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The surface deposition of noble metals can effectively improve photocatalytic performance by the effect of
electron trapping (ET) or surface plasmon resonance (SPR), but it is not clear which effect dominates the
photocatalytic degradation of organic dyes under light irradiation at specific wavelengths. In this work,
a series of xAg-(1—x)BiOBr (x = 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06) nanosheets were synthesized via
an ultrasonic-assisted chemical coprecipitation and photo-deposition reaction. The effect of light-
emitting diode (LED) with different wavelengths on the photocatalytic degradation of Rhodamine B (RhB)
dye was investigated. The results revealed that the hole (h*) and superoxide free radical (O, ") of xAg-
(1—x)BiOBr were the main reactive groups contributing to the rapid decomposition of RhB dye. However,
it is worth noting that the sources of the main active groups under LED with different wavelengths were
different. Notably, photocatalytic performance was enhanced by the ET effect or SPR effect of Ag

particles under LED of 390 nm or 570 nm, respectively. Moreover, both the ET and SPR effects
Received 12th February 2025

Accepted 8th April 2025 synergistically enhanced the photocatalytic performance of Ag-BiOBr under full-spectrum irradiation

(xenon lamp). This work provides theoretical and experimental insights into noble metal deposition

DOI: 10.1039/d5ra01035g modification and accelerates the application of photocatalysis technology in the degradation of printing
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1. Introduction

Photocatalysis, as an advanced oxidation technology (AOT), has
widely drawn attention owing to its promising application
prospects in environmental improvement, such as wastewater
degradation."® BiOBr is an ideal visible-light-response semi-
conductor with a band gap of 2.87 eV.? The [Bi,O,]*" layer and
double Br~ layer in BiOBr with a tetragonal PbFCI crystal
structure overlap with each other along the c-axis to form an
open-layered crystal structure. Such a specific crystal structure
enables BiOBr to exhibit stable photocatalytic performance and
a two-dimensional sheet morphology. Meanwhile, BiOBr has
the drawback of a high photo-generated charge-carrying
recombination rate, which seriously restricts the application
of BiOBr in wastewater treatment.>® Various modification
methods (based on different mechanisms) on BiOBr photo-
catalysts have been reported, including element doping,” noble
metal deposition,®*® semiconductor compounding or dye
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sensitization,™® for improving the separation efficiency of
photo-generated electrons and holes. Among them, surface
deposition of noble metals is one of the simplest and most
efficient methods for significantly enhancing photocatalytic
performance.

Noble metals (Pt, Au, Ag) reduce the recombination of the
electron-hole pairs via electron trapping (ET) or surface plas-
mon resonance (SPR).""*> Among them, silver is the most widely
used material and is applicable for industrial applications at the
cheapest price.”® Yu et al. demonstrated that Ag could reduce
the recombination of photo-generated charge carriers by trap-
ping photo-generated electrons in Ag-BiOBr sheets."* In
contrast, Jiang et al. reported that the modification with 0.2-
2 wt% Ag particles deposited on the surface of BiOBr sheets
significantly decreased the photocatalytic performance.* They
concluded that a part of Ag easily formed AgBr with Br, while the
other part of Ag was transformed into Ag' and then converted
into Ag,O. On the one hand, Ag broadened the spectral
absorption intensity of BiOBr in the visible region (especially
430-800 nm). On the other hand, Ag,O and the structural
defects of BiOBr caused by Br~ detachment jointly reduced the
photocatalytic performance. In addition, the particle size also
affects the role of noble metals on the surface of BiOBr. Ye et al.
investigated the effect of Au particle size on the photocatalytic
performance of the BiOBr/g-C;N,/Au ternary composite photo-
catalyst.® Larger Au particles played a bridging role in the
electron transport medium between g-C3N, sheets and BiOBr
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sheets, making holes the main active groups for degrading
organic dyes. The SPR effect caused by the smaller Au particles
led the free electrons to become the main active groups.

In this study, the photocatalytic performance of Ag-BiOBr
under a light-emitting diode (LED) with a specific wavelength
was explored to reveal the effects of Ag content and light source
on the photocatalytic degradation of organic dyes. In addition,
the mechanism by which Ag-BiOBr suppresses the recombina-
tion of photo-generated charge carriers under different light
irradiation (LED and full spectrum light) was explained. The
results could provide more experimental basis and theoretical
guidance for noble-metal deposition modification and promote
the application of AOT in the deep degradation of printing and
dyeing wastewater.

2. Experimental
2.1 Synthesis of xAg-(1—x)BiOBr

According to our previous report,”** 300-500 nm round BiOBr
nanosheets were prepared by ultrasonic-assisted chemical
coprecipitation. In general, the silver content of the noble
metal-modified photocatalysts was lower for excellent ET or SPR
effect."*>' Meanwhile, the size of Ag particles on the surface of
the photocatalysts increased with the extension of photo-
deposition time.** The Kessil PR160 LED was selected as the
irradiation source for the photo-deposition synthesis to ensure
that low concentrations of AgNO; were rapidly converted into
small-sized Ag particles and uniformly distributed on the
surface of BiOBr.

As shown in Fig. 1, BiOBr nanosheets and AgNO; were first
dispersed in a mixed solution of CH;OH and H,O (1:1 by
volume) via ultrasonic stirring for 10 min. Then, xAg-(1—x)
BiOBr (x = 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06) samples were
obtained by irradiation for 30 s. CH;OH acted as a reducing
agent to accelerate the photo-deposition process of Ag particles
by consuming ambient oxygens and holes produced by BiOBr."

2.2 Characterization and measurements

The instrument details of microstructure, crystal structure
characterization and property testing are provided in the
experimental section of the ESI.f The photocatalytic perfor-
mance was evaluated by degrading Rhodamine B (RhB) dye
solution (20 mg L™ '). The photocatalyst dose was 10 mg L™ .
As shown in Fig. S1,t the main wavelengths of the LED
(PR160, Kessil) were 390 nm and 570 nm, respectively, with
a maximum light intensity of 230 mW c¢m 2. A xenon lamp
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Fig. 1 Schematic of the synthesis of Ag-BiOBr.
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(190-1100 nm, 2000 mW cm >, CEL-HXF300) was used as the
simulated full-spectrum light source.

3. Results and discussion

The XRD patterns of BiOBr and xAg-(1—x)BiOBr are shown in
Fig. 2a. Due to the low content of Ag, the XRD patterns of xAg-
(1—x)BiOBr (x = 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06) were
dominated by the characteristic diffraction peaks of tetragonal
BiOBr. Part of the XRD patterns (26 = 37-46°) were amplified to
observe the content change of Ag in xAg-(1—x)BiOBr. The
excessively low content (about 0.4 wt%) of Ag in 0.01 Ag-
0.99BiOBr results in the inability to observe the characteristic
peaks of elemental silver. Except for the two characteristic
diffraction peaks at 38.1° and 44.2° corresponding to the 111
and 220 crystal planes of elemental Ag, no peaks other than the
tetragonal BiOBr appeared in xAg-(1—x)BiOBr (x = 0.02, 0.03,
0.04, 0.05, and 0.06) samples. The intensity of the above two
characteristic diffraction peaks increased with the increase in
Ag in xAg-(1—x)BiOBr samples. In addition, SEM, EDS, and TEM
will be employed to confirm the morphology and size of
elemental Ag in xAg-(1—x)BiOBr. In addition, as shown in
Fig. 2b, spherical particles were attached to the surfaces of the
BiOBr nanosheets. The EDS results present that the atomic ratio
of Bi to Bris 28.77 : 25.79, which is close to the atomic ratio of Bi
to Br in BiOBr (1:1). The presence of 4.27 mol% Ag indicates
that Ag particles were successfully photo-deposited on the
surface of BiOBr (Fig. 2c). As shown in Fig. 2d-f, 10-20 nm
spherical Ag particles are dispersed deposited on the surface of
BiOBr nanosheets without accumulation. The uniform distri-
bution of Ag particles is advantageous for the capture of light
energy by Ag and BiOBr.

The chemical states and binding forms of BiOBr and Ag in
xAg-(1—x)BiOBr were analyzed by XPS. The binding energy
absorption peaks of BiOBr and xAg-(1—x)BiOBr samples are
similar, except for the characteristic Ag absorption peaks at
366-378 eV (Fig. S2at). As shown in Fig. S2b,i the binding
energy absorption peak interval of Ag 3d,/; and Ag 3ds, in xAg-
(1—x)BiOBr samples is 6.0 eV, which is attributed to elemental
Ag.”® The XPS results further demonstrate the formation of Ag
particles on the surface of BiOBr nanosheets. Neither the XRD
nor XPS results demonstrate the formation of Ag,0 and AgBr,
that is, the enhancement of the photocatalytic performance in
Ag-BiOBr is only related to the photo-deposited elemental Ag
particles. The atomic proportions of the selected target
elements are shown in Table S1.F On the one hand, the atomic
ratio of the selected target element proves that the increase in
Ag content in the xAg-(1—x)BiOBr samples is consistent with the
increment of x, indicating that the Ag variation law of the as-
prepared Ag-BiOBr samples is consistent with the composi-
tion design. On the other hand, XPS was applied to measure the
surface element content, and the oxygen element may also
come from the conductive adhesive or the instrument chamber,
resulting in lower contents of Bi and Br. Therefore, the atomic
ratio of Bi/Ag is different from the design components of Ag-
BiOBr. Overall, the XPS results verify that the increment of Ag
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Fig. 2

in xAg-(1—x)BiOBr series samples is consistent with the
component design.

In addition, ICP-OES (inductively coupled plasma-optical
emission spectroscopy) was performed to detect the content of
metallic elements (Ag and Bi). Similar to the XPS results, ICP-
OES results present that the increase in Ag content is consistent
with the component design of xAg-(1—x)BiOBr (Fig. S3at). More
importantly, the ICP-OES-detected contents of Ag and Bi were
only slightly higher than the theoretical content of xAg-(1—x)
BiOBr (Fig. S3a and bt), verifying that the Ag content conformed
to the component design. All of the above characterization and
test results (XRD, XPS and ICP-OES) provide a series of reliable
photocatalysts with reliable photocatalytic performance and
degradation mechanisms.

UV-Vis DRS treated by data normalization was applied to
investigate the effect of the photo-deposited Ag particles on the
spectral absorption property of Ag-BiOBr powders. There was
almost no difference in spectral absorption between xAg-(1—x)
BiOBr and BiOBr in the range of 250-400 nm (Fig. 3). The
spectral absorption intensity of Ag-BiOBr increases significantly
with a gradual increase in deposited Ag particles from 400 nm.
However, BiOBr exhibits almost no spectral absorption in the
range of 430-800 nm. According to the empirical formula E, =
1240/1,>* the bandgap width of BiOBr is approximately 2.87 eV,
which is consistent with the previous results reported.*»** In
contrast, xAg-(1—x)BiOBr has a higher spectral absorption
intensity in the range of 430-750 nm, which is due to the
absorption difference caused by the SPR effect of Ag."*** The

12810 | RSC Adv,, 2025, 15, 12808-12813
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(a) XRD patterns of BiOBr and xAg-(1—x)BiOBr, (b) SEM, (c) EDS and (d—f) TEM images of 0.03Ag-0.97BiOBr.

results also indicate that Ag deposition on the surface of xAg-
(1—x)BiOBr triggers a significant SPR effect in the spectral range
of 570-590 nm. Based on the above results, the real effect of
surface-deposited Ag particles on the photocatalytic perfor-
mance of BiOBr can be determined by comparing the efficiency
of the photocatalytic degradation of organic dyes under specific
wavelength light irradiation (such as LED). Since the spectral
absorption boundary of BiOBr and the highest visible spectral
absorption peak of Ag-BiOBr are about 432 and 575 nm, two
LEDs with specific wavelengths of 390 or 570 nm were selected
to comparatively evaluate the photocatalytic performance for
degrading organic dye. The former LED (390 nm) stimulated the
photo-generated charge carriers of BiOBr, but it was difficult to
induce the SPR effect of Ag in xAg-(1—x)BiOBr. In contrast, the
latter LED (570 nm) did not excite BiOBr to produce electron

Absorption (a.u.)

500 600 700
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Fig. 3 UV-Vis DRS of BiOBr and xAg-(1—x)BiOBr powders.
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and hole pairs but was conducive to promoting the SPR effect of
Ag particles.

As shown in Fig. 4a and c, the adsorption efficiency of xAg-
(1—x)BiOBr and BiOBr for RhB dye is close in the dark reaction
stage (—30-0 min). To explore the effect of surface-deposited Ag
particles on the adsorption capacity of Ag-BiOBr, a comparison
of the adsorption efficiency within 30 min is shown in Fig. S5.1
Moreover, N, adsorption-desorption isotherm curves were ob-
tained to measure the specific surface areas of BiOBr and xAg-
(1—x)BiOBr samples. As listed in Table S2,} the surface depos-
ited Ag nanoparticles increase the specific surface area of the
BiOBr sheets. The reduction in the specific surface area of xAg-
(1—x)BiOBr (x = 0.04, 0.05, and 0.06) samples can be inferred
from the agglomeration of Ag nanoparticles on the surface of
BiOBr. On the one hand, the adsorption capacity of xAg-(1—x)
BiOBr for RhB dye is higher than that of BiOBr (Fig. S47), which
is attributed to the fact that the surface morphology of the
BiOBr sheets is changed by surface-deposited Ag nanoparticles.
On the other hand, excessive surface-deposited Ag particles
easily led to aggregation. Therefore, the adsorption perfor-
mance of 0.03Ag-0.97BiOBr for RhB dye is the highest under
both LED wavelengths of 390 nm and 570 nm. Both xAg-(1—x)
BiOBr and BiOBr could photocatalytic degrade RhB dye under
the LED (390 nm) irradiation, but the degradation efficiency of
xAg-(1—x)BiOBr is significantly higher than that of BiOBr
(Fig. 4a). Meanwhile, since there is no obvious SPR effect in the
wavelength range of 390 nm, it can be inferred that Ag particles
probably reduce the secondary recombination of photo-
generated electrons and holes by acting as an electron trap-
ping trap. The 0.03Ag-0.97BiOBr sample shows the highest
degradation efficiency (95.50%) for RhB dye in 60 min.

The LED with a wavelength of 570 nm could not excite the
photo-generated electrons from the valence band to the
conduction band of BiOBr (Fig. 4c), so the photocatalytic
degradation efficiency of BiOBr over RhB dye does not change
significantly with the extension of light exposure time (0-120
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Fig. 4 Photocatalytic degradation performances and pseudo-first-
order reaction kinetics of BiOBr and xAg-(1—x)BiOBr over RhB dye
under LED irradiation with different wavelengths: (a and c) 390 nm, (b
and d) 570 nm.
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min). However, Ag-BiOBr also showed slow degradation of RhB
dye, which was attributed to the SPR effect of the Ag particles
under an LED wavelength of 570 nm. Meanwhile, the SPR effect
gradually increased with increasing content of Ag particles. The
photocatalytic degradation efficiency of 0.06Ag-0.94BiOBr over
RhB dye is 50.06% after 120 min.

Fig. 4b and d display the photocatalytic degradation rate
curves calculated according to the pseudo-first-order kinetic
model. The reaction rate curves show a linear relationship with
the reaction time under an LED of 390 nm, whereas the pho-
tocatalytic degradation rate is relatively lower under an LED of
570 nm. The photocatalytic degradation rate of 0.03Ag-
0.97BiOBr for the target dye was 2.7 times that of BiOBr.

To explore the main active groups of degrading RhB dye
under different LEDs. P-benzoquinone (BQ), triethanolamine
(TEOA) and isopropyl alcohol (IPA) were selected as the scav-
engers of the superoxide free radical (O," "), hole (h*) and
hydroxyl free radical ("OH), respectively. As shown in Fig. 5a, the
degradation efficiency of 0.03Ag-0.97BiOBr over RhB dye
decreased by more than 90% upon the addition of TEOA,
indicating that h* is the main active group for oxidative
decomposition of RhB dye under an LED wavelength of 390 nm.
On the contrary, the degradation efficiency hardly decreased
with the addition of IPA, suggesting that "OH is not an active
group for degrading RhB dyes, while O,"~ is another active
group behind h*. As shown in Fig. 5b, O, ~ is the unique active
group for photocatalytic degrading RhB dye, while *OH hardly
participates in photocatalytic degradation under an LED wave-
length of 570 nm.

The sources of the main active groups under two different
LEDs with different wavelengths are completely different.
Under an LED of 390 nm, the most important active group (h")
comes from the valence band of BiOBr. The noble Ag particles
inject hot electrons into the conduction band of BiOBr via the
SPR effect to produce enough O,"~ groups, which make O,

a4 A=390nm | bio A=570m |

0.8 0.8
g g
506 506
Co4 S o4

0.2 0.2

0 0
No BQ TEOA IPA CH,OH Ar No BQ TEOA IPA CH,OH Ar
Scavenger Scavenger

c10

l Xenon lamp light irradiation I d
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Time (min)

Fig. 5 Trapping experiments under LED irradiation of (a) 390 nm and
(b) 570 nm. (c) Photodegradation performance of BiOBr and xAg-(1—x)
BiOBr under xenon lamp irradiation and (d) recycling reaction of
0.03Ag-0.97BiOBr.
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Fig. 6 Photocatalytic mechanism diagrams of Ag-BiOBr under different wavelengths of LED irradiation.

play the most important role in degrading RhB dye under an
LED wavelength of 570 nm.

Subsequently, a comparative experiment using a suspension
of silver nanoparticles was performed to verify the above infer-
ence that BiOBr is a carrier for receiving the hot electrons
produced by Ag particles. The 20 nm silver nanoparticle
dispersion solution with an initial concentration of 100 mg L "
was added to the RhB dye solution to dilute to 10 mg L' Ag
dispersion solution. As shown in Fig. S5,1 the photocatalytic
degradation efficiency of Ag nanoparticles over RhB dye is very
low as to be negligible in the absence of BiOBr sheets. The
results of the comparative experiments confirm that BiOBr acts
as a carrier for receiving hot electrons.

Another free radical capture comparison experiment was
conducted by replacing the aqueous solution with a CH;OH/
H,O (1:1 by volume) solution of RhB dye. The reducing agent
methanol (CH;OH) was used for the capture of h*.>* The pho-
tocatalytic degradation efficiency decreased by more than 60%
while the photo-generated h' is reduced by CH;OH under an
LED of 390 nm. In contrast, no significant decline in photo-
catalytic degradation efficiency was observed under an LED
wavelength of 570 nm. The results again confirm that h" is the
main active group for degrading RhB dye under an LED of
390 nm, while the O, groups generated by the SPR effect of Ag
particles have been the new dominant factor for RhB dye
degradation under 570 nm LED irradiation.

To confirm the importance of O, in the reaction mechanism,
argon (Ar) gas is continuously injected into the RhB dye solution
to expel O,. As shown in Fig. 5a and b, the photocatalytic
degradation efficiency was reduced by continuous Ar injection.
Combined with the results of trapping O,"~ experiments, these
results show that O, is an important factor in photocatalytic
degradation. The lack of O, made it difficult to produce O,"",
which is a similar effect to that of adding BQ. The absence of the
main active group (O, ) reduces the photocatalytic degradation
efficiency, especially under the LED of 590 nm.

The most common simulation of the visible light degrada-
tion experiment using a representative 300 W xenon lamp is
shown in Fig. 5c. In the dark reaction stage (—30-0 min), The
amounts of RhB dye adsorbed by BiOBr and xAg-(1—x)BiOBr are
equal (approximately 20%). In the photocatalytic reaction stage

12812 | RSC Adv, 2025, 15, 12808-12813

(0-40 min), the concentration of RhB dye solution decreases
linearly with the extension of reaction time. The degradation
efficiency of xAg-(1—x)BiOBr is much higher than that of BiOBr.
Under full-spectrum xenon lamp irradiation, the noble metal Ag
particles deposited on the surface of BiOBr not only serve as ET
but also exert the SPR effect. These two effects work together to
achieve a rapid degradation for the target dye. The photo-
catalytic degradation efficiency of 0.03Ag-0.97BiOBr over RhB
dye is as high as 97.50% after 40 min.

In addition, based on the experimental results of the free
radical capture experiment of CH;OH, Ag particles reduced the
secondary recombination of photo-generated charge carriers of
BiOBr by trapping the electrons from the conduction band of
BiOBr in the full-spectrum irradiation environment, which is
the main reason for significantly improving the photocatalytic
degradation efficiency. 0.03Ag-0.97BiOBr has excellent cyclic
photocatalytic performance under xenon lamp irradiation. The
photocatalytic degradation efficiency of 5 cycles is more than
95% (Fig. 5d).

The significant enhancement of the photocatalytic activity of
BiOBr modified by the surface-deposited noble Ag particles
again indicates that the high-intensity ultraviolet light source
(LED), low addition amount of AgNO;, continuous ultrasonic
stirring, short photo-deposition time (30 s), and regular
morphology and controllable size of two-dimensional BiOBr
nanosheets are the key factors in ensuring the uniform depo-
sition and fastness of small-sized Ag particles (10-20 nm) on the
surface of BiOBr.

Based on the above results, Ag particles enhance the pho-
tocatalytic performance of BiOBr in different ways under LED at
different wavelengths (Fig. 6). (1) The photo-generated electrons
(e7) transition to the conduction band of BiOBr, while a large
number of holes (h") are generated in the valence band under
an LED of 390 nm. Due to the low Fermi level of Ag, the
secondary recombination of photo-generated charge carriers is
effectively reduced and inhibited by trapping photo-generated
electrons from the conduction band of BiOBr to Ag particles.™
Therefore, the photo-generated holes in the valence band of
BiOBr are the main active groups in the oxidation decomposi-
tion of organic dyes. Furthermore, the free electrons captured
by the trapping effect of Ag particles combine with ambient O,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to form more O,’  active groups, which participate in the
degradation of organic dyes. (2) Although it is difficult to excite
BiOBr with a bandgap width of 2.87 eV by the LED of 570 nm,
the specific light energy matches the collective oscillation
frequency of the electrons inside the Ag particles. The thermal
motion of electrons in Ag particles is induced by the absorption
of large numbers of photons. Subsequently, hot electrons are
first transferred to the conduction band of BiOBr and then form
many O," " active groups with ambient O,. Therefore, different
from the photocatalytic degradation mechanism of the oxida-
tion decomposition of organic dyes by photo-generated holes
under an LED of 390 nm, the abundant O," active groups
generated by Ag particles are the main forces for degrading
organic dyes under an LED of 570 nm. Last but not least, the
synergistic effect of electron trapping (ET) and surface plasmon
resonance (SPR) ensures that the target organic dyes are rapidly
photocatalytically degraded within 40 min under xenon lamp
irradiation.

4. Conclusions

In this study, a series of xAg-(1—x)BiOBr (x = 0.01, 0.02, 0.03,
0.04, 0.05, and 0.06) nanosheets were synthesized using
ultrasonic-assisted chemical coprecipitation and photo-
deposition reaction. The photocatalytic performance was
enhanced by the ET effect or SPR effect of Ag particles under an
LED irradiation at 390 nm or 570 nm, respectively. Moreover,
both the ET effect and SPR effect synergistically promoted the
significant enhancement of photocatalytic performance in Ag-
BiOBr under full-spectrum irradiation (xenon lamp). The pho-
tocatalytic degradation efficiency of 0.03Ag-0.97BiOBr over RhB
dye is 97.50% after 40 min. This study provides a theoretical and
experimental basis for noble metal deposition modification and
accelerates the application of photocatalysis technology in the
degradation of printing and dyeing wastewater.
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