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A B S T R A C T   

The degradation of organic pollutant by photocatalytic technology is an emerging and effective approach to 
purify water resources. Herein, we reported a heterostructure with selective adsorption and photocatalysis for 
the efficient removal of organic pollutant. The photocatalyst was comprised of up-converting nanoparticle 
(UCNP) coated with Ag/Bi2O3. The specific crystallinity of Bi2O3 facilitated the selective adsorption of organic 
molecules with negative polarity, Ag nanoparticles loaded on Bi2O3 promoted the visible light absorption, and 
the up-conversion property of UCNP turned near-infrared light into ultraviolet and visible light improving further 
light-harvesting efficiency in the whole solar spectrum. The adsorption process for organic pollutants over Ag/ 
UCNP@Bi2O3 obeyed the pseudo-second-order and the Langmuir isotherm models, and the maximum Langmuir 
adsorption capacity for tetracycline reached to 717.4 mg/g at pH 7. Meanwhile, the photocatalytic degradation 
rate of Ag/UCNP@Bi2O3 for tetracycline (100 mg/L) achieved to 0.0037 min− 1 under Xenon lamp irradiation 
after the adsorption equilibrium. This study provided a feasible strategy to develop photocatalysts with efficient 
adsorption and photocatalytic ability for organic pollutant from water.   

1. Introduction 

Photocatalysis is identified as one of the most promising technologies 
for solving the energy shortage and environmental pollution by directly 
utilizing solar energy [1–3]. Many nanoscale semiconductor photo
catalysts have been researched for the removal of organic pollutants, 
owning to their high efficiency, low cost, and low secondary pollution 
[4–6]. However, many challenges remain restricting the development of 
photocatalysts, including narrow photo-response spectral range, the 
high recombination rate of photogenerated electron/hole pairs, and 
poor chemical and thermal stability [7–9]. Therefore, modification of 
traditional photocatalyst to overcome these problems is becoming a 
focus of research [10–12]. Compared with the large bandgap semi
conductor materials (such as ZnO and TiO2), the photocatalysts with 
narrow bandgap can be excited by visible light and achieve higher solar 
energy utilization efficiency [13–16]. Especially, bismuth oxide (Bi2O3) 
is considered to be an excellent photocatalyst, which is non-toxic, 
earth-abundant, low cost, and high chemical stability [17–19]. It is 

found that the physical properties (such as bandgap, surface energy, and 
zeta potential) strongly depend on the crystal phase that includes four 
crystalline phases α, β, γ or δ-Bi2O3 with a bandgap of 2.6–3.9 eV 
[20–22]. In addition, the particular orbital hybridization of Bi 6 s and O 
2p in Bi2O3 makes the valence band (VB) move up, which is helpful for 
electron transition from VB to the conduction band (CB). This band 
alignment is beneficial for specific photocatalytic reactions such as 
carbon dioxide reduction [23–25]. Therefore, it is of great significance 
to explore new systems that provide Bi2O3 higher sunlight utilization 
efficiency and enhance charge separation. 

Semiconductors combined with noble metals (such as Au, Ag, and Pt) 
form heterostructures that can significantly improve light response due 
to the excitation of localized surface plasmon resonance (LSPR) of noble 
metal nanoparticles [26,27]. The small-size noble-metal nanoparticles 
can also work as active reaction sites and electron traps [27–29]. Since 
electron transfer occurs at the interface between the semiconductor and 
the noble metals, their contact areas significantly influence the overall 
photochemical activity of the heterostructure [26,30]. Therefore, the 
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coupling between noble-metals and semiconductors is becoming a new 
way to reduce the recombination rate of charge carriers and improve the 
harvesting efficiency of visible light. 

The photocatalyst system that is only driven by UV and visible light is 
unable of utilizing solar energy adequately since the near-infrared (NIR) 
light making up about 46% of the whole solar spectrum gets wasted. 
However, only a few works about NIR light-driven photocatalysis were 
reported in the last couple of years [31–33]. Up-conversion materials 
attracted extensive attention due to their unique properties associated 
with anti-Stokes scattering. The absorption of low-energy photons gen
erates excited electrons that subsequently transfer to another species 
resulting in the emission of higher energy photons [34,35]. One of the 
most striking approaches is up-conversion materials doped with 
lanthanide, which can convert two or more NIR photons to UV or visible 
light emissions and further excite the photocatalyst [36–38]. Mean
while, the core/shell structure consists of semiconductors deposited on 
the surface of up-conversion materials and can exhibit higher energy 
transfer efficiency than homogeneous mixtures. This higher perfor
mance is because of an efficient luminescence resonance energy transfer 
(LRET) process occurring when the two materials are in close contact 
(<10 nm) with each other [37,39]. 

Herein, a heterostructure was designed to remove organic pollutants 
efficiently and sufficiently utilize the sunlight for degradation. We 
selected NaYF4: 10%Yb encapsulated NaYF4: 20%Yb, 0.2%Tm (abbre
viated as UCNP) nanoparticle as the core structure, which showed 
outstanding up-conversion efficiency in terms of UV and blue emissions 
upon NIR light (980 nm) excitation [40]. Ag/Bi2O3 heterostructure was 
loaded on the surface of UCNP as the shell structure by solvothermal 
method followed by a photoreduction step. The Bi2O3 with specific 
crystallinity facilitated the selective adsorption for the negative polarity 
organic molecule; the LSPR effect between Ag and Bi2O3 promoted 
visible light adsorption, and the up-conversion effect of UCNP convert
ing NIR into visible light further improved the light utilization. The 
Ag/UCNP@Bi2O3 presented efficient selective adsorption and photo
catalytic activity for tetracycline (TC) removal. This work provides a 
feasible strategy to design photocatalysts with selective adsorption and 
photocatalytic activity for organic pollutants under the full solar 
spectrum. 

2. Experimental 

The detailed materials (S1.1), synthetic process, characterizations 
and performance test of photocatalysts could be found in Supplementary 
Information. 

2.1. Preparation of photocatalysts 

UCNP were prepared by thermal decomposition method, and Ag/ 
Bi2O3 heterojunction were synthesized by solvothermal method com
bined with photoreduction method. The detailed procedures for the 
preparation of photocatalysts was displayed in Supplementary Infor
mation (S1.2). 

2.2. Adsorption activity measurement 

The negative polarity methyl orange (MO), the amphoteric tetracy
cline (TC) and the positive polarity rhodamine B (RhB) were used in this 
work as the simulated organic pollutants to measure the adsorption 
performance of the as-prepared samples. The detailed procedure of 
adsorption activity measurement was exhibited in the Supplementary 
Information (S1.3). 

2.3. Photocatalytic activity measurement 

Photocatalytic activities of the as-prepared samples were evaluated 
by the degradation of the RhB and TC solution. The simulated sunlight 

was supplied by a Xenon lamp (BL-GHX-V, 300 W), which was equipped 
with various filters to provide different irradiation bands. In a typical 
experiment, 40 mL of RhB (10 mg/L) was loaded in a 100 mL quartz 
reactor. Next, 20 mg of photocatalyst was added to the solution and 
stirred for 2 h in the dark to reach an adsorption-desorption equilibrium. 
After that, the solution was exposed to Xenon lamp irradiation for a 
given time period. The real-time concentration of dye molecules in the 
solution was calculated according to the Beer-Lambert law using UV–Vis 
spectroscopy. The RhB degradation process was monitored by the Ct/C0 
ratio, where C0 was the initial concentration of organic pollution, Ct was 
the concentration at the time t. The degradation process of TC was 
similar to the RhB, difference is the concentration of TC (40 mL, 100 mg/ 
L) and weight of the photocatalyst (40 mg) has been adjusted appro
priately to achieve the best performance. 

2.4. Detection on species of photogenerated ROS 

The active species trapped experiments were performed to analyze 
the photocatalytic mechanism of Ag/UCNP@Bi2O3. RhB solution con
taining 1 mM of 1,4-benzoquinone (BQ), tert-butyl alcohol (t-BuOH), or 
disodium ethylenediaminetetraacetate (Na2EDTA), was introduced into 
catalysis solution as the scavenger of superoxide radical (•O2

− ), hy
droxyl radical (•OH) and hole (h+), respectively. This experiment was 
carried out under the same conditions as RhB photodegradation (dis
cussed in 2.3). 

3. Results and discussion 

3.1. Synthetic strategy 

The synthetic process for the core-shell Ag/UCNP@Bi2O3 NPs is 
shown in Fig. 1A. The uniform NaYF4: 20%Yb, 0.2%Tm nanoparticles 
(Fig. 1A(a)) are synthesized from the thermal decomposition process in 
organic solvents, and the OA ligands coating on their surface can keep 
them dispersed in organic solvents (corresponding to Fig. B). The outer 
layer of NaYF4: 10%Yb is then produced in a process similar to that of 
NaYF4: 20%Yb, 0.2%Tm to form the UCNP (Fig. 1A(b)), for further 
enhancing the up-conversion luminescence effect under 980 nm laser 
irradiation. HCl aqueous solution (pH = 4) is used to protonate the 
carboxylate groups of OA molecules and remove them from the UCNP 
for the smooth growth of Bi2O3 nanocrystal. Bi2O3 is synthesized by the 
solvothermal method to obtain the UCNP@Bi2O3 core-shell structure 
(Fig. 1A(c)). Ethylene glycol (EG) is chosen to dissolve Bi(NO3)3⋅5H2O 
and maintain the stable morphology of UCNP. The chemical reaction in 
the process to obtain Bi2O3 nanoparticles can be formulated as in Fig. 1A 
(e). Ag NPs are loaded onto the core-shell structure’s surface by the 
photoreduction of AgNO3 under the simulated sunlight conditions to 
form the Ag/UCNP@Bi2O3 (Fig. 1A(d)). 

3.2. Characterization 

The morphology of the as-prepared samples was characterized by 
TEM as shown in Fig. 1B-E. The NaYF4: 20%Yb, 0.2%Tm (Fig. 1B), and 
the UCNP (Fig. 1C) both display uniform spherical appearance, which is 
the characteristic morphology of NaYF4 crystals as reported in previous 
work [35]. And the size of the UCNP with an average diameter of about 
20 nm is larger than that of the NaYF4: 20%Yb, 0.2%Tm. After the sol
vothermal reaction, a rough shell with a thickness of about 2 nm 
composed of small Bi2O3 nanodots is grown on the surface of the UCNPs 
to form the UCNP@Bi2O3 core-shell nanostructure (Fig. 1D). The change 
of samples was analyzed by particle size diagram shown in Fig. S1 in 
Supplementary Information. The morphology of the UCNP@Bi2O3 is not 
significantly changed after the modification with Ag NPs by the photo
reduction process as shown in Fig. 1E, which may be owing to the small 
size and the low content of Ag NPs. The HRTEM image (inset in Fig. 1E) 
exhibits two distinct lattice fringes with a spacing of ~0.52 nm 
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corresponding to the (100) plane of NaYF4 and a larger spacing of 
~0.28 nm corresponding to the (110) plane of Bi2O3. These results 
confirm that the structures are crystalline, in agreement with the XRD 
results in Fig. 2A. Energy dispersive spectroscopy (EDS) was used to 
verify the elemental composition of Ag/UCNP@Bi2O3. As shown in 
Fig. S2 in Supplementary Information, elemental Bi, O, Na, Y, and F can 
be observed, while there is overlap between the Bi and Y peaks, leading 
to higher atomic ratio analysis error. Although weak, the Ag peak is 
present, indicating that the modification with Ag NPs through photo
reduction was successful. 

The crystalline structures of the UCNP and the Ag/UCNP@Bi2O3 
were confirmed by the XRD patterns (Fig. 2A). All of the diffraction 
peaks from primitive UCNP (black line) can be clearly indexed to pure 
hexagonal β-phase NaYF4 crystal (JCPDS no. 16-0334). The peaks 
located at 17.2◦, 30.1◦, 30.7◦, 43.5◦, and 53.7◦ are consistent with the 
(100), (110), (101), (201), and (211) planes of β-NaYF4 crystal, 
respectively. After the modification of Bi2O3 and Ag NPs, the XRD 
pattern of the Ag/UCNP@Bi2O3 (red line) shows an almost amorphous 
structure and only faint β-Bi2O3 peaks can be observed except UCNP. 
The peaks at 28.8◦, 32.6◦, 46.14◦, and 55.6◦ are well indexed to the 
β-Bi2O3 (JCPDS no. 27-0050), suggesting that Bi2O3 exists in a hetero
geneous structure consisting of mainly amorphous and a small amount 

of tetragonal phase. There are no pronounced diffraction peaks from Ag 
in the Ag/UCNP@Bi2O3, probably due to the low mass ratio of Ag and 
Bi2O3, and the loaded Ag with small size that the peaks are hard to be 
detected. Therefore, the XRD analysis confirms our expectation that the 
Ag/UCNP@Bi2O3 comprises an amorphous/tetragonal phase Bi2O3 and 
the hexagonal phase NaYF4, which will facilitate the selective adsorp
tion of organic pollutants and the full utilization of the solar spectrum 
for catalytic degradation. 

The surface elements and chemical states of the Ag/UCNP@Bi2O3 
were analyzed by XPS. The Bi, O, Ag, C, F, and Y peaks can be observed 
in the spectrum in Fig. 2B. The high-resolution XPS spectrum of Bi 4f 
(Fig. S3A) has two different peaks at 157.98 eV and 163.32 eV, which 
are attributed to Bi 4f7/2 and Bi 4f5/2, respectively. The difference value 
of the Bi 4f peaks is 5.3 eV which is consistent with the Bi2O3 form [1]. 
Similarly, the different peaks at 302.27 eV and 314.0 eV in Fig. S3B are 
attributed to Y 3p3/2 and Y 3p1/2, which demonstrates the Y presence in 
the form NaYF4. The Ag 3d5/2 and Ag 3d3/2 peaks at 368.01 eV and 
373.91 eV are ascribed to Ag0 as shown in Fig. S3C, which shift down by 
0.19 eV compared to pure Ag with peaks at 368.2 eV and 374.1 eV [30]. 
The binding energy shift of Ag 3d to Bi 4f indicates that the Ag NPs were 
successfully loaded on the surface of Bi2O3 to form the Ag/Bi2O3 
heterostructure. 

Fig. 1. The synthesis diagram of Ag/UCNP@Bi2O3 nanoparticle (A). The typical TEM images of NaYF4: 20%Yb, 0.2%Tm (B), UCNP (C), and UCNP@Bi2O3 (D). The 
TEM image of Ag/UCNP@Bi2O3 and the HRTEM image (inset) (E). 
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The photocatalytic capacity of the Ag/UCNP@Bi2O3 is related to the 
degree of light absorption. Therefore, the UV–Vis DRS was tested to 
determine the optical properties of the as-prepared samples. The typical 
reflectance spectrum of pure Bi2O3 can be observed in Fig. 2C, which 
means the good visible light absorption of the as-prepared Bi2O3. The 
DRS of UCNP@Bi2O3 does not change significantly from that of Bi2O3, 
indicating that the UCNP has nearly no effect on the UV–Vis absorption 
of the sample. As for the Ag/Bi2O3 and Ag/UCNP@Bi2O3, the overall 
intensity of visible light reflection is further reduced compared with that 
of the Bi2O3 and UCNP@Bi2O3. These results confirm that the hetero
junction and the LSPR effect between Ag and Bi2O3 enhance their visible 
light absorption efficiency. The bandgap energies of the as-prepared 
samples are obtained from DRS spectra by applying the Kubelka-Munk 
function as shown in Fig. 2D. The UCNP is not a semiconductor mate
rial. As a result, the bandgap of the UCNP@Bi2O3 becomes larger, which 
also could explain the increase of Ag/UCNP@Bi2O3. Meanwhile, Ag 
could facilitate the electron transfer of semiconductors, and lead to the 
bandgap of the Ag/Bi2O3 decline. This could explain the decrease of the 
Ag/UCNP@Bi2O3 bandgap relative to the UCNP@Bi2O3. 

Fig. 2E shows the photoluminescence (PL) spectrum of the as- 
prepared samples under the excitation of a 980 nm NIR laser. The 
UCNP displays two UV emission bands at 345 nm and 361 nm and two 
visible (blue) emissions at 451 nm and 477 nm, which are due to the 
transitions of 1I6→3H6, 1D2→3H6, 1D2→3F4, and 1G4→3H6 in Tm3+ ions, 
respectively. After being loaded with the Bi2O3 shell, the intensities of 
UV and visible emissions drastically declined, which means that the 
LRET process may occur in the UCNP@Bi2O3 hybrid nanostructure, 
leading to a more efficient energy transfer. Generally speaking, the 
strong fluorescence intensities in PL spectrum indicates the high 
recombination of photogenerated electron-hole pairs. The fluorescence 
intensity of the Ag/UCNP@Bi2O3 was slight, meaning the minimum 
recombination rate of photogenerated carriers. The UV–Vis–NIR ab
sorption spectrum of the as-prepared samples is presented in Fig. 2F. The 
strong absorption peaks in the UV and visible region corresponding to 
the excitation process of the Ag/Bi2O3 heterostructure. The weak peak at 
980 nm can be attributed to the up-conversion process of UCNP. The 
combination of all these absorption characteristics into a system 

presents the possibility of a broad photo-response from the UV to NIR 
range. 

3.3. Adsorption and photocatalytic activity 

As common simulated pollutants, MO and RhB were used to evaluate 
the adsorption and photocatalytic performance of the as-prepared 
photocatalysts under simulated solar source (Xenon lamp, wavelength: 
200–1000 nm). The MO (40 mL, 10 mg/L) solution with the photo
catalysts (40 mg) was magnetically stirred in the dark to achieve the 
adsorption/desorption equilibrium and minimize the effect of adsorp
tion kinetics on the photodegradation evaluation. Surprisingly, the MO 
molecule is almost entirely absorbed by the four types of nanoparticles 
in less than 1 h (Fig. 3A). This phenomenon may be caused by the 
electrostatic interaction between the high positive potential caused by 
the special Bi2O3 crystallinity and the negative potential of the MO 
molecule. The special crystalline Bi2O3 we prepared in the research is 
the compound of amorphous structure and faint β-Bi2O3. Amorphous 
Bi2O3 molecules may contain a large number of dangling bonds, which 
endows Bi2O3 more active adsorption capacity. In contrast, the photo
catalysts (40 mg) show relatively weak adsorption to positive polarity 
RhB (40 mL, 10 mg/L), and the adsorption process is unstable, accom
panied by the desorption process as shown in Fig. 3B. The concentration 
of the simulated pollutants decreases during adsorption process, 
resulting in the electrostatic interaction variable, and thus leading to the 
adsorption efficiency unstable. 

The zeta potential and the adsorption of the as-prepared photo
catalysts at different temperatures were obtained to verify this hypoth
esis. The samples’ zeta potential results obtained at pH = 7 are shown in 
Fig. 3C. All samples show a positive potential, but the values for the Ag/ 
UCNP@Bi2O3 and the UCNP@Bi2O3 are remarkably higher. The pHzpc 
value of the Ag/UCNP@Bi2O3 was measured to be 11. In the case of pH 
< pHzpc, the surface of the Ag/UCNP@Bi2O3 is positively charged due to 
the formation of H3O+, leading to an enhancement of adsorption ca
pacity to negative polarity molecule. The zeta potential depends on the 
environment temperature. With the temperature rising above 25 ºC, the 
photocatalysts adsorption efficiency to RhB after 2 h presents a 

Fig. 2. The XRD patterns (A) of the UCNP and the Ag/UCNP@Bi2O3. The XPS spectrum of the Ag/UCNP@Bi2O3 (B). The DRS spectrum of the as-prepared samples 
(C), and the derived bandgap energy (D). The PL spectra (E) and the UV–Vis–NIR absorption spectra (F) of samples. (For interpretation of the references to colour in 
this figure, the reader is referred to the web version of this article.) 
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downtrend as shown in Fig. 3D, further confirming that the adsorption 
process is related to the samples’ potential [7]. 

To further test the selective adsorption property of the photo
catalysts, the adsorption of high concentration MO (250 mg/L) and RhB 
(100 mg/L) were considered. The adsorption curves of different samples 

exhibit a similar trend in Fig. 4A, and all the samples show excellent 
adsorb ability with more than 80% adsorption rate within 8 h. The 
corresponding pseudo-first-order and pseudo-second-order kinetic 
models are presented in Fig. 4B and C, respectively. The adsorption 
model of all photocatalysts is more consistent with the pseudo-second- 

Fig. 3. MO (A) and RhB (B) adsorption to the as-prepared photocatalysts. The zeta potentials of the corresponding nanoparticles (C). The adsorption effect of the 
photocatalysts to RhB taking 2 h at different temperatures (D). 

Fig. 4. High concentration MO adsorption on the as-prepared photocatalysts (A). The corresponding pseudo-first-order kinetic model (B) and pseudo-second-order 
kinetic model (C). The adsorption effect of the as-prepared photocatalysts to the high concentration RhB (D). 
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order kinetics (R2 = 0.972) rather than the pseudo-first-order (R2 =

0.835), suggesting that the adsorption process comes from potential 
action and specific surface area adsorption. The adsorption efficiency of 
the samples to high concentration RhB (100 mg/L) (Fig. 4D) shows a 
similar trend with that of the low RhB concentration (10 mg/L). The 
photocatalysts’ adsorption effect to high RhB concentration is worse 
than that of the high MO concentration, implying the selective photo
catalysts’ adsorption capacity. 

To better present the photodegradation property of the samples, we 
selected the positive polarity dyes RhB (40 mL, 10 mg/L) as simulated 
organic pollutants and reduced the quality of the sample (20 mg) to 
lower the adsorption. After reaching the adsorption/desorption equi
librium in the dark, the photocatalytic activity of the samples was 
investigated under Xenon lamp irradiation. Fig. 5A shows the concen
tration change curves of RhB during photodegradation. After Xenon 
lamp irradiation without optical filter for 5 min, Ag/UCNP@Bi2O3 
shows excellent photocatalytic activity (87.1%), much higher than the 
Ag/Bi2O3 (63.7%) and the UCNP@Bi2O3 (44.7%). The catalytic per
formance of Bi2O3 is average (37.6%), and the RhB concentration 
without photocatalyst remained unchanged under illumination. The Ag 
NPs on Bi2O3 can work as the active sites to improve the light absorption 
efficiency due to LSPR excitation. Meanwhile, the Ag NPs load can 
decrease the recombination rate of the photogenerated electrons and 
holes to further increase the photocatalytic activity. Therefore, the 
photocatalytic performance of samples is significantly enhanced after Ag 
NPs loading. The Xenon lamp used in this experiment contains UV, 
visible, and NIR light. Thus, the difference in photocatalytic activity 
between the Ag/UCNP@Bi2O3 and the Ag/Bi2O3 (similar as the 
UCNP@Bi2O3 and the Bi2O3) can be inferred from the up-conversion 
effect of UCNP, which improves the light utilization and extend the 
excitation light range of photocatalyst. 

To evidence the photocatalytic capacity of samples under NIR light 
irradiation, the photocatalytic degradation was investigated using a 
Xenon lamp with filters to block the high energy spectral range (UV and 
visible) except for NIR light that passed through (main band 
λ = 980 nm) [39]. As shown in Fig. 5B, after equilibrium, the RhB 
degradation barely changed by Bi2O3 and Ag/Bi2O3, with a slight RhB 
desorption observed for Bi2O3 due to the temperature increase caused by 

NIR light. In contrast, a significant RhB concentration decrease is 
observed in the case of UCNP@Bi2O3 or Ag/UCNP@Bi2O3. Remarkably, 
the Ag/UCNP@Bi2O3 (56.3%) nanostructure exhibits higher catalytic 
activity than the UCNP@Bi2O3 (42.5%) after 120 min of reaction. From 
the kinetics point of view, the photodegradation process can be 
considered as a first-order reaction, and the degradation rate can be 
expressed as ln (C0/Ct) = kt, where k is the degradation rate constant 
(min− 1). The rate constant values were determined from the slope of ln 
(C0/Ct) versus t plots. As shown in Fig. 5D, the Ag/UCNP@Bi2O3 shows 
high photocatalytic activity with a rate constant (k) of 0.0051 min− 1, 
much higher than that of the UCNP@Bi2O3 (0.0036 min− 1), the 
Ag/Bi2O3 (0.0012 min− 1), and the Bi2O3 (0.0006 min− 1). In addition, 
we also investigated the photocatalytic stability of the Ag/UCNP@Bi2O3 
under Xenon lamp irradiation. Our results show that the nanostructure 
exhibits good stability after being reused five times (Fig. 5E). 

To better understand the photocatalytic process, the different reac
tive oxygen species (•O2

− , •OH, h+) generated during the photocatalytic 
process were identified by free radical and hole scavenging experiments. 
RhB solution containing 1 mM of 1,4-benzoquinone (BQ), tert-butyl 
alcohol (t-BuOH), or disodium ethylenediaminetetraacetate 
(Na2EDTA), was introduced into the catalysis solution as scavengers of 
•O2

− , •OH and h+, respectively. This experiment was carried out under 
the same conditions as RhB photodegradation. Fig. 5F shows the pho
todegradation of RhB by the Ag/UCNP@Bi2O3 in the presence of these 
various ROS probe compounds under Xenon lamp illumination. 
Compared with the no scavenger system, the reaction in the presence of 
the •OH scavenger t-BuOH is slightly slower. In contrast, the reaction 
performed in the presence of the h+ scavenger Na2EDTA is nearly 
completely inhibited. The photocatalytic activity is also greatly reduced 
in the presence of the •O2

− scavenger BQ. These results strongly suggest 
that •O2

− , •OH, and h+ all contribute to the photodegradation, but •OH 
radical is the key intermediate as its trapping results in complete sup
pression of catalytic activity. 

For exploring the adsorption and photocatalytic capacity of Ag/ 
UCNP@Bi2O3 in practical application, we chose tetracycline (TC) as 
targeted pollutant, which is a common antibiotic and difficult to be 
removed in natural conditions. The effect of initial TC concentration on 
the adsorption by Ag/UCNP@Bi2O3 was studied (Fig. 6A), and the data 

Fig. 5. The photodegradation activity of the as-prepared photocatalysts to RhB under full-range light (A), and NIR light (B). The UV–Vis absorption spectra of RhB 
over Ag/UCNP@Bi2O3 under NIR light (C). The fitted curve of photodegradation activity under NIR light (D). Photodegradation activity of five cycles under full- 
range light (E). The photocatalytic activity of the Ag/UCNP@Bi2O3 with scavenger under the Xenon lamp radiation for 5 min (F). 
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were analysed using the Langmuir (Fig. 6D) and the Freundlich (Fig. 6E) 
isotherm models. The result was better described by the Langmuir model 
based on its higher coefficient of determination (R2 = 0.974, 
qm=717.4 mg/g), which indicated the adsorption of TC onto Ag/ 
UCNP@Bi2O3 transpired via monolayer adsorption. Meanwhile, the 

influence of initial pH value of the TC solution on the adsorption ca
pacity of Ag/UCNP@Bi2O3 was explored. As shown in Fig. 6B, the 
adsorption rate of the samples increased in both acid and alkali condi
tions, and showed the highest adsorption rate at the pH= 6 condition. 
This phenomenon can be explained by the molecular formula of TC at 

Fig. 6. The effect of initial TC concentration on the adsorption by Ag/UCNP@Bi2O3 (A). The effect of initial pH value of TC solution on the adsorption property of 
Ag/UCNP@Bi2O3 (B). The molecular formula of TC at different pH (C). The Langmuir adsorption isotherm (D) and the Freundlich adsorption isotherm (E) of TC by 
Ag/UCNP@Bi2O3. 

Fig. 7. The UV–Vis absorption spectra of TC over Ag/UCNP@Bi2O3 with different time under dark adsorption conditions (A) and photodegradation of TC under full 
range Xenon lamp illumination (B). The fitted curve of photodegradation of TC over Ag/UCNP@Bi2O3 under full range Xenon lamp illumination (C). The photo
degradation activity of the as-prepared photocatalysts to TC under full-range light (D). The selective adsorption capacity of the Ag/UCNP@Bi2O3 for the mixed 
solution of TC and RhB (E). The schematic illustration of the photocatalytic mechanism of the Ag/UCNP@Bi2O3, and the energy transfer mechanisms show the up- 
conversion process of Yb3+ and Tm3+ doped UCNPs under 980 nm excitation (F). 
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different pH (Fig. 6C). The TC is an amphoteric molecule, which could 
occur dissociation either acid or alkali conditions as shown in Fig. 6C, 
leading to the decrease of potential. This phenomenon enhanced the 
interaction between TC molecule and Ag/UCNP@Bi2O3, and thus en
hances the increase of adsorption rate. 

Then, we chose the TC solution in suitable concentration (100 mg/L) 
to further verify the photodegradation ability. After reaching the 
adsorption/desorption equilibrium in dark, the Ag/UCNP@Bi2O3 was 
subsequently irradiated under the full spectrum Xenon lamp illumina
tion, for investigating the adsorption and photocatalytic activity. The TC 
removal processes by the Ag/UCNP@Bi2O3 were shown in Fig. 7A 
(dark) and B (light), respectively. From the time-dependent absorbance 
of TC solution over the Ag/UCNP@Bi2O3, the intrinsic peak of TC 
molecules at 356 nm gradually decreases with the reaction time. The 
Ag/UCNP@Bi2O3 was found a good adsorption amount for TC, which 
could adsorb 53% TC within 90 min in dark. Besides, under full spec
trum light irradiation, the Ag/UCNP@Bi2O3 showed excellent photo
degradation effect accompanying mild desorption, and the degradation 
rate for TC (100 mg/L) could reach to 0.0037 min− 1 by the first-order 
reaction model (Fig. 7C). On the contrary, when the special crystalline 
Ag/UCNP@Bi2O3 has been calcined at 450 ºC for 1 h, its adsorption and 
photocatalytic capacity both decreased (Fig. S4), which meant the spe
cial crystalline sample showing better removal effect for the organic 
pollutant. The photodegradation trend of the as-prepared samples to TC 
(Fig. 7D) is the same as that to RhB, indicating the degradation process is 
universal. The mixed solution of TC and RhB with equal concentration 
(100 mg/L) was used to verify the selective adsorption of the Ag/ 
UCNP@Bi2O3. As shown in Fig. 7E, the peak (356 nm) of TC in the 
UV–Vis absorption spectra showed an obvious downward trend with 
time changing. While the peak (550 nm) of RhB in the mixed solution 
almost unchanged, indicating the Ag/UCNP@Bi2O3 has selective 
adsorption capacity. 

3.4. Mechanism for the enhancement of photocatalytic activity 

Under excitation by NIR light, the UCNP absorbs NIR photons, the 
electrons in Tm3+ ions get excited to high energy levels, and then NIR 
light is upconverted to UV and visible light. The excited electrons in the 
UCNP may transfer to the surrounding of the Ag/Bi2O3 shell via an 
efficient LRET process. This transfer process can better utilize the 
excited electrons than a single radiation reabsorption process (Fig. 7F). 
Therefore, the Ag/Bi2O3 heterostructure is activated by the UCNP under 
NIR light and sequentially produces photogenerated (PG) e- and h+. 
Meanwhile, the local surface plasmon resonance (LSPR) effect caused by 
the Ag nanoparticles could cause electron oscillation to facilitate the 
charge carriers transfer, which is an effective strategy to promote the 
separation efficiency of photoexcited charge carriers [41–45]. When the 
PG e- migrates to the particle surface, it reacts with surrounding O2 and 
produces •O2

− radicals that act as oxidants for the dye degradation. On 
the other hand, due to the unique band structure of the Bi2O3 when the 
PG h+ migrates to the particle surface, they will directly excite H2O 
molecules to form •OH. Besides working under NIR light, the Ag/Bi2O3 
shell also can be activated by UV and visible light. Therefore, the 
Ag/UCNP@Bi2O3 composites show an enhanced activity under the full 
solar light. 

4. Conclusions 

In summary, the Ag/UCNP@Bi2O3 composites exhibited efficient 
selective adsorption and photocatalytic activity for organic pollutant 
removal. The selective adsorption of the Ag/UCNP@Bi2O3 mainly from 
the specific crystallinity of Bi2O3, and the adsorption process for organic 
pollutants obeyed the pseudo-second-order and the Langmuir isotherm 
models. The LSPR effect between Ag and Bi2O3 promoted visible light 
adsorption, and the up-conversion effect of UCNP converting NIR into 
visible light further improved the light utilization. Meanwhile, the 

reactive oxygen species and photocatalysis pathway were elucidated 
and discussed in detail. This study provided a new route for developing 
highly efficient adsorbent and broadband photocatalysts for the removal 
of organic pollutants from water. 
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