
RSC Adv., 2023, 13, 4729–4745 | 4735

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra08003f


Fig. 4 High-resolution (a) Na 1s XPS spectrum of Na-BOC-001. High-resolution (b) Bi 4f, (c) Cl 2p and (d) O 1s XPS spectra of BOC-010, BOC-
001 and Na-BOC-001 samples.
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300 °C for BOC-010, BOC-001, by contrast, Na-BOC-001 displays
a strong O2 desorption peak centered at ∼110 °C, which is
ascribed to the physically adsorbed O2. This might be associated
with the enriched surface OVs and the large specic surface area
of the ultrathin Na-BOC-001 (Fig. S9†). Hence, Na-BOC-001 is
expected to display an improved performance in O2 activation
and ROS generation.45
4736 | RSC Adv., 2023, 13, 4729–4745
3.5. Photoexcited charge separation

The PL spectra of the as-prepared samples were obtained at the
excitation wavelength of 300 nm. As shown in Fig. 6a, all
samples display similar PL band in range of 320–500 nm but
different intensities, which have the following order: BOC-010 >
BOC-001 > Na-BOC-010 > Na-BOC-001. It is noticeable that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Solid-state EPR spectra under darkness and visible-light irradiation (l > 420 nm) and (b) O2-TPD profiles of BOC-010, BOC-001 and
Na-BOC-001 samples.
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Na-BOC-001 exhibited much lower PL intensity than the other
three samples, which indicated that the lowest charge recom-
bination rate was achieved over the Na-BOC-001.46

Photocurrent response proles were obtained to evaluate the
photoexcited charge separation of the BOC-010, BOC-001 and
Na-BOC-001 samples driven by the solar light in the visible
range (l > 420 nm). As shown in Fig. 6b, all three electrodes
coated with the as-prepared samples exhibit rapid and repro-
ducible photocurrent responses along with the light on/off
cycles. The photocurrent of Na-BOC-001 (0.21 mA cm−2) is
obviously higher than that of BOC-001 (0.17 mA cm−2), Na-BOC-
010 (0.19 mA cm−2) and BOC-010 (0.10 mA cm−2), showing the
maximum efficiency of the photo-exited charge separation in
the Na-BOC-001. It can be concluded that both the Na doping
and the exposed {001} are conducive to the increase of photo-
current. The enhancement in Na-BOC-001 can be owing to the
synergistic effect of Na doping and facet engineering. On one
hand, the reduction in the number of atomic layers for Na-BOC-
001 resulted from Na doping is benecial for shortening the
electron migration distance (as veried in AFM results). On the
other hand, the Na dopant acted as interfacial electron transfer
bridge to accelerate the charge separation, as reported.41

In addition, the EIS plots (Fig. 6c) were also used to evaluate
the efficiency of charge separation and transfer over the
Fig. 6 (a) PL spectra of the as-prepared BOC-010, BOC-001, Na-BOC-0
(b) photocurrent response profiles and (c) EIS-Nyquist plots of the as-pr
under visible-light illuminations (l > 420 nm).

© 2023 The Author(s). Published by the Royal Society of Chemistry
samples.47 A smaller semicircle radius corresponds to a lower
charge-transfer resistance value of Rt, which reects a higher
charge separation and transfer efficiency.48 In this regard, it is
obvious that the order of charge separation efficiency for all
samples derived from EIS is in good agreement with those of PL
and I–t under similar irradiation condition. Notably, the Na-
BOC-001 indeed has the fastest charge separation and migra-
tion rates.
3.6. Optical absorption and band structure

The UV-Vis DRS spectra were recorded to investigate the optical
absorption performance of the BOC-010, BOC-001 and Na-BOC-
001 samples. As shown in Fig. 7a, the Na-BOC-001 shows an
obviously enhanced absorption in the UV region in comparison
to BOC-010, BOC-001, which is mainly due to the interfacial
electron interaction between the Na and Na-BOC-001. Although
Na-BOC-001 and BOC-001 displayed similar absorption edge in
the UV region (∼360 nm), they showed urbach trails and
obvious light absorption in the visible region. This implied the
appearance of electronic states appeared between VB and CB,49

which may be related to the electron cloud enriched around
with the surface and bulk defects (e.g., OVs) over the BiOCl
samples.50 The Na-BOC-001 exhibited stronger UV absorption
10 andNa-BOC-001 samples with an excitationwavelength of 300 nm;
epared BOC-010, BOC-001, Na-BOC-010 and Na-BOC-001 samples

RSC Adv., 2023, 13, 4729–4745 | 4737
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Fig. 7 (a) UV-Vis DRS spectra and the corresponding bandgap energies estimated from the plots of (ahn)1/2 versus hn following the Tauc
approach (inset), (b) VB-XPS spectra, (c) Mott–Schottky plots measured in 0.5 M Na2SO4 aqueous solution (pH= 5.3), (d) energy band diagram of
BOC-010, BOC-001 and Na-BOC-001.
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and slightly weaker visible absorption than that of BOC-001,
which could be attributed to the Burstein–Moss effect associ-
ated with the cation-ion doping. According to the Tauc
approach, the estimated Eg of BOC-010, BOC-001 and Na-BOC-
001 are 3.40, 3.43 and 3.48 eV (Fig. 7b), respectively. The
bandgap of Na-BOC-001 is broader than that of BOC-010 by
0.08 eV, which is attributed to the synergistic effect of the Na
doping and facet engineering.

To further reveal the specic band edges of the BOC-010,
BOC-001 and Na-BOC-001, VB-XPS and Mott–Schottky plots
show the direct VB position, and their CB positions can be
estimated by combining with the Eg value. As shown in Fig. 6c,
the at-band potentials (E) of BOC-010, BOC-001 and Na-BOC-
001 are estimated to be −0.27, −0.21 and −0.55 V (vs. Ag/AgCl),
respectively. Generally, the Fermi level (Ef) equals to the at-
band potential (E), since the BOC-010, BOC-001 and Na-
BOC-001 are n-type semiconductors.51 Furthermore, the E
(vs. Ag/AgCl) can be transformed into normal hydrogen elec-
trode (NHE) level by the Nernst equation (eqn (3)):

ENHE = EAg/AgCl + 0.05916pH + E0
Ag/AgCl

Hence, the Ef of BOC-010, BOC-001 and Na-BOC-001 are 0.25,
0.31 and −0.03 V (vs. NHE), respectively. Besides, the energy
4738 | RSC Adv., 2023, 13, 4729–4745
gaps between Ef and VB of BOC-010, BOC-001 and Na-BOC-001
estimated from the VB-XPS results are 2.74, 2.74, 2.73 V,
respectively. Therefore, the VB positions of BOC-010, BOC-001
and Na-BOC-001 are 2.99, 3.05, 2.70 V, respectively. According
to the empirical formula (eqn (4)):

EVB = ECB + Eg (4)

CB positions are calculated to be −0.41, −0.38, −0.78 V for
BOC-010, BOC-001 and Na-BOC-001, respectively. Based on the
deduction from the above calculations, the energy band
diagram of BOC-010, BOC-001 and Na-BOC-001 can be plotted
and is shown in Fig. 7d.52 The BOC-010 and BOC-001 have the
same CB potentials (−0.39 V), which are a little enough for
oxygen activation and oxygen species generation (O2/cO2

−,
−0.33 V). Particularly, Na-BOC-001 displays much more nega-
tive CB potential (−0.75 V) than the other two samples, which is
favorable for the O2 activation and attributed to the Na doping.
3.7. Reactive oxygen species

ESR spectra were used to analyze the ROS and the results are
shown in Fig. S10, S11† and 8. It can be seen that there is no
cO2

− and cOH generated in the dark for the BOC-010, BOC-001,
and Na-BOC-001 samples (Fig. S10 and S11†). The ROS signal
could be detected when the visible light was irradiated for 3 min
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 ESR spectra of (a) DMPO–cO2
− and (b) DMPO–cOH over BOC-010, BOC-001, and Na-BOC-001 under visible light irradiation for 3 min.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 1
2:

21
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
for all samples (Fig. 8). The difference in the cO2
− and cOH

signal intensities between the BOC-010 and BOC-001 is negli-
gible. However, a signicantly enhanced intensity of cO2

− is
observed in the Na-BOC-001 compared with the BOC-010 and
BOC-001, illustrating the highly efficient visible-light-driven O2

activation of Na-BOC-001. This is mainly attributed to the
defective surface with preferential adsorption of O2 and efficient
separation of photo-exited charges owing to the synergistic
effect of Na doping and {001} facets.

Besides, the signal of cOH species of Na-BOC-001 is also
stronger than that of BOC-010 and BOC-001, even though more
unfavorable VB potential of Na-BOC-001 for the direct genera-
tion of cOH species (Fig. 7d).53 According to the result, it is likely
that more negative CB potential resulted from the Na doping are
also vital for the efficient O2 activation and ROS generation over
Na-BOC-001 under visible light irradiation.

3.8. Photocatalytic activity

The photocatalytic activity of the samples was evaluated by the
degradation of TC in air under visible light irradiation. The
varied concentrations of TC in the degradation process were
recorded by the UV-Vis absorption spectra and displayed in
Fig. S12–S16.† The time–course curves of relative concentra-
tions (Ct/C0) are plotted in Fig. S16† and 9 based on the varia-
tion of TC absorbance centered at 357 nm. As displayed in
Fig. S17,† all samples (BOC-010, Na-BOC-010, BOC-001 and Na-
BOC-001) achieved the adsorption equilibrium within 30 min
under darkness. It is notable that Na-BOC-001 exhibited the
highest adsorption efficiency (∼47%), which is 6.35, 6.63 and
2.33 times higher than that of BOC-010, Na-BOC-010 and BOC-
001, respectively. This can be attributed to the increased specic
surface area and enhanced oxyphilic surface of ultrathin Na-
BOC-001 since the TC molecules is rich in oxygen-containing
groups. However, the Na-BOC-010 displayed an inconspicuous
change compared with BOC-010. These results indicate that it is
the synergistic effect of Na doping and facet regulation that
enhanced the TC adsorption capacity over BOCs.

The effect of [Na+] on the photocatalytic degradation of TC is
presented in Fig. 9a. The removal efficiency over the x-Na-BOC-
© 2023 The Author(s). Published by the Royal Society of Chemistry
001 (x = 0.15, 0.35, 0.50 and 0.60) increased with the increases
of reaction time. Interestingly, as shown in Fig. 9b, there is
a positive dependence between the maximum removal effi-
ciency and the (EDS) Na/Bi ratio with the addition of [Na+]
ranged from 0.15–0.50 mM, which exhibits a negative correla-
tion with the thickness (Fig. 1f). Among them, the 0.50-Na-BOC-
001 displays the highest removal efficiency, hence it was
selected as the representative of x-Na-BOC-001 series samples
and renamed as Na-BOC-001 in the following discussion. To
evaluate the synergistic effect of Na doping and facet engi-
neering on the photocatalytic activity of BOCs, the removal
efficiency towards TC under visible light irradiation over BOC-
010, Na-BOC-010, BOC-001 and Na-BOC-001 was investigated
and shown in Fig. 9c. The TC removal over BOC-010, Na-BOC-
010, BOC-001 and Na-BOC-001 samples reached an equilib-
rium within an irradiation time of ∼60 min, and their
maximum removal efficiency was calculated to be 27, 44, 75 and
87%, respectively. It is noted that both Na-doped samples (Na-
BOC-010 and Na-BOC-001) displayed much higher photo-
catalytic efficiencies than their corresponding undoped
samples (BOC-010 and BOC-001), indicating the positive role of
Na doping in promoting the photocatalysis of TC over BOCs.
Moreover, the apparent rate constant of BOC-010, BOC-001, Na-
BOC-010 and Na-BOC-001 is estimated to be 0.00708, 0.02534,
0.01005 and 0.03095 min−1, respectively, as seen in Fig. S18 and
Table S5.† Obviously, Na-BOC-001 also displayed the highest
kinetic rate in the degradation process. The removal rate of TC
under irradiation without catalyst is negligible (Fig. 9c and
S12†), which indicated that the TC is much stable and resistant
to the photodegradation caused solely by the light. These results
demonstrate that superb photocatalytic activity for TC removal
was achieved for the Na-BOC-001, which are mainly attributed
to the increased photoexcited charge separation efficiency and
enhanced visible-light-driven O2 activation owing to the syner-
gistic effect of Na doping and {001} facets. In particular, this
effect has resulted in a signicant enhancement of the intensity
of OVs in all BOC samples aer 20 min of visible light irradia-
tion, which was more pronounced in Na-BOC-001, as shown in
the above EPR results (Fig. 5a). This meant that new OVs states
RSC Adv., 2023, 13, 4729–4745 | 4739
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Fig. 9 (a) TC removal profiles versus time and (b) TC removal efficiency (maximum) and corresponding (EDS) Na/Bi ratio of x-Na-BOC-001 (x =
0.15, 0.35, 0.50 and 0.60) with different added [Na+], (c) TC removal profiles versus time over no catalyst (blank), BOC-010, Na-BOC-010, BOC-
001 and Na-BOC-001, (d) TC removal profiles versus time over Na-BOC-001 without and with addition of different scavengers. Conditions: [TC]
= 20 mg L−1; [catalyst] = 0.5 g L−1; initial pH = 6.5, temperature = 25 °C; visible light (l > 420 nm) irradiation.
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were created between VB and CB of all samples under visible
light irradiation, which acted as electron transition level so that
the electrons in the VB of BOC samples could be excited to the
OVs state by visible light and then continuously transferred to
the CB.49,54 Thus, photocatalytic degradation of all samples
could be triggered by visible light irradiation, although the band
gap values measured in the dark for all samples (3.40–3.48 eV)
were relatively larger than the photon energy of visible light
(<3.0 eV, that is >420 nm). Na-BOC-001 possessed the most
newly formed OVs induced by the visible light, which was
benecial for promoting the electrons separation and transfer,
leading to its strongest photocurrent among all samples,
although its band gap measured in the dark were slightly wider
than other counterparts. In addition, other reported the
removal efficiency towards TC are displayed in Table S6.†55–58

In addition, to further investigate the effect of light wave-
length on the photocatalytic performance, the TC removal effi-
ciency and corresponding kinetic tting results under other
different wavelengths of light (UV-Vis and UV) irradiation were
shown in Fig. S19a–d.† Meanwhile, the corresponding kinetic
tting results based in all the above gures were listed in Tables
S3 and S4,† respectively. From the experimental results
(Fig. S18, S19† and 9), it was clear that Na-BOC-001 exhibited the
highest photocatalytic degradation efficiency and the fastest
4740 | RSC Adv., 2023, 13, 4729–4745
kinetic rate for target pollutant (TC) under either UV-Vis, UV or
Vis light irradiation, among all the selected BOC samples. For
Na-BOC-001, the maximum degradation efficiency obtained
under both UV-Vis and UV irradiation were ∼100%, which was
much higher than that under Vis light irradiation (∼87%). This
indicated a signicant effect of the wavelength on the photo-
catalytic performance in the order of UV-Vis > UV > Vis, which
was in good agreement with the light absorption intensity in the
UV-Vis DRS spectrum of Na-BOC-001 (Fig. 7a). In addition, the
maximum degradation efficiency and kinetic rate of Na-BOC-
001 under UV-Vis and UV light irradiation was only slightly
higher than those of the other selected samples. Interestingly,
the apparent rate constant (k) of the optimal Na-BOC-001 under
Vis light irradiation was increased by a factor of 4.37 relative to
the counterpart (BOC-010) without facet regulation and Na-
doping, which was much higher than that of 1.69 under both
UV-Vis and UV light irradiation. These results suggested that
the synergistic effect of facet engineering and Na doping is more
pronounced for Na-BOC-001 under the irradiation of Vis light
than UV-Vis and UV light. Thus, the synergistic effect of facet
engineering and Na doping on the photocatalytic performance
and reaction mechanism under Vis light irradiation over all the
selected BOC samples is the focus of investigation and discus-
sion in this work.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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To investigate the active species in the TC degradation
process over Na-BOC-001, typical radical quenching tests were
carried out with the addition of the corresponding radical
scavengers, and the results are shown in Fig. 9d. Isopropanol
(IPA, 10mM), ascorbic acid (AA, 10 mM) andmethanol (MAL, 10
mM) were served as the scavenger for the cOH, cO2

− and h+

species, respectively.53,59 As shown in Fig. 9d, a marginal
difference is observed between the TC degradation curves in the
presence of IPA, MAL and without addition of scavenger, indi-
cating minor contribution of cOH and h+ in the photocatalysis
of TC. However, a signicant suppression in the removal effi-
ciency of TC (decreased from 86.4 to 50.25%) is occurred aer
the addition of AA, demonstrating that the cO2

− radicals are the
main active species. The main species in the TC degradation
process over BOC-001 are the same as that of Na-BOC-001
(Fig. S20†), which reveals that the Na doping has a negligible
Fig. 10 Possible pathways for TC degradation over optimal Na-BOC-00

© 2023 The Author(s). Published by the Royal Society of Chemistry
effect on the main active species involved in the TC
photocatalysis.
3.9. Photocatalysis mechanism

The identication of intermediate products is vital for revealing
the detailed mechanism towards TC photocatalysis over Na-
BOC-001. The intermediate products (P1–P18) were collected
and detected by the HPLC-MS (Fig. S21–S30†). The results are
identied according to the related literatures, and possible
reaction pathways are proposed and shown in Fig. 10. There are
two main pathways for the TC degradation under attack of free
radicals (cO2

−) from Na-BOC-001. In pathway I: TC is rstly
converted into P1 through hydroxylation reaction.60 Then, P2 is
generated aer the hydroxylation and deamidation of P1.61

Furthermore, the P2 is transformed into four molecules (P3, P6,
1 under visible light.

RSC Adv., 2023, 13, 4729–4745 | 4741
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P9 and P12) whose conjugated structure is broken into P4, P7,
P10 and P13, respectively. Sequentially, smaller molecules (P5,
P8, P11 and P14) are separately obtained by the further ring
opening of P4, P7, P10 and P13. In pathway II: P15 is converted
via the double bond addition polymerization of TC, and then
transformed into P16 by dehydroxylation, ring cracking and
dealkylation.61,62 The P16 is destructed into P17 and further to
smaller P18. Finally, the partial smaller molecules presented in
pathways I and II (P5, P8, P11, P14 and P18) can be degraded
into CO2 and H2O, which has been conrmed by the TOC
results (Fig. S31†).

Based on the above results, a possible photocatalytic mech-
anism for the photocatalysis of TC over the ultrathin Na-BOC-
001 nanosheets under visible light irradiation is proposed
(Fig. 11). Firstly, under visible light irradiation, electrons (e−) in
the VB could be excited to the OVs level of Na-BOC-001, and
then continuously transferred to the CB, leading to the sepa-
ration of e− and holes (h+) pairs, while the corresponding h+

remained in the VB.63,64 This charge transfer pathway could be
veried mainly by the above EPR results that the visible light
irradiation could cause the enhancement of OVs intensity than
in the dark, which implied that new OVs sates have been
generated between VB and CB in the band gap.49 Additionally,
the visible light enhanced OVs also indicated that there was
more electrons trapped on the OVs,54which probably came from
the excitation appeared on VB or CB. Combing with the above
results (I–t, ESR and photocatalytic activity) can further indi-
cated that photocatalytic reaction could be triggered (electrons
could be excited) by visible light irradiation even if the values of
bandgap of the sample were larger than the visible light. The
electrons were excited by visible light and transferred from the
VB to the CB of Na-BOC-001 only when the OVs acted as an
electron transition level. Thus, the possible electron transfer
pathway of Na-BOC-001 under visible light irradiation should be
VB/OVs/ CB. Similar pathway has also been reported in the
Fig. 11 Proposed mechanism for photocatalysis of TC over ultrathin Na

4742 | RSC Adv., 2023, 13, 4729–4745
previous literature.49,54 Finally, the O2 enriched on the surface
was activated by the sufficient e− for the generation of
cO−

2 radicals,65 which will eventually attack the contaminant
molecules (TC), leading to the decomposition of TC into CO2

and H2O.66 The detailed reaction can be expressed follows:52,53

BiOCl + hn / e− + h+ (5)

e− + O2 / cO−
2 (6)

TC + cO−
2 / CO2 + H2O (7)

From the view of the photocatalytic reaction, conclusions
can be drawn that the enhanced photocatalytic performance is
greatly dependent on the optimized thermodynamics and
kinetics of the dominant oxygen species (cO−

2 ) generation (eqn
(7)), which are closely related to the positive effects of Na-doped
in the Na-BOC-001. From the thermodynamics aspect, more
negative CB position in the band structure was achieved due to
the Na doping effect, which provided stronger reduction
potential for oxygen species (cO−

2 ) generation than the non-
doped BOC-001 (eqn (6)). For the kinetics, the resulted reduc-
tion of layer thickness and the role of interfacial electron
transfer bridge are favorable for accelerating the photoinduced
e− and h+ separation/transfer, leading to the increasing
photoelectron amount and photocurrent (eqn (5) and (6)).
Moreover, the Na-doped surface with more light-controlled OVs
showed preferential adsorption for the O2 molecules (eqn (6)),
which is benecial for quickly replenish the O2 consumed over
the BiOCl, thus sustainably promoting the O2 activation.
3.10. Reusability

The chemical stability and repeatability are crucial for catalyst
to application. Five cycles TC degradation experiments were
-BOC-001 nanosheets under visible light irradiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Recycle experiments of Na-BOC-001 for (a) degrading TC and (b) XRD patterns before and after reaction. Conditions: [TC] = 20 mg L−1,
[catalyst] = 0.5 g L−1, pH = 6.5, T = 25 °C, visible light (l > 420 nm).
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carried out to investigate the stability and reusability for the Na-
BOC-001 (Fig. 12a). The catalyst was collected by ltering when
accomplished the catalytic, then soaked in deionized water for
4 h. Aer that, cleaning the catalyst with deionized water and
absolute ethanol, and nally dried under vacuum at 80 °C for
8 h. Aer ve recycle runs, the Na-BOC-001 reduced the degra-
dation efficiency for TC was only reduced by 10.1% under visible
light irradiation, which indicate the Na-BOC-001 photocatalyst
exhibit adequate photocatalytic degradation ability and recy-
cling ability. In addition, the XRD patterns (Fig. 12b) shown
there is no distinct change before and aer cycling. The above
results demonstrated that the Na-BOC-001 has acceptable
chemical stability and repeatability.
4. Conclusions

In summary, a series of BiOCl based photocatalysts (BOCs) have
been successfully synthesized via a facile one-step facet regu-
lation and Na doping. Specially, the thickness of x-Na-BOC-001
(x = 0.15, 0.35, 0.50 and 0.60) has a good negative linear
dependence on the effective doping ratio of Na ((EDS) Na/Bi).
The ultrathin Na-BOC-001 nanosheets with highly exposed
{001} facets and the severe lattice shrinkage have been obtained
at the added [Na+] of 0.50 mM, which possesses the smallest
atomic layer thickness (<4 nm), the highest Na doping ratio
((EDS)Na/Bi: 5.83%), and the largest content of OVs owing to the
synergistic effect of {001} facets and Na doping. In comparison
to other bulk counterparts (Na-BOC-010, BOC-001 and BOC-
010), the ultrathin Na-BOC-001 has surfaces with preferential
adsorption for O2, efficient separation of charges, and favorable
CB position for O2 activation, leading to the largest amount of
ROS generated under visible light irradiation. As a result, the
highest visible-light-driven removal efficiency (∼87%) for TC
have been achieved over the Na-BOC-001. This work may shed
light on the synergistic effect of facet engineering and alkali
metal doping, which paves a new way for the development of
highly active semiconductors for visible-light-driven photo-
catalytic applications.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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