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This study developed a BiOl@AgBiS,@NaYF,;:Yb,Tm heterostructure
photocatalyst. This design significantly enhances the generation and
separation of charge carriers, leading to a marked improvement in
solar energy harvesting. This advancement was effectively applied for
the degradation of tetracycline hydrochloride. This strategy provides
inspiration for designing and developing full-spectrum responsive
photocatalysts.

Photocatalytic technology, notable for its eco-friendly attri-
butes, utilizes solar energy to degrade pollutants in wastewater
into harmless molecules, playing a crucial role in advancing
environmental and energy sustainability."”> The semiconductor
photocatalyst is the core of photocatalytic technology.

BiOI exhibits a distinctive layered crystal structure, which
includes two halogen atomic layers interspersed with various
bismuth oxide layers ([Bi,0,]*", [Bi;O4] or [Bi;,0,]**).® This
structure facilitates the creation of an internal electric field,
effectively enhancing the separation of electron-hole pairs.*
Due to its ultra-thin structure, high specific surface area, and
narrow band gap, BiOI exhibits significant potential in photo-
catalytic pollutant decomposition and CO, reduction.”® None-
theless, its efficacy is limited by a high electron-hole
recombination rate. It is crucial to enhance the photocatalytic
performance of BiOI photocatalytic performance by employing
strategies that effectively mitigate this recombination issue.
A crucial strategy in semiconductor heterojunction construc-
tion involves altering the charge carriers’ migration path.”®
This adjustment enhances carrier retention at highly active
redox positions, substantially increasing migration velocity and
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inhibiting recombination. Consequently, this approach mark-
edly enhances photocatalytic efficiency.

AgBIS,, a ternary semiconductor with a narrow band gap,
high absorption coefficient (10° cm™"),” and good stability,
exhibits potential in photoelectric detection,'® solar cell'* and
pollutant decomposition'® applications. The integration of
AgBiS, onto BiOI, forming BiOI@AgBIS, heterojunctions, may
significantly boost light absorption and reduce carrier recom-
bination, thereby enhancing photoelectric performance.

Semiconductor photocatalysts’ poor absorption of near-
infrared (NIR) light hinders the efficient utilization of sunlight,
which constitute up to 50% of solar energy.'® This limitation
can be addressed by employing upconversion materials that
exploit anti-Stokes optical properties to transform low-energy
photons into high-energy ones.* Specifically, Yb** sensitized
ions within these particles absorb NIR light around 980 nm,
facilitating ultraviolet (UV) and visible light emission through energy
transfer to Er*" or Tm®" activated ions.">'® The enhanced light
absorption of composite photocatalysts utilizing upconversion mate-
rials and semiconductors is typically ascribed to the upconversion
components of previous reports.””* However, studies on improving
photocatalytic performance by expanding the light absorption range
through dual approaches remain scarce. Consequently, integrating
multiple materials into a unified system offers a promising approach
to enhance functionality and overcome the constraints associated
with single-material systems.

In this study, BiOI, AgBiS,, and NaYF,:Yb,Tm were synthesized
using the hydrothermal method. A synthesis strategy for BiOI@Ag-
BiS, (BABS) heterojunctions was developed. Subsequently, BABS
were loaded onto NaYF,:Yb,Tm to create a BiOI@AgBiS,@NaYF,:
Yb,Tm (BABS-Tm) ternary composite photocatalyst through
mechanical grinding and ultrasonic treatment. The photocatalytic
performance of BABS and BABS-Tm was evaluated by degrading
tetracycline (TC).

The X-ray diffraction (XRD) patterns of BiOI, AgBiS,, and
NaYF,:Yb,Tm match the standard cards of BiOI (PDF #10-0445),
AgBiS, (#89-2045), and B-NaYF, (#16-0334) without detectable
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Fig. 1 (a) XRD patterns of BiOl, AgBiS,, NaYF4:Yb,Tm and BABS-Tm. (b)
SEM image of BABS-Tm. (c) TEM image of BABS-Tm.

impurities (Fig. 1(a)), confirming the successful synthesis of
pure BiOI, AgBiS,, and NaYF,:Yb,Tm. In the BABS-(2-15%)
samples (Fig. S1, ESIf), the primary diffraction peak corre-
sponds to BiOI, with the AgBiS, (111) plane appearing at
27.3° as the AgBiS, content increases. Notably, BABS-Tm
ternary composite heterostructures exhibit only BiOI and
NaYF,:Yb,Tm phases, attributed to a low proportion of AgBiS,.

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) were utilized to examine the composite
samples’ morphology. Fig. S2 (ESIt) illustrates that BABS con-
sists of 20-50 nm nanosheets. BABS’s energy dispersive spectro-
scopy (EDS) analysis confirmed the uniform distribution of Bi,
S, Ag, and I elements, indicating adequate bonding between
BiOI and AgBiS,. Pure NaYF,:Yb,Tm features microrods with a
smooth surface morphology, as depicted in Fig. S3 (ESIT).
Incorporating BABS onto NaYF.:Yb,Tm results in its
surface being entirely covered, as shown in Fig. 1(b) and
(c). This coverage forms a tight contact structure on the surface
of NaYF,:Yb,Tm, facilitating efficient upconversion energy
transfer.

TEM analysis reveals that both BiOI and AgBiS, possess a
nanosheet morphology (Fig. S4 (a)-(c), ESIt). Additionally, high-
resolution TEM images of BABS-Tm (Fig. S4(e), ESIT) demonstrate
lattice spacings of 0.515 nm, 0.297 nm, 0.205 nm and 0.325 nm,
corresponding to the (100) and (110) planes of NaYF,:Yb,Tm, the
(113) plane of BiOI, and the (111) plane of AgBiS,, respectively,
indicating the successful synthesis of BABS-Tm.

X-ray photoelectron spectroscopy (XPS) was utilized to inves-
tigate the valence states of elements and their binding states in
materials. The detection of Bi, O, I, Ag, Bi, and S elements in the
samples confirms the successful synthesis of BiOI and AgBiS,
(Fig. S5(a) and (b), ESIt). Notably, although Ag and S signals
were less pronounced in the BABS sample (Fig. S5(c), ESIt), they
were still identifiable in the high-resolution XPS spectra. Com-
parative analysis of the high-resolution XPS spectra of Bi in
BiOI, AgBiS, and BABS (Fig. S5(d), ESIT) revealed peaks at
164.1 eV and 158.8 eV, corresponding to the Bi 4f;, and Bi
4f,;, orbitals of Bi**, respectively.’® A notable peak of S 2p is
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Fig. 2 (a) PL spectra of NaYF4:Yb, Tm, BiOl@NaYF4:Yb,Tm and BABS-Tm
under 980 nm irradiation. (b) DRS spectra of BiOl, AgBiS,, NaYF4:Yb,Tm
and BABS-Tm.

observed in the high-resolution Bi spectrum of AgBiS,. Analysis
from Fig. S5(e) (ESIt) assigns the 630.8 eV and 619.4 eV peaks to
the I3d;,, and I 3ds, orbitals of I, respectively.>* Constructing
a BABS heterojunction results in a 0.5 eV reduction in I's
binding energy. Concurrently, the binding energies of Ag
3d;/, and Ag 3ds),, located at 373.2 eV and 367.2 eV, increase
by 0.6 eV post-heterojunction formation (Fig. S5(f), ESIT). The
decrease of I binding energy and the increase of Ag™~ binding
energy indicates the strong interaction between BiOI and
AgBiS,, indicating the successful formation of a heterojunction.

Fig. 2(a) illustrates the photoluminescence (PL) spectra
comparisons among NaYF,:Yb,Tm, BiOI@NaYF,:Yb,Tm, and
BABS-Tm. It highlights that the observed luminescence at
365 nm, 450 nm, 475 nm, 647 nm and 800 nm corresponds
to the transitions of 'D,—*Hg, 'D,-°F,, 'G,—*Hg, 'G,-°F,, and
*H,-’H, of the Tm>*" energy levels, respectively.”>>* BiOI and
BABS exhibit similar light absorption capabilities towards
NaYF,:Yb,Tm in the visible light spectrum. However, the
reduced luminescence intensity of BABS-Tm at 647 nm and
800 nm, compared to BiOI@NaYF,:Yb,Tm, suggests that the
BABS heterojunction possesses superior light absorption prop-
erties than BiOI. Fig. 2(b) illustrates the samples’ absorption
spectra, revealing distinct band-edge absorptions of BiOI and
AgBiS, which are located at 650 nm and 1500 nm, respectively.
NaYF,:Yb,Tm shows the absorption capacity of 980 nm light,
corresponding to the transitions of the *F,;,~*Fs, of Yb**
energy level.>* Notably, the spectrum of BABS-Tm combines
the absorption features of BiOI, AgBiS,, and NaYF,:Yb,Tm,
evidencing the effective recombination of BABS-Tm.

This study assessed the photocatalytic degradation of TC by
BABS and BABS-Tm. As shown in Fig. S6(a) (ESI{), when the
proportion of AgBiS, is 2%, BABS exhibits the best photocata-
Iytic ability. Despite superior light absorption of AgBiS,, its high
electron-hole recombination rate negates the benefits of higher
AgBiS, proportions. Consequently, the BABS-2% formulation
was chosen for combination with NaYF,:Yb,Tm. The influences
of TC concentration and the dosages of the BABS catalyst on
photocatalytic efficiency are analyzed in Fig. S6(b) and (c)
(ESIT). The study revealed that increasing the BABS dosage
from 2.5 to 7.5 mg significantly enhanced the TC removal rate
from 37% to 75%. Beyond a 7.5 mg dosage, the increment in TC
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Fig. 3 (a) Photodegradation efficiency of BiOl, AgBiS, and BABS under
simulated solar light irradiation (UV-vis-NIR). (b) Photodegradation effi-
ciency of BABS and BABS-Tm under NIR light irradiation (>780 nm). (Inset:
UV-vis adsorption spectra of TC solution as a function of time upon NIR
light).

removal rate plateaued, reaching only 83% at 25 mg. Conse-
quently, a 7.5 mg dosage of BABS was established as the
optimal amount for further degradation studies. Additionally,
escalating the TC concentration from 5 mg L' to 80 mg L™ "
markedly reduced the removal efficiency from 87% to 27%.
Fig. 3(a) demonstrates that under simulated sunlight, the
photocatalytic degradation efficiencies of TC by AgBiS,, BiOI,
and BABS were 13%, 65%, and 78%, respectively, indicating the
superior performance of the BABS heterojunction. However,
BABS only degraded 23% of TC under NIR light irradiation for
120 min (Fig. 3(b)). The removal rate of TC was increased to
80% by integrating the BABS heterojunction with NaYF,:Yb,Tm,
which fully proved that the upconversion of NIR light by
NaYF,:Yb,Tm improved the photocatalytic performance.

To investigate the primary radicals in photocatalysis, tbutanol
(T-BuOH), disodium edetate (EDTA), and p-benzoquinone (BQ)
were utilized as scavengers for hydroxyl radicals (*OH), holes (h"),
and superoxide radicals (*O, ), respectively. The results depicted in
Fig. S7 (ESIT) show that the presence of T-BuOH led to a mere 10%
decrease in TC degradation, suggesting a minor role for *OH.
Conversely, adding EDTA and BQ reduced the TC degradation rates
from 80% to 26% and 21%, respectively, the 54% and 59%
decrease highlighted the predominant roles of h* and *0,” in
the photocatalytic process.

The energy band structure of the BABS heterojunction is
elucidated through band gap analysis, with BiOI and AgBiS,
exhibiting band gaps of 1.85 eV and 0.93 eV, respectively, as
determined by DRS-Tauc curve analysis (Fig. 4(a) and (b)). The
Mott-Schottky test revealed BiOI's flat band potential to be
0.08 V vs. Ag/AgCl (Fig. S8, ESIT), translating to be 0.28 V vs.
normal hydrogen electrode (NHE),>**° so the Fermi level (Ey) of
BiOI is 0.28 eV.>”*® When the heterojunction is formed, the E;
of BiOI and AgBiS, will be located at the same energy level,>
thus the Fermi level (Ef) of AgBiS, is 0.28 eV. Furthermore,
XPS-valence band (VB) spectra indicate the VB to E¢ distances for
BiOI and AgBiS, to be 1.18 eV and 0.22 eV, respectively (Fig. 4(c)
and (d)). Consequently, the conduction band (CB) and VB positions
for BiOI are established at —0.38 eV and 1.46 eV, while for AgBiS,,
these positions are —0.43 eV and 0.5 eV, respectively.
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Fig. 4 (a) DRS-Tauc plot curve of BiOl. (b) DRS-Tauc plot curve of AgBiS,.
(c) XPS-VB spectrum of BiOl. (d) XPS-VB spectrum of AgBiS,.

Analyzing the band positions of BiOI and AgBiS, suggests
two potential charge transfer pathways. The first involves the
formation of a type II heterojunction (Scheme 1(a)), where
electrons (e”) move from CBaggisz to CBgior, and h" transfer oppo-
sitely, culminating in the generation of *O, " on CBgc;. Alternatively,
a direct Z-type heterojunction may form (Scheme 1(b)), with e~ from
CBgiop recombining with h* from VByggisz, leading to the formation
of *O,” on CByggis;. The CB positions of both these two schemes
exceed the redox potential of 0,/*O,” (—0.33 V), enabling the
production of *O, . This is corroborated by the results of the capture
experiment. BiOI constitutes 98% of BABS, so it offers more reactive
sites. It primarily facilitates the production of *O,  in CBgior.
Therefore, scheme one represents the primary mechanism for
photocatalytic enhancement.

We proposed a reasonable photocatalytic enhancement
mechanism based on the above characterization results. Spe-
cifically, the NaYF,:Yb,Tm component of BABS-Tm converts
980 nm NIR light into multiple wavelengths (365 nm, 450 nm,
475 nm, 647 nm, and 800 nm) and transfers energy to BABS
through radiation energy, facilitating indirect photocatalysis
(Scheme 1(c)). Concurrently, the AgBiS, component enhances
the system’s visible and NIR light absorption, while the BABS
heterojunction promotes carrier migration and reduces recom-
bination. Finally, the *0,” and h" generated in the BABS
heterojunction interact with TC to efficiently degrade it into
harmless small molecules.

In summary, we successfully synthesized a BABS-Tm ternary
heterostructure via the hydrothermal method. BABS-Tm
enhances the absorption of NIR light in two ways. First, the
AgBiS, component extends the light absorption up to 1500 nm.
Second, the NaYF,:Yb,Tm component converts 980 nm NIR
light to high-energy visible light, enabling BABS-Tm to degrade
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Scheme 1 Schematic illustration of BABS-Tm under UV-vis-NIR irradiation. (a) Type Il heterojunction. (b) Z-scheme heterojunction. (c) Schematic
energy level diagrams of NaYF4:Yb,Tm under NIR light (980 nm laser) irradiation.

80% of TC under NIR irradiation within 120 min. Additionally,
the BABS heterojunction outperforms BiOI and AgBiS, in terms
of photocatalytic activity, attributed to the formation of a
heterojunction effectively changing the transfer path of charge
carriers and significantly inhibiting the recombination process.
This innovative construction extends the photocatalyst’s light
absorption to the UV-vis-NIR spectrum, optimizing solar energy
utilization.
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