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Photocatalysis shows promising application in efficient reduction of nitrogen oxides (NOy). However, the
sluggish selectivity in nitric oxide removal with reductants, resulting in the formation of undesired N,0
byproducts, presents a great challenge. In this work, complete prohibition of nitric oxide generation in
photo-removal of NO with carbon particulate is successfully achieved through the rational regulation of
electron-trapping centers on TiO, nanosheets (TNS) surface achieved by the surface reduction treatment
with NaBH,4. The efficient suppression (100%) of N,O generation is ascribed to the more stable N,O ad-
sorption on the active (001) crystalline plane of TNS and the electron-capturing ability around oxygen
vacancies based on the density functional theory (DFT) and experimental investigations. The existence of
0, and H,O0 effectively promote the photocatalytic activity of NO reduction but demonstrate no adverse
effect on N,O suppression. The optimal photocatalytic NO reduction activity with the highest CO, for-
mation rate of 5.54mg g~' h~! without N,O formation is achieved over the optimized 0.135-TNS. These
investigations guide the development of feasible photocatalytic treatment of air pollutants, emphasizing
the significance of managing electron capture and gas adsorption for efficient byproduct control in pollu-
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tants removal.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Environmental and energy crisis is becoming much serious all
over the world due to the rapid development of modern industry.
Nitrogen oxides (NOy) could be produced in fossil fuel combustion
or high-temperature related industrial process such as vehicle ex-
haust gases, power plants, etc. [1]. Notably, NOy are the dominant
components of air pollutants which are responsible for the forma-
tion of photochemical smog or acid rain [2]. Utilization of photo-
catalysis for NOy removal is one of the most promising technolo-
gies thanks to the mild reaction conditions [3-5]. However, the ap-
plication of photocatalytic NOx removal in practical conditions is
still restricted by the low photocatalytic efficiency and release of
toxic byproducts.

Photo-generated reactive oxygen species including hydroxyl
radicals and superoxide radicals can be utilized for photocatalytic
oxidation of NOy, thereby producing soluble nitrates on the surface
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of photocatalysts [6]. Specific gas adsorption and optimized elec-
tronic structure of photocatalysts can be applied to improve nitric
oxide oxidation activity and to avoid NO, formation [3,7]. The d
orbitals or d/p hybrid orbitals of alkaline earth metals can be uti-
lized as the transportation channels of electrons to activate water
vapor and oxygen, thus forming abundant oxidizing species and ef-
fectively oxidizing NO into nitrates [8]. Nevertheless, photocatalysts
deactivation because of the surface coverage of nitrates can occur
during photocatalytic oxidation of nitric oxide, thereby necessitat-
ing periodic catalyst regeneration [9].

Photocatalytic reduction of NOx into harmless N, is a promis-
ing approach for pollutant air treatment. Research on this method
have been known to be reported on TiO,-based materials. Nitric
oxide can be photocatalytically converted into N, with 96% selec-
tivity by NH3 over TiO, with the formation of NH,NO as inter-
mediate via Eley-Rideal mechanism [10]. Even in the presence of
oxygen, NO can be reduced to N, with NH3; over TiO, nanotube
arrays under light irradiation [11]. In addition, the improved light
absorption ability and facilitated charge separation efficiency on g-
C3Ny4/TiO, were found to significantly enhance the photocatalytic
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reduction of NO by using CO as the reducing agent [12]. Byproduct
N,O can be formed during the process of NO dissociation which is
the rate-determining step for photo-reduction of NO [12]. However,
the addition of extra reducing agents such as NH3 could lead to
secondary pollution because of incomplete reaction. Martens group
found that carbon particles, which is co-existed air pollutants in
exhaust gases, can be utilized as reducing agents for photocat-
alytic nitric oxide reduction [13], even in the presence of molec-
ular oxygen [14]. The photocatalytic efficiency of nitric oxide re-
duction with carbon can be effectively enhanced via the construc-
tion of Bi,WOg/TiO, heterojunctions [15]. Nitrogen dioxide can also
be photocatalytically reduced by carbon particles in the presence
of NH,-Ui0-66/Ti0, nanocomposites [16]. However, N,O is easily
generated during the photocatalytic NOy reduction process. Thus,
efficient charge transfer and abundant photo-generated electrons
are highly demanded for the inhibition of N,O formation in the
reduction process of NO [15].

Oxygen vacancies in TiO, can be used as electron trapping cen-
ters during photocatalytic reactions, thereby increasing the con-
centration of photo-generated electrons around active centers [17].
Oxygen vacancies in TiO, present a critical part in actively pro-
moting the photocatalytic activity for various reactions including
photocatalytic CO, reduction [17], water splitting [18], VOCs degra-
dation [19], NO oxidation [20], etc. However, oxygen deficiency de-
tected in anatase TiO, nanosheets is at a negligible level by direct
synthetic procedures [21,22]. To our knowledge, the role of oxygen
vacancies on TiO, nanosheets surface have not yet been investi-
gated for the N,O inhibition during photocatalytic NO reduction
with co-existed pollutants (carbon particles).

Herein, we present complete prohibition of byproduct forma-
tion via the combination of accumulated electrons and enhanced
N,O adsorption around active sites during NOx photo-removal by
soot particulates over TiO, nanosheets with tunable oxygen vacan-
cies. The density functional theory (DFT) proves that the byprod-
uct N,O is more strongly adsorbed on oxygen deficient TiO, (001)
crystalline facet where the photo-induced e~ can be effectively
captured and enriched by oxygen defects, thus leading to com-
pletely reduction of N,0. 0.135-TNS achieved the optimal photocat-
alytic NO reduction activity with the highest CO, formation rate of
5.54mg g~! h~! without N,0O formation. This work may open new
perspective for the suppression of byproduct formation in efficient
NOy photo-reduction process.

Surface oxygen deficiencies of TNS are supposed to be gener-
ated due to the reduction process. After the reduction by NaBHy,
the color of the TNS sample obviously changed from white to
grey (Fig. S1 in Supporting information), indicating that the light
utilization ability of TNS can be improved after the reduction
treatment [23]. Scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM) images for
the original TNS and 0.135-TNS are displayed in Fig. 1 and Fig. S2
(Supporting information). As shown in Fig. S2a, the pristine TNS
has a rectangle morphology with width of 50-200 nm and thick-
ness of ca. 5 nanometers. After the NaBH, treatment, the edges
and surfaces of TNS sample turned into vague and rough with de-
creased dimensions (Fig. S2b). The TNS tended to stack together
after surface reduction treatment, leading to more exposure of the
edges than pristine TNS (Figs. S2a and b in Supporting informa-
tion). HRTEM of the pristine TNS (Fig. 1b) and the 0.135-TNS (Fig.
1d) indicate that the lattice distance of the crystal plane is approx-
imately 0.237 nm. Combining with X-ray diffraction (XRD) results,
this spacing is attributed to the (001) plane of the anatase TiO,.
The (001) plane is more reactive than the (101) plane, due to the
high surface energy, which is desirable for chemical reactions [24].

The XRD patterns of the pristine and defective TNS sam-
ples (0.015-TNS, 0.045-TNS, 0.09-TNS, 0.135-TNS, 0.18-TNS) are pre-
sented in Fig. S3a (Supporting information). Anatase phase was de-
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Fig. 1. (a, b) HRTEM images of the pristine TiO, nanosheets and (c, d) the defective
TiO, nanosheets (0.135-TNS).

tected in the synthesized samples (JCPDS card No. 21-1272) [25].
XRD patterns of the pristine and reduced TNS are almost identical.
a little decreased diffraction intensity and an increased half-peak
breadth of (101) peak along with incremental content of the NaBH,4
indicate that part of Ti*" could be reduced to Ti3*. These obser-
vations could also be attributed to the increased amount of oxy-
gen deficiencies in the reductant process, leading to slightly lattice
disorder. The light utilization abilities of the TNS and 0.135-TNS
photocatalysts were investigated through UV-vis diffuse reflection
spectroscopy (Fig. S3b in Supporting information). The bandgaps
were estimated by Tauc plots (Fig. S3c in Supporting information)
[26]. Since anatase TiO, is an indirect semiconductor, the coeffi-
cient n of TiO, is 4 [27]. The band gap of TNS and 0.135-TNS is de-
termined to be 3.2eV and 3.05 eV, respectively with the correction
of baselines for indirect semiconductors [28]. Mott-Schottky curves
(Fig. S3g in Supporting information) suggested that the conduction
band values are —0.32V for the pristine TNS and —0.43V for the
0.135-TNS because the flat band potential of anatase TiO, is very
close to the corresponding conduction band minimum [29]. Com-
bined the UV-vis analyses and Mott-Schottky measurements, the
valence band changed from 2.88V for pristine TNS to 2.62V for
0.135-TNS which is obtained via the equation (Eg =Eyp — Ecp).

The chemical states of different elements in TiO, before and af-
ter surface reduction were investigated by XPS spectra, as demon-
strated in Figs. S3d-f (Supporting information). The obtained XPS
spectra were adjusted with the reference of C 1s at 285.8eV. The
XPS survey spectra are presented in Fig. S3d, whilst the high-
resolution XPS spectra of Ti and O are illustrated in Figs. S3e
and f, respectively. No XPS spectra of carbon or F was obtained
during the measurement, suggesting the complete removal of or-
ganic matter or fluoride anions from the TNS. The O 1s spectra
exhibits two peaks in Fig. S3e. The binding energy at 529.9eV is
attributed to oxygen band of Ti-O-Ti [30]. The peak centered at
532.0eV is ascribed to the O-atoms beside the oxygen deficiencies
[31,32]. For the 0.135-TNS, Ti-O-Ti bond shifted to higher binding
energy of 530.3 eV. Moreover, binding energy of 532.0eV for 0.135-
TNS is much greater than that of the pristine one, confirming the
increased oxygen vacancy concentration after reducing treatment
[19]. Ti 2p XPS spectra show four main binding energies in Fig. S3f.
The measured binding energy of Ti4* state in the pristine TNS is
458.8 eV for Ti 2p3j, and 464.4eV for Ti 2py), [33]. Compared with
the pristine TNS, the two peaks shifted ~0.3 eV to higher binding
energies for the 0.135-TNS. Additionally, two detectable shoulder
peaks can be found at 460.1eV and 457.6eV for 0.135-TNS, which
are corresponding to the Ti3*species, suggesting that Ti3* species
were produced during the synthesis [34]. The existence of oxy-
gen deficiencies was further studied by electron paramagnetic res-
onance (EPR) in Fig. S3h (Supporting information). The 0.135-TNS
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sample presents a sharp peak at g=2.003, thus proving the suc-
cessful creation of oxygen deficiencies [35]. It demonstrates almost
no signal for the pristine one. Although the TNS and 0.135-TNS
were almost nonporous according to the isothermal curves, the
stacking sheets could generate intra-crystalline pores. The 0.135-
TNS exhibits wider pore size distribution with average pore size
increased from 38 nm to 84 nm after NaBH, treatment, as demon-
strated in Fig. S3i (Supporting information). This may be caused by
the dissolution of the edge of TiO, crystals. The generated large
pores would be beneficial for the transfer of gas reagents and in-
termediate products, thereby resulting in high catalytic reactivity.

Photo-removal of nitric oxide with carbon particles (Printex U)
under mild ambient condition was conducted in a homemade re-
actor set-up with a gas supply system. Printex U from Evonik
is a typical carbon black material for carbon oxidation research
and is hard to be oxidized. Reactions under varied conditions
were performed in batch mode since the amounts of yielded
gaseous compounds were too low to be detected by gas analyz-
ers (about 1 ppm) under continuous gas flow conditions. The volu-
metric hourly space velocity (VHSV) was determined to be 187.5
h=1. The contact time of NO with defective TNS is ca. 0.32min
under gas flow conditions. No carbon monoxide or carbon diox-
ide generation was detected utilizing carbon particles without TNS
under light illumination and in reactions in the absence of light
with TNS and carbon. No nitric oxide adsorption by Printex U was
observed during the control experiments. Gas product (N, NO,,
N,0) distribution after 210 min reaction over pristine TNS and x-
TNS is shown in Fig. 2a (x is the weights of NaBH,4). 12% N,0 was
formed in the presence of the pristine TNS. In comparison with
the pristine TNS, N,O formation can be suppressed at different
degrees using x-TNS. Utilizing the 0.015-TNS, 0.045-TNS, 0.09-TNS
and 0.18-TNS as the photocatalysts in the photocatalytic reduction
of NO, N,O selectivity decreased from 12% to 9.0%, 6.3%, 4.0%, and
10.7 %, respectively, compared with pristine TNS (Table S1 in Sup-
porting information). Besides N,O, NO, formation was also inhib-
ited in the presence of defective TNS. Notably, no N,O was formed
by using 0.135-TNS as photocatalyst, leading to 100% N, selectiv-
ity (Table S2 in Supporting information). These results indicate that
oxygen vacancies in TNS samples have a positive effect on inhibit-
ing N,O formation in NO photo-reduction with carbon. The intro-
duction of oxygen defects on TNS could facilitate charge separation
and migration efficiency under light illumination [36]. However,
excessive amounts of oxygen deficiencies on 0.18-TNS could lead
to the bulk defects which could prohibit the transfer of electrons
to the surfaces of TNS [18], thereby leading to higher N,O forma-
tion than 0.135-TNS (Fig. 2a, Table S1). The effect of varied ratio
between 0.135-TNS and carbon particles on photocatalytic nitric
reduction has been investigated and concluded in Table S3 (Sup-
porting information). The nitric oxide conversion and N, selectivity
(100%) were not affected by changing the amount of carbon par-
ticles while CO, formation was slightly influenced. This is because
the nitric oxide concentration is relatively low in the presence of
plenty of carbon particles. The CO, generation slightly decreased
when the amount of carbon particles was reduced from 5mg to
2.5mg or increased to 7.5mg. The presence of excessive carbon
particles could lead to the coverage of active sites of TNS, thereby
lowering the light absorption and photocatalytic activity.

The CO, formation in nitric oxide photo-reduction with carbon
by 0.135-TNS was significantly increased compared with the pris-
tine TNS, as shown in Fig. 2b. The highest CO, formation rate of
5.54mg g~! h~! was achieved over 0.135-TNS surface, which is ap-
proximately 1.6 times that of pristine TNS. In addition, the 0.135-
TNS sample showed a steady photocatalytic performance, whilst
the carbon removal rate for pristine TNS significantly declined at
the third illumination period. Carbon monoxide generation was
marginally increased over 0.135-TNS (Table S2), because CO could
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be the intermediate product in the formation of CO,. N,O was not
detected during all the illumination periods. 100% NO conversion
was reached during the reactions with 100% N, selectivity.

The influence of gaseous H,O on nitric oxide photo-reduction
with carbon was also investigated with the existence of 1000 ppm
NO and 5% O, with or without 3% H,O, as illustrated in Fig. 2c
and Table S2. The existence of water vapor demonstrated positive
effect on photocatalytic activity for NO reduction using the 0.135-
TNS as photocatalyst. In the first and second illumination period,
CO, formation was almost doubled. In the last illumination, CO,
formation was enhanced 1.5 times to that without water vapor.
N,0 was not detected w/o the addition of water vapor in all re-
actions, indicating the N,O suppression activity of 0.135-TNS was
little influenced by water vapor. The nitric oxide photo-removal
activity over 0.135-TNS was also studied with different amount of
NO (Fig. S4, Table S4 in Supporting information). The CO genera-
tion slightly elevated with nitric oxide concentrations. The overall
CO, generation in 210 min reaction with the existence of 300, 500,
and 1000 ppm NO with 5% O, reached 19.89, 20.56, 21.84 umol,
respectively. There is NO, NO,, or N,O formation in these exper-
iments, suggesting the complete NO reduction with efficient N,O
inhibition even in the presence of oxygen.

A 66 h reaction with seven continuous irradiation durations was
conducted over 0.135-TNS to investigated the corresponding photo-
catalytic stability (Fig. 2d). It is obviously noticed that the CO, gen-
eration activity in the beginning two irradiation durations is higher
than the follow irradiations. As previously documented, Printex U,
which is typical material for carbon removal reactions, contains
complicated compositions with oxygenated components (easy car-
bon) and refractory carbon [14,15]. The 'easy carbon’ such as C-O-
C is easy to be photocatalytically removed at the early stage of the
long-term reaction. Afterwards, the refractory part could be grad-
ually activated and oxidized by photo-generated oxidizing species
such as *OH and °0,~. Moreover, N,O was not formed during the
seven consecutive photocatalytic NO reduction processes, as pre-
sented in Table S5 (Supporting information). 100% NO conversion
with 100% N, selectivity in the long-term reaction was achieved,
further proving the byproduct inhibition due to the presence of
oxygen vacancies on 0.135-TNS, as illustrated in Table S5.

The highest nitric oxide conversion efficiency was compared
with recently reported photocatalysts, as presented and listed in
Fig. 2e and Table S6 (Supporting information). Currently, most pho-
tocatalysts have been investigated for the oxidation of nitric ox-
ide, thereby leading to the formation of nitrates as the final prod-
uct which is harmful for the environment. Notably, N, is the main
product in this study. Among the reported high-activity photocata-
lysts for nitric oxide removal, such as element modified TiO,, car-
bon nitride, layered double hydroxides (LDHs), and photocatalyst
composites, 0.135-TNS demonstrates the best nitric oxide removal
efficiency (100%) with the highest N, selectivity (100%) in spite
of the highest concentration of nitric oxide (1000 ppm). However,
the coverage of soot particle on the surface of photocatalysts could
lead to catalyst deactivation under practical conditions. Further re-
search is currently conducted on the optimization of reaction con-
ditions for practical utilization.

To investigate the migration and recombination process of the
photo-generated charges in TNS and 0.135-TNS, photoluminescence
(PL) spectra measurements were conducted. As shown in Fig. 2f,
because of the existence of oxygen deficiencies on the surface,
0.135-TNS exhibited lower PL intensity, indicating lower charge re-
combination [37,38]. In addition, the electrochemical impedance
(EIS) measurements (Fig. S5a in Supporting information) present
that 0.135-TNS had a much lower interface resistance than pris-
tine TNS. During the transient photocurrent measurements, 0.135-
TNS demonstrated much higher photocurrent density than pristine
TNS (Fig. S5b in Supporting information). The above measurements
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proved that the charge separation and migration efficacy of TNS
was significantly improved upon the introduction of oxygen vacan-
cies [39]. The suppression of photo-carriers recombination can ef-
fectively facilitate the electron migration efficiency and the subse-
quent photo-reduction stage, which is inconsistent with the cat-
alytic performance in photocatalytic NO reduction by carbon par-
ticulates. The solid products formed on TNS surface during photo-
catalytic NO reduction with carbon were investigated by FTIR spec-
tra, as illustrated in Fig. 3a. Compared to the fresh 0.135-TNS pho-
tocatalysts, the absorption at 1384 cm~! emerged, which can be
attributed to nitrate generation on TNS surface [40]. The nitrate
generation and decomposition is certified to be a dynamic equi-
librium in previously reported research [14]. Nitrates can be con-
sumed through the reduction of nitrates by NO on TiO, surface.
Based on the CO, generation and NOy removal data among all il-
lumination periods, the dynamic nitrate generation has little influ-
ence on the photocatalytic activity of 0.135-TNS.

To gain insight into the influence of oxygen defects on the
charge distribution of TNS surface, DFT calculations based on dif-
ferential charge density were applied, as shown in Fig. 3b. From
the top view of the differential charge density distribution image,
the sites around oxygen defect exhibited higher charge density dis-
tribution than other parts. This charge redistribution and localiza-
tion makes the charge separation more efficient. In addition, Fig.

(gas composition: 1000 ppm NO, 5% 0, and 3% H,0). (e) Comparison of nitric oxide
ctra of different photocatalysts, excitation wavelength: 240 nm.

3b suggests that the defective TNS surface can create electron-rich
region around oxygen vacancies which can act electron reservoir
under light irradiation [41], indicating more electrons are concen-
trated on defective TNS surface for NOy reduction. According to
DFT calculations, the work function of TNS could be tuned to fur-
ther enhance the charge separation efficiency, as presented in Figs.
3c and d. The work function upper of defective TNS (3.931eV)
is much lower than the TNS without oxygen defects (6.050eV),
thereby suggesting electron flow from defective TNS surface to re-
actants can more easily occur to enable the further reduction of
reaction intermediate N,O to nitrogen.

As described above, up to 19% N,0 can be formed during pho-
tocatalytic reduction of NO with carbon particles over pristine TNS
(Table S2). Similarly, relatively high amounts of N,O (up to 35% se-
lectivity) was also generated during the NO photo-reduction on the
anatase TiO, nanoparticles surface in our previous research [13].
Notably, no N,O formation with 100% N, selectivity was achieved
over the surface of 0.135-TNS with certain amounts of oxygen va-
cancies. In addition, N,O was assumed to be generated during the
reoxidation process of Ti3* with NO instead of O, [42]. Thus, N,O
could be the intermediate species for the reduction of nitric ox-
ide to nitrogen. To unravel the reaction mechanism behind effi-
cient N,O suppression during NO photo-removal by carbon parti-
cles on defective TNS surface, the DFT was applied. The optimized
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adsorption structure for N, O adsorbed on TNS or defective TNS and
the corresponding adsorption energies are illustrated in Fig. 4. As
shown in the HR-TEM images, (001) crystalline plane was found to
be the dominant exposed facet of TNS, which was supposed to be
the active facet of anatase TiO, nanosheets [21]. The energy bar-
riers of N,O adsorption on (001) crystalline plane of TNS and de-
fective TNS are determined to be —0.43eV and —2.57 eV, respec-
tively, as shown in Figs. 4a and b. It is obviously observed that
the adsorption stability of N,O on defective TNS is about 5.9 folds
higher than pristine TNS, thus suggesting that the formed N,O can
be more easily and stably adsorbed on the (001) plane of defec-
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Fig. 5. ESR spectra in the different systems: (a) *OH, (b) *O,~ in the presence of
TNS or 0.135-TNS under light illumination for 0 or 2min. (c) Band alignment of
TNS and defective TNS. (d) Proposed mechanism for photocatalytic NO reduction
with carbon particles on defective TNS surface.

tive TNS with oxygen vacancies than pristine TNS. Therefore, dur-
ing photocatalytic NO reduction process, the generated N,O can
accumulate on the (001) crystalline plane of defective TNS easily
and continuously. In the meantime, the photo-induced electrons
can be continuously captured by the oxygen vacancies on the (001)
plane of defective TNS since oxygen vacancies are supposed to be
electron-trapping centers during photocatalytic reactions [43].
Electron spin resonance spectroscopy (ESR) was utilized to in-
vestigate the reactive oxygen species over TNS and 0.135-TNS (Figs.
5a and b). No reactive oxygen species were detected over the pho-
tocatalysts in the dark. Under light irradiation for 2 min, the ESR
signals for hydroxyl radicals (*OH) and superoxide radicals (*O,™)
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in the presence of both pristine TNS and 0.135-TNS were obvi-
ously observed. Notably, 0.135-TNS demonstrates much higher ESR
signals for *OH and °0,~ than pristine TNS, indicating the supe-
rior ability of 0.135-TNS for generating reactive oxygen species be-
cause of the presence of oxygen defects. According to the UV-vis
spectra and Mott-Schottky measurements, the conduction band of
TNS shifted from —0.32V to —0.43V (Fig. 5c) after the introduc-
tion of oxygen vacancies, indicating that the defective TNS have
superior reduction ability [44]. Therefore, the further reduction
of the intermediate N,O into nitrogen on defective TNS surface
occurred smoothly with the high concentration of accumulated
photo-induced electrons, which in consistent with N,O generation
data in all conducted reactions. As shown in Fig. S6a (Supporting
information), the possible reaction intermediates during photocat-
alytic NO reduction with carbon particles over 0.135-TNS were in-
vestigated by in-situ FTIR spectroscopy. During the photocatalytic
process, the absorption around 1684 cm! attributed to NO, can
be observed [45]. The absorption of nitrates around 1380 cm!
is found to be present during the reaction. Nitric oxide accepted
e~ to form NO~ (1174 cm~!) was also observed [46]. Notably, N,0
(1250 cm™') on the catalyst surface accumulated in the first sev-
eral minutes, then gradually disappeared during the reaction [47].
After the introduction of oxygen vacancies in TNS, the surface ad-
sorption of NO on TNS was enhanced according to Fig. S6b (Sup-
porting information), thereby facilitating the subsequent reduction
reaction. In addition, the calculated free energy suggested that the
generation of target product N, from NO or N,O conversion were
thermodynamically accelerated on defective TNS with oxygen va-
cancies. As shown in Fig. 5d, under light illumination, nitric ox-
ide could be activated by photogenerated electrons over 0.135-TNS
to form the possible reaction intermediates NO* which could at-
tack carbon particles to generate N, and byproduct N,O with cor-
responding CO, formation [15]. However, because of the limited
characterization techniques, the possible intermediates NO* have
not been confirmed yet. Future research is currently investigated to
tackle this problem. The formed N,O could be steadily adsorbed on
(001) crystal plane of defective TNS and subsequently be reduced
to N, by the enriched concentration of electrons around oxygen
vacancies. In the meantime, nitric oxide could be attacked by *OH
to NO3~ [48]. Also, the reaction of NO with oxygen can form NO,
which could react with *OH to generate HNO3 [15]. In the presence
of photo-generated *OH and *0,~ on TNS surface, the generation
and decomposition of nitrates can finally reach a dynamic equilib-
rium [48]. The proposed reactions over 0.135-TNS under light irra-
diation are listed below (Egs. 1-9):

0.135-TNS + hv — e+ h* (1)
Oy+e" —*0y” (2)
H,0 +h* —*OH + H* (3)
NO + e~ — NO* + C— N, + N,0 +CO; (4)
N,0+e~ +2H" - N, + H,0 (5)
NO+°*0OH— NO;~ +H* (6)
NO;~ +h* — NO; (7)
NO; +NO — NO, (8)

3NO, +°0,~ — NO +2NO;~ 9)
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We utilized oxygen vacancies on TNS surface to create electron-
trapping centers and N,O adsorption sites to achieve the objective
of this study: efficient prohibition of N,O formation during much
improved photocatalytic nitric oxide reduction process. N,O gener-
ation has been effectively prohibited during photocatalytic reduc-
tion of NO with carbon particles via rational regulation of oxygen
deficiencies on titanium dioxide nanosheets surface. The presence
of oxygen presented no negative influence on the inhibition of N,O
formation. The addition of water vapor can effectively enhance the
redox reaction rate with no promotion effect on N,O generation.
Density functional theory calculations directed understanding of
the efficient prohibition of N,O formation in NO-C redox reaction
to the combination of stable adsorption of N,O on defective TNS
surface and enriched amounts of photo-induced e~ captured by
oxygen vacancies as the electron-trapping centers. The optimized
0.135-TNS exhibited the highest activity for NO photo-removal by
carbon particulates and 100% N,O inhibition during reactions un-
der varied conditions. However, the photocatalytic NO reduction
efficiency is too low to be applied in practical conditions. Strategies
for improving the photocatalytic efficiency including the combi-
nation of photo- and thermo-catalysis, construction of heterojunc-
tions are highly demanded. Nevertheless, this work provides alter-
native strategy for toxic byproduct suppression during NOyx photo-
removal process, thereby demonstrate significant potential for air
pollutants control.
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