
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
3 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
5-

10
-1

6 
 3

:5
5:

54
. 

 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
View Journal  | View Issue
Visible light phot
aHUTECH University, Ho Chi Minh City, Vie
bVNUHCM, University of Science, Ho Chi M

Cite this: Nanoscale Adv., 2024, 6,
2380

Received 13th January 2024
Accepted 20th March 2024

DOI: 10.1039/d4na00035h

rsc.li/nanoscale-advances

2380 | Nanoscale Adv., 2024, 6, 238
ocatalytic NOx removal with
suppressed poisonous NO2 byproduct generation
over simply synthesized triangular silver
nanoparticles coupled with tin dioxide

Viet Van Pham, *a Thang Quoc Nguyen,a Hai Viet Le b and Thi Minh Caoa

The treatment or conversion of air pollutants with a low generation of secondary toxic substances has

become a hot topic in indoor air pollution abatement. Herein, we used triangle-shaped Ag nanoparticles

coupled with SnO2 for efficient photocatalytic NO removal. Ag triangular nanoparticles (TNPs) were

synthesized by the photoreduction method and SnO2 was coupled by a simple chemical impregnation

process. The photocatalytic NO removal activity results show that the modification with Ag TNPs

significantly boosted the removal performance up to 3.4 times higher than pristine SnO2. The underlying

roles of Ag TNPs in NO removal activity improvement are due to some advantages of Ag TNPs.

Moreover, the Ag TNPs contributed photogenerated holes as the main active species toward enhancing

the NO oxidation reaction. In particular, the selectivity toward green products significantly improved

from 52.78% (SnO2) to 86.99% (Ag TNPs/SnO2). The formation of reactive radicals under light irradiation

was also verified by DMPO spin-trapping experiments. This work provides a potential candidate for

visible-light photocatalytic NO removal with low toxic byproduct generation.
1. Introduction

Currently, air pollution has become one of the most concerning
issues. The increasing emission of nitrogen oxide (NOx),
a typical air pollutant, from fossil fuel combustion into the
atmosphere has multiple effects on human health and the
environment, such as photochemical smog and acid rain.1

Therefore, it is essential to nd an approach that can effectively
convert NO without secondary emissions. Among the current
strategies, semiconductor photocatalysis is considered a prom-
ising and sustainable solution because it uses limitless solar
light as the input energy source and does not require harsh
temperature and pressure conditions.2–10 In addition, in pho-
tocatalytic NO removal, simultaneous toxic NO2 conversion and
green product (NO3

−) selectivity are also worth considering
along with the NO removal efficiency.11,12 Hence, it is vital to
nd a promising catalyst system that can meet these
requirements.

So far, a wide range of metal oxide catalysts such as CeO2,
CoOx, Fe2O3, WO2, WO3, ZnO, TiO2, and SnO2 have been
systematically studied.12–22 As an n-type metal oxide semi-
conductor, SnO2 has been extensively applied in photo-
electrochemistry because of its advantages, such as high
stability, non-toxicity, and cost-effectiveness. However, the use
t Nam. E-mail: pv.viet@hutech.edu.vn

inh City, Viet Nam

0–2389
of SnO2 as a single catalyst is not efficient enough due to the
large bandgap and rapid charge recombination;23 accordingly,
many modication strategies such as doping,24,25 morphology
control,26,27 and incorporation of a co-catalyst28,29 have been
devoted to further enhance the photocatalytic efficiency. Among
these approaches, coupling with a plasmonic co-catalyst, typi-
cally silver (Ag), is benecial for not only expanding the light
absorption range but also enhancing photogenerated charge
separation.30 Moreover, compared with other plasmonic metals
(such as Au and Pt), Ag is more cost-effective.31 Zhang et al. re-
ported that the presence of the co-catalyst Ag0 could boost
electron transport to nitrate and enhance nitrate to N2 conver-
sion with a selectivity of 98.8%.32 In addition, the strong metal–
support interaction between the Ag nanoparticles and TiO2

provided an enhanced localized surface plasmonic resonance
(LSPR) effect and enhanced the efficiency (39.5%) and selectivity
(96.7%) of the photocatalytic oxidation reaction of 5-hydrox-
ymethylfurfural.33 Moreover, it has been proven that the LSPR of
Ag triangular nanoparticles (TNPs) is much stronger than that
of Ag spherical nanoparticles.34 The distribution of the electric
eld around the sharp tips of the triangular nanoparticles is
signicantly higher than that around the edge of the spherical
nanoparticles, thus enhancing the photocatalytic activity.35

In this study, our groupmodied the surface of SnO2 with Ag
triangular nanoparticles (TNPs) using a simple impregnation
method. The synthesized Ag TNPs coupled with SnO2 showed
a substantial improvement in both NO removal efficiency and
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4na00035h&domain=pdf&date_stamp=2024-04-27
http://orcid.org/0000-0002-8697-7095
http://orcid.org/0000-0001-7480-806X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00035h
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA006009


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
3 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
5-

10
-1

6 
 3

:5
5:

54
. 

 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
selectivity. The photogeneration of reactive species and their
role in NO oxidation were systematically investigated by scav-
enger trapping and DMPO spin-trapping tests. Eventually,
a possible mechanism of the photocatalytic NO removal reac-
tion over Ag TNPs coupled with SnO2 was also proposed based
on the obtained results.
2. Experimental methods
2.1. Materials

Silver nitrate (AgNO3), trisodium citrate dihydrate (C6H5Na3-
O7$2H2O), sodium borohydride (NaBH4), sodium hydroxide
(NaOH), tin(IV) oxide, potassium iodide (KI), terephthalic acid
(C8H6O4), potassium dichromate (K2Cr2O7), benzoquinone
(C6H4O2), and deionized (DI) water were used. All chemicals
were of analytical grade and used without further purication.
2.2. Synthesis of Ag TNPs/SnO2

Ag TNP solution was prepared by a photoreduction method
based on the optimized parameters used in our previously re-
ported studies.36 First, 1 mL of AgNO3 (20 mM) and 1 mL of
C6H5Na3O7$2H2O (900 mM) were dropped slowly into 97 mL DI
water and stirred in the dark for 15 min. Second, 1 mL of NaBH4

(0.25 mM) was added to the above solution to reduce the Ag+

ions. Third, the solution was irradiated with a sodium lamp
(Phillips, 70 W, l = 589 nm) for 60 min. Finally, the solution pH
was tuned to pH 9 using NaOH, and the solution was further
illuminated for 130 min. The formation of Ag TNPs was veried
using UV-Vis absorption spectroscopy in the wavelength range
of 350–800 nm.

The Ag TNPs/SnO2 sample was prepared by a chemical
impregnation method following the steps shown in Scheme 1.
First, a specic amount of SnO2 powder was added to the Ag
Scheme 1 Synthesis process of Ag TNPs/SnO2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
TNP solution and magnetically stirred for 2 h to achieve
a concentration of 1.5 wt% Ag TNPs/SnO2. The use of 1.5 wt% Ag
was based on the optimization results from previous works.37,38

The suspension was then centrifuged, washed, and dried at 60 °
C under a vacuum for 4 h to obtain Ag TNPs/SnO2.
2.3. Characterization of the materials

An X-ray diffractometer (Bruker D8) was employed to check the
crystal structure and phases of the as-prepared materials. The
chemical bond vibration and composition of the materials were
studied using Fourier-Transform Infrared (FTIR) spectrometry
(JASCO V-4700). The morphology and elemental composition of
the samples were investigated using eld-emission scanning
electron microscopy (FESEM, Hitachi S-4800) equipped with an
EDS detector. UV-Vis diffuse reectance spectra of the powder
samples were monitored using a JASCO V-770 spectrometer
according to an integrated sphere method. The photo-
luminescence (PL) was measured using an Agilent Cary spec-
trometer to determine the emissions and photogenerated
charge transfer of the materials. BET measurements were con-
ducted on a Micromeritics machine to identify the pore size and
surface area of the as-preparedmaterials. High-resolutionmode
X-ray photoelectron spectroscopy (HRXPS) of Sn 3d, O 1s, and
Ag 3d in the Ag TNPs/SnO2 samples was performed to identify
the existence of compounds in the product (K-Alpha, Thermo
Fisher Scientic). Electron spin resonance (ESR) was used to
identify the hydroxyl radicals (cOH) and superoxide radicals
(cO2

−) in the powder photocatalyst in a DMPO solution under
visible light conditions. This method has been widely used in
research on photocatalytic reagents used for NOx gas decom-
position on solid materials.39–42 Mott–Schottky curves were
recorded using a Biologic SP200 Potentiostat with a three-
Nanoscale Adv., 2024, 6, 2380–2389 | 2381
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View Article Online
electrode cell to determine the conduction band potentials of
the catalysts.
2.4. Photocatalytic NO removal activity assessment

The photocatalytic NO oxidation experiment was conducted
using a continuous-stream stainless-steel reactor (30 cm ×

15 cm × 10 cm in length × width × height) under visible-light
illumination at room temperature. An Osram 300 W, 230 V with
a cut-off lter (l > 380 nm) and a light intensity of 4000–4600 lux
was used as the visible light source and placed 20 cm vertically
above the reactor window. A schematic illustration of the setup
is illustrated in our previous study.43 Typically, 0.2 g of the
photocatalyst was dispersed in 20 mL of DI water by ultra-
sonication for 20 min. The suspension was then transferred to
a 12 cm diameter glass dish and dried at 60 °C in a vacuum
oven. Before light irradiation, the NO adsorption–desorption
equilibrium was established by owing a stream of 500 ppm NO
into the reactor for 30 min in the dark. The reactor chamber
system wasmaintained at room temperature using a cooling fan
to maintain the stability of the reaction conditions. Aer
reaching the adsorption–desorption equilibrium, the lamp was
switched on, and the decline in NO concentration was moni-
tored using a NOx analyzer (Model 42C, Thermo Environmental
Instruments Inc. Franklin, MA). This machine determined the
NO, NO2 and total NOx concentrations during the photocatalytic
reaction test.

The conversion efficiency of NO (h) was calculated using
eqn (1):

h ð%Þ ¼ CNO
0 � CNO

t

CNO
0

� 100% (1)

where CNO
0 is the initial NO concentration; CNO

t is the NO
concentration aer light irradiation.

The Langmuir–Hinshelwood model22 was used to determine
the kinetic rate k (min−1) of the photocatalytic NO removal
reaction (eqn (2)):

ln

 
CNO

0

CNO
t

!
¼ kt (2)

The NO2 conversion performance j (%) was calculated using
eqn (3):

jð%Þ ¼ CNO2
t � CNO2

0

CNO
0

� 100% (3)

where CNO2
0 is the initial concentration of NO2; C

NO2
t is the NO2

concentration aer light illumination.
The green product selectivity 3 (%) was evaluated using

eqn (4)

3 ¼
0
@1�

�
CNO2

fin � CNO2

ini

�
�
CNO

ini � CNO
fin

�
1
A� 100% (4)

The trapping test was carried out in the same conditions as
the photocatalytic NO removal activity evaluation experiment
2382 | Nanoscale Adv., 2024, 6, 2380–2389
with the addition of scavengers to investigate the photocatalytic
NO removal mechanism and the role of reactive species formed
during the reaction. The assay was conducted as follows:
1.0 wt% of KI, K2Cr2O7, terephthalic acid, and benzoquinone
were dispersed in 25 mL DI water and then dried at 60 °C to test
the ability of the sample in trapping holes (h+), electrons (e−),
hydroxyl (cOH), and superoxide radicals (cO2

−).

3. Results and discussion
3.1. Properties of the materials

The crystal structure and phases of the as-prepared samples
were analyzed using XRD. As shown in Fig. 1a, SnO2 showed
good crystallinity with its typical peaks indexed to the (110),
(101), (200), (211), (220), (002), (310), (112), (301), (202), and
(312) planes (PDF-04-014-0193). For Ag TNPs/SnO2, there was no
formation of secondary phases, indicating that modication
with the Ag TNPs did not introduce impurities or change the
crystal structure of SnO2. In addition, the absence of Ag peaks in
the XRD pattern of Ag TNPs/SnO2 could be due to the low
amount and weak crystal characterization of Ag TNPs. The
structural information of the functional groups was further
determined using FTIR spectroscopy (Fig. 1b). For SnO2, there
were two characteristic bands located at around 533 and
620 cm−1 assigned to the Sn–O–Sn and Sn–O stretching vibra-
tion modes, respectively.44,45 Similar features with some addi-
tional bands in the 1200–1700 cm−1 range were observed for the
Ag TNPs/SnO2 sample. The peaks at around 1589, 1388, and
1281 cm−1 could be attributed to the C]O asymmetric
stretching, C–O stretching, and C–H stretching modes46 that
stem from the precursor of Ag TNPs synthesis.

For photocatalytic NO removal, morphology could also be an
important parameter that inuences the photocatalytic activity.
Hence, the morphology of the as-prepared materials was
observed by SEM (Fig. 2). Fig. 2a illustrates that SnO2 possessed
different shapes, of which the spherical shape was the primary
shape, and there were no signicant changes in the morphology
aer modication with Ag TNPs (Fig. 2b). The size distribution
histogram (Fig. 2c and d) indicates that SnO2 nanoparticles had
an average size of 40–50 nm. In addition, Fig. 2c shows some
triangular particles with an average edge length of 20–30 nm,
representing the existence of Ag TNPs in the products. In
addition, the chemical composition of Ag TNPs/SnO2 was
further studied by STEM-EDS elemental mapping (Fig. 2e–h),
which showed the presence of Sn, O, and Ag elements and the
uniform distribution of Ag TNPs. Furthermore, the amount of
Ag formed aer the synthesis process was determined by X-ray
uorescence (XRF) spectrum analysis, and the results indicated
that the amount of Ag was about 1.5 wt% in the product.

The optical properties of the as-prepared catalysts were
examined by UV-Vis DRS. Fig. 3a shows the absorption spec-
trum of SnO2, which has an absorption edge positioned at
around 370 nm. Aer the incorporation of Ag TNPs, there was
a redshi in the absorption edge to 390 nm and a broad peak in
the range of 500–800 nm due to the presence of the LSPR effect
of Ag TNPs (Fig. 3b). In addition, the bandgap values were
calculated using the Kubelka–Munk function (eqn (5)) and data
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns and (b) FTIR spectra of SnO2 and Ag TNPs/SnO2.
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from the DRS UV-Vis spectra as it is an efficient method for
estimating the optical bandgap of semiconductor and metal/
semiconductor heterojunctions.47–51

ahn ¼ A
�
hn� Eg

�1
2 (5)
Fig. 2 SEM images of (a) SnO2 and (b and c) Ag TNPs/SnO2; (c) particle s
SEM-EDS elemental mapping of Ag TNPs/SnO2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
where a, h, n, A, and Eg are the absorption coefficient, Planck
constant, light frequency, a constant, and bandgap, respec-
tively. For materials with a direct bandgap (SnO2), n has a value
of 1. The bandgap values of SnO2 and Ag TNPs/SnO2 were
extrapolated from Tauc plots to be 3.39 and 3.31 eV,
ize distribution histogram of SnO2 in the Ag TNPs/SnO2 sample; (e–h)

Nanoscale Adv., 2024, 6, 2380–2389 | 2383
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Fig. 3 (a) UV-Vis DRS and (b) Tauc plots of SnO2 and Ag TNPs/SnO2; (c and d) optical images of as-prepared SnO2 and Ag TNPs/SnO2; (e) UV-Vis
absorption spectrum of Ag TNPs.
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respectively. The reduction in bandgap indicates the role of
LSPR of Ag TNPs in expanding the light absorption range, which
is benecial to improving photocatalytic activity. In addition to
the experimental evidence, differences in sample color from
green-grey to deep blue-grey could also be clearly observed with
Ag TNPs incorporation, as shown in Fig. 3c and d. In addition,
the successful formation of Ag TNPs aer the photoreduction
process was further conrmed by the UV-Vis absorption spec-
trum (Fig. 3e). The absorption spectrum of the Ag TNPs solution
displayed a peak at around 633 nm related to the in-plane dipole
resonance of the triangular Ag nanoparticles, consistent with
our previous report.36

Furthermore, the existence of Ag TNPs in the Ag TNPs/SnO2

product was also determined by XPS measurement, as shown in
Fig. 4. The HR-XPS results of Sn 3d and O 1s showed the exis-
tence of SnO2 in the products. In detail, the two peaks at
binding energies of 495 eV and 486 eV represented the Sn4+ ions
in SnO2. Further, the O 1s peak at a binding energy of 530.7 eV
represented the O atoms in SnO2. The results are in agreement
with the earlier reports.52,53 The presence of metallic Ag in the
compound aer the synthesis process was conrmed by the
appearance of peaks for the Ag 3d3/2 and Ag 3d5/2 orbitals at
373.7 eV and 368.2 eV, respectively.54,55 Along with the other
results, i.e., EDX mapping, UV-Vis DRS, and UV-Vis of the Ag
TNPs solution, the HR-XPS data of Ag 3d demonstrated the
2384 | Nanoscale Adv., 2024, 6, 2380–2389
existence of Ag in the Ag TNPs/SnO2 products although the
concentration of Ag TNPs in the composite was relatively small.
3.2. Photocatalytic NO removal activity assessment

The photocatalytic activity of the as-prepared samples was
evaluated based on the NO removal ability under a 500 ppb NO
ow and visible-light irradiation. Before switching the light on,
the adsorption–desorption equilibrium between the NO gas and
catalyst was established. In addition, the blank test was con-
ducted without the presence of a catalyst, which showed the
high stability of NO under light illumination (Fig. 5a). Pristine
SnO2 exhibited a low photocatalytic NO removal performance of
7.2% because of ineffective light utilization and rapid charge
recombination. Moreover, the NO photocatalytic performance
of pure SnO2 tended to decrease sharply aer 5 min of illumi-
nation. This can be explained by the special surface properties
of SnO2; surface oxygen vacancy defects that oen exist in SnO2

adsorb the NO2 gas produced during the reaction process. This
conclusion has also been mentioned in recent studies.56–59 The
existence of these defects is also veried by the PL analysis
results shown in Fig. 6. In comparison, a substantial enhance-
ment in photocatalytic activity was observed in the Ag TNPs/
SnO2 sample because the presence of Ag TNPs extended the
light absorption range and improved photogenerated charge
separation. The photocatalytic NO removal performance over Ag
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 High-resolution XPS of Ag TNPs/SnO2: (a) Sn 3d, (b) O 1s, and (c) Ag 3d.
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TNPs/SnO2 (24.6%) was 3.4 times higher than that of pristine
SnO2. Table 1 shows the characterized properties of the pores
and surface area of SnO2 and Ag TNPs/SnO2. Clearly, the
modication of SnO2 with Ag TNPs helps increase the surface
area and the volume of pores, thereby enhancing the adsorption
ability and interaction of the NO gas with the catalyst.
Furthermore, the NO removal rate of Ag TNPs/SnO2

(0.0056 min−1) was 1.2 times higher than that of pristine SnO2

(0.0047 min−1) (Fig. 5b). Apart from the photocatalytic NO
removal efficiency, the toxic NO2 conversion performance is
another important factor. As we know, NO2 is a poisonous gas
and a byproduct generated during the NO removal reaction;60

therefore, it is necessary to achieve good NO removal with
Fig. 5 (a and b) Photocatalytic NO removal ability and kinetic rates, (c) N
SnO2; (d) stability test of photocatalytic NO removal over Ag TNPs/SnO2

© 2024 The Author(s). Published by the Royal Society of Chemistry
suppressed NO2 formation. Further, NO3
− conversion is

considered a green product of the NOx photocatalytic reaction,
and the rate of NO3

− formation was calculated and is expressed
in Fig. 5c. In detail, NO to NO2 conversion could be signicantly
reduced to 3.2%, and the green product (NO3

−) selectivity ach-
ieved was 86.99% over Ag TNPs/SnO2. For the commercial
aspect, the stability of a catalyst also needs to be investigated in
addition to the removal activity (Fig. 5d). The NO removal effi-
ciency over Ag TNPs/SnO2 decreased by 4% aer 5 runs,
demonstrating that the stability of Ag TNPs/SnO2 is not durable.
The decrease in NO removal efficiency over Ag TNPs/SnO2 aer
the recycling test can be explained by the lower stability of the
Ag TNPs.
O to NO2 and NO3
− conversion efficiencies over SnO2 and Ag TNPs/

.

Nanoscale Adv., 2024, 6, 2380–2389 | 2385
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Fig. 6 (a) Mott–Schottky curves of SnO2 and Ag TNPs/SnO2; (b and c) the influence of scavengers on the photocatalytic NO removal efficiency
and kinetic rates over Ag TNPs/SnO2; (d) DMPO spin-trapping spectra of Ag TNPs/SnO2 for DMPO–HOc (water) and DMPO–cO2

− (methanol); (e)
PL spectra of SnO2 and Ag TNPs/SnO2 recorded at 320 nm excitation; (f) schematic illustration of the proposed photocatalytic NO removal
mechanism over Ag TNPs/SnO2.

Table 1 Pore and surface area properties of the as-prepared materials

Sample SBET (m2 g−1) Vpore (cm
3 g−1) Dpore (nm)

SnO2 25.6 0.078 11
Ag TNPs/SnO2 34 0.082 7.8
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To get insights into the photocatalytic NO removal mecha-
nism, the band structure was determined using Mott–Schottky
(M–S) measurements (Fig. 6a). The M–S curve is an efficient
method for determining the at band potential that is nearly
estimated for the conduction band of a semiconductor.61,62
2386 | Nanoscale Adv., 2024, 6, 2380–2389
Previous publications also indicate that the M–S curve test can
be used to widen themetal/semiconductor heterojunction.47,63,64

The acquired conduction band (CB) values from the intercep-
tion of the x-axis and the Mott–Schottky curves were −0.53 and
−0.49 eV for SnO2 and Ag TNPs/SnO2, respectively. By
combining these with the UV-Vis DRS results, the valence band
values could be inferred as 3.18 and 3.17 eV for SnO2 and Ag
TNPs/SnO2, respectively. Furthermore, the role of the reactive
species in photocatalytic NO removal was studied by trapping
tests in the presence of KI, K2Cr2O7, benzoquinone, and ter-
ephthalic acid as scavengers of photogenerated h+, e−, cO2

−,
and cOH, respectively. It is found that the addition of KI and
benzoquinone has negative impacts on the photocatalytic NO
© 2024 The Author(s). Published by the Royal Society of Chemistry
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removal efficiency and kinetic rate (Fig. 6b and c), implying the
critical role of photogenerated holes and cO2

− radicals. Obvi-
ously, photogenerated holes play an active role in the photo-
catalytic NOx removal reaction of Ag TNPs/SnO2, leading to the
capture of free radicals generated mainly owing to the photo-
generated holes. These photogenerated holes contribute to the
formation of cOH agents that cause a decrease in NO concen-
tration at the beginning (as per eqn (10) and (13)). Subse-
quently, other agents generated by the photogenerated
electrons are no longer formed (as per eqn (9) and (12)), leading
to a signicant decrease in the photocatalytic activity of Ag
TNPs/SnO2 in the presence of K2Cr2O7, causing an increasing
trend of the C/C0 curve, as shown in Fig. 6b.

In addition, the formation of reactive radicals during the
reaction was further veried by the DMPO spin-trapping test
(Fig. 6d) in water andmethanol environments to detect HOc and
cO2

− radicals, respectively. No signals were observed in the dark
condition, whereas intensive signals of DMPO–HOc (intensity of
1 : 2 : 2 : 1) and –cO2

− (intensity of 1 : 1 : 1 : 1) were detected
under light illumination. This result indicates the indispens-
able role of light in reactive radical formation. The PL spectra of
SnO2 and Ag TNPs/SnO2 (Fig. 6e) showed primary emission
peaks related to the near-band-edge exciton emissions at 360
and 376 nm.65 In addition, a mission peak found at 425 nm
could be assigned to the surface defect signal of materials.66

Moreover, the intensity of the emission peaks of SnO2 decreased
signicantly when Ag TNPs were decorated on SnO2, demon-
strating a decrease in the recombination of photogenerated
charges.

Based on the above results, the mechanism of photocatalytic
NO removal is proposed in Fig. 6e. First, the electron–hole pairs
are photo-generated, separated, and migrate to the surface of
the catalyst (eqn (6)). As the Fermi level of Ag is the approximate
conduction band (CB) of SnO2, the photoinduced electrons in
the CB of SnO2 would transfer to the Ag TNPs and take part in
the reduction reaction of adsorbed oxygens to form cO2

− radi-
cals (eqn (7)). This charge transfer process improves the sepa-
ration of photoinduced charges. Meanwhile, the adsorbed H2O
is oxidized into HOc radicals by the photogenerated holes in the
valence band of SnO2 (eqn (8)). These reactive cO2

− and HOc
radicals can directly react with NO to produce NO3

− (eqn (9) and
(10)). Moreover, metallic Ag acts as the active site for NO,
favoring the adsorption, activation, and stabilization of NO and
NO2 to further undergo the deep oxidation process (eqn
(11)–(13)) and preventing the release of toxic NO2.67,68

Ag TNPs/SnO2 + hn / e− + h+ (6)

e− + O2 / cO2
− (7)

h+ + H2O / HOc + H+ (8)

NO + cO2
− / NO3

− (9)

NO + 2HOc / NO3
− + H+ (10)

NOþ 1

2
O2/NO2 (11)
© 2024 The Author(s). Published by the Royal Society of Chemistry
2NO2 + 2cO2
− / NO3

− + O2 (12)

NO2 + HOc / NO3
− + H+ (13)
4. Conclusion

We prepared triangular-shaped Ag and coupled it with SnO2

using a simple method for effective NO elimination. The
successful incorporation of Ag was veried by the plasmonic
characteristic peak in UV-Vis DRS. The Ag TNPs/SnO2 sample
exhibits superior NO removal performance compared with
pristine SnO2. Furthermore, the presence of Ag also inhibits
NO2 generation during the photocatalytic NO removal reaction.
The selectivity of green products signicantly improved from
52.78% (SnO2) to 86.99% (Ag TNPs/SnO2). This work highlights
the role of plasmonic Ag triangular nanoparticles in the
enhancement of NO removal efficiency and elimination of
harmful NO2 byproduct conversion.
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