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Abstract

Airborne nitrogen oxides (NOx) are among the most persistent urban pollutants, contributing to ozone formation, acid rain,
and respiratory health issues. Beyond emission control at the source, photocatalytic NOx oxidation and storage (PHONOS)
has emerged as a promising strategy for sustainable environmental remediation. This review systematically discusses the
fundamental mechanisms, material developments, and practical aspects of photocatalytic NOx abatement. We first sum-
marize the reaction pathways governing NO and NO, oxidation on TiO, and related semiconductors, emphasizing the roles
of photogenerated holes, hydroxyl radicals, and surface-bound intermediates in determining selectivity toward nitrate.
Next, we highlight advances in material design, including single-atom catalysts, doped TiO,, g-C;N, heterostructures, and
oxygenate-modified surfaces that enhance visible-light activity and nitrate storage stability. The influence of environmental
factors-such as humidity, reactant gas flow rate, and irradiation wavelength are also discussed. Existing scientific literature
suggests that as a novel environmental airborne pollution abatement technology, PHONOS has the potential to evolve
from a laboratory concept into a viable, sunlight-driven approach for actively improving urban air quality even far away
from the point where pollution is generated.

Keywords Photocatalytic NO, oxidation-storage - DeNO, - TiO, - g-C;N, - UV/Vis-driven systems

1 Introduction (WHO) and the European Union (EU) have established

annual air quality guideline (AQG) levels 10 pg/m*® and

Nitrogen oxides (NO,), particularly nitric oxide (NO)
and nitrogen dioxide (NO,), are among the most critical
atmospheric pollutants, primarily emitted by fossil fuel
combustion in the transportation, power generation and
manufacturing industry, while natural sources such as light-
ning and microbial activity also contribute to NO, emis-
sions [1]. NO, species significantly degrade air quality in
urban environments due to their formation of photochemical
smog, ground-level ozone (O;), and secondary particulate
matter (PM, 5) [2, 3]. Prolonged exposure to NO, is intri-
cately linked to asthma, other respiratory conditions, and
cardiovascular diseases [4]. The World Health Organization
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40 pg/m?, respectively, for NO,; however urban concentra-
tions in many cities still exceed these thresholds [5, 6].

From 1970 to 2022, global NO, emissions increased
from an average of 324 gigagrams (Gg) to approximately
500 Gg (Fig. 1) [7]. Although there was a slight decrease
in emissions in 2020 due to the Covid-19 pandemic, these
values continued to rise in recent years. Considering NO,
emission levels in 2022, countries such as the USA, China,
Russia, and Brazil are among the leading contributors. Fur-
thermore, contribution from middle-income and developing
countries to global NO, emission levels remains substantial
[7-9].

From 2013 to 2020, New Delhi’s average annual NO,
levels ranged from 61 to 74 =pg/m>. In Japan, average
annual NO, level was measured to be 26 ug/m®. In 2023,
some of the highest NO, values in Europe were measured
to be 53 pug/m’ at the Na07 Ente Ferrovie station (Italy),
69 ug/m® at Patision (Greece), 107 ug/m® at Ankara-Ulus
(Turkey), 49 ug/m® at Katowice (Poland), and 44 pg/m’
at the Lyon Périphérique station (France) [6]. Driven by
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Country-level NO, emissions in 2022

United States

China

Russia

Brazil

Japan

Indonesia

India

Canada

Mexico

Turkiye 936

Korea 915

Germany 801

Spain
United Kingdom
France
Italy
Southeastern Asia
Middle East
Ukraine
Northern Africa
Rest South America
Southern Africa

550 -
500 1
450 ]

400

Global NOx Emissions (Gg)

350 1

Annual total NO, emission trend

9257

Asia-Stan

Central Europe
Western Africa
Eastren Africa
Ocenia

Rest Central America

0 1000 2000 3000

4000

5000 6000 7000 8000 9000 10000

Emission values (Gg)

Fig. 1 NO, emissions by country in 2022, with an inset showing the global trend in total NO, emissions from 1970 to 2022 [7]

increasingly stringent environmental legislation, research
into the elimination of NO, species and the development of
more efficient engines has accelerated [10].

Nitric oxide (NO), the primary component of NO, emis-
sions, does not readily decompose under ambient or exhaust
conditions due to the high activation energy associated with
its direct gas-phase decomposition (2NO — N, +0,), which
is ca. 350 kJ/mol. Although thermodynamically feasible,
this reaction is kinetically inhibited [11]. Consequently,
extensive research efforts have been devoted to developing
catalytic systems capable of lowering the kinetic barrier and
promoting the selective conversion of NO, to N, [12]. Con-
ventional NO, abatement (DeNO,) technologies, including
three-way catalytic converters (TWC), NO, storage and
reduction (NSR)/lean NO, trap (LNT), selective catalytic
reduction (SCR), and non-thermal plasma reactors, have
been widely applied for stationary and mobile sources [13].
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Despite their effectiveness under controlled operat-
ing conditions, these technologies remain largely confined
to emission-control systems located at the source of NO,
generation. TWCs are fundamentally restricted to a nar-
row stoichiometric window and become ineffective under
oxygen-rich conditions, while NSR catalysts are highly
vulnerable to sulfur poisoning and require periodic rich
operation that compromises durability and fuel efficiency
[14-26]. Although SCR enables continuous NO, reduction
under lean exhaust, its reliance on an external reductant,
complex control strategies, and limited low-temperature
activity introduces additional operational and secondary
emission challenges [27-35]. As a result, the applicability
of these technologies to ambient-air purification is inher-
ently limited.

Once emitted into the atmosphere, NO and NO, persist
for hours or even days, undergoing complex photochemical
transformations that contribute to ozone and nitrate aerosol
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formation [36, 37]. Therefore, an urgent need exists for pas-
sive, low-energy, and widely deployable technologies capa-
ble of removing NO, beyond the point of production, i.e.,
after their dispersion in the ambient air.

In this context, photocatalytic NO, oxidation and storage
(PHONOS) emerges as a promising green DeNO, technol-
ogy for airborne NO, abatement. During PHONOS, photo-
catalyst enables the oxidation of NO, followed by its storage
on the catalyst surface as solid-state nitrate species [38—40].
This process is driven by light irradiation, which can be
readily supplied by ambient or solar radiation. Unlike con-
ventional thermally driven DeNO, technologies that rely on
continuous thermal energy input to maintain high operating
temperatures, photocatalytic systems can operate passively
under outdoor conditions. This feature makes them particu-
larly attractive for real-world applications such as building
facades, pavements, and indoor air-purification devices
[41], where continuous PHONOS can be achieved under
natural solar illumination. However, the overall efficiency
of the process depends on factors such as light intensity,
catalyst activity, and environmental conditions, which must
be carefully considered for practical implementation.

The photocatalytic process resembles the natural self-
cleaning capacity of the Earth’s troposphere, where solar UV
radiation initiates homogeneous photochemical reactions
leading to the formation of highly reactive hydroxyl radicals
(-OH), often referred to as the “detergent” of the atmosphere
[42]. In the troposphere, OH radicals are primarily gener-
ated via ozone photolysis (O;+hv—O('D)+0,) followed
by reaction with water vapor (O('D)+H,0 — 2-OH) [43].
Similarly, in heterogeneous photocatalysis, photoexcitation
generates electron—hole pairs (¢ /h") [44]. The photogen-
erated holes (h") oxidize adsorbed H,O or OH™ to produce
hydroxyl radicals (-OH), while electrons (¢”) reduce O, to
superoxide radicals (O, -). These reactive oxygen species
drive the stepwise oxidation of NO to NO, and ultimately
to surface-bound nitrate (NO;") [41, 44]. Thus, the oxida-
tive chemistry underlying PHONOS is conceptually similar
to that operating in the troposphere, where reactive oxygen
species govern NO, conversion.

TiOs + hv — TiOz (h™) + TiO; (e7) (1)
h" + HyOuds — -OHags + HY )
e + O2,ads — 02_ (3)

Since the pioneering work of Fujishima and Honda in 1972,
who demonstrated the photoelectrochemical splitting of
water on a TiO, electrode under UV irradiation, TiO,-based
photocatalysts have been extensively investigated [45].
In their seminal study, a TiO, photoanode coupled with a

Pt cathode enabled the electrolysis of water into H, and
O, at a significantly reduced bias voltage compared with
conventional electrolysis, due to UV-induced photoexcita-
tion. Upon UV irradiation, TiO, generates photogenerated
electron—-hole pairs, which subsequently react with O, and
H,O on the catalyst surface to form reactive oxygen species
(Eq. 1-3) [45-49]. This discovery laid the foundation for
the widespread exploration of TiO, in photocatalytic appli-
cations, including environmental purification, self-cleaning
surfaces, and antibacterial coatings [48]. Early work by Ibu-
suki and Takeuchi demonstrated that UV-illuminated TiO,
(P25, ca. 80% anatase and 20% rutile) enables the removal
of low-concentration NO/NO,—N, mixture (1-2 ppm) from
air over a wide range of relative humidities (0 to 72% RH
at 310 K) [50]. TiO,/activated carbon mixture (2:1, wt.%)
suppresses NO, release by adsorbing intermediate NO,
and prolonging its residence time for further oxidation, and
Fe,0; acts as a promoter, with surface nitrate accumulation
being completely removed by simple water washing [50].
Negishi et al. demonstrated that TiO, thin films with dis-
tinctly different nano and micro scale surface morphologies,
prepared via polymer-assisted sol—gel dip-coating, exhibit
comparable NO removal efficiencies under UV irradiation
[51]. Critically, the results indicate that controlling surface
morphology alone is insufficient to significantly control
NO, desorption behavior during photocatalytic NO oxi-
dation [51]. These reports showed that one of the critical
issues in NO, photocatalysis is the formation and potential
release of NO, during the reaction. While the overarching
goal is the complete conversion of NO to stable surface-
bound nitrate, incomplete oxidation or unfavorable reaction
conditions may lead to secondary NO, emission, a pollutant
significantly more toxic than NO, as evidenced by its nearly
order-of-magnitude lower exposure limits (~1-3 ppm for
NO, vs.~25 ppm for NO) and pronounced acute respiratory
effects [52]. Surface-triggered HONO (nitrous acid) release,
particularly under humid conditions, further complicates
the environmental profile of photocatalytic systems [53].
HONO is a key precursor to hydroxyl radicals (-:OH) in the
troposphere and contributes to early-morning photochemi-
cal smog formation [54]. These side pathways highlight
the delicate interplay between surface chemistry, reaction
intermediates, and environmental factors such as humidity,
oxygen availability, and flow dynamics.

Beyond selectivity challenges, a major bottleneck in
NO, photocatalysis is nitrate storage and long-term stabil-
ity. While nitrate formation is the desired outcome, exces-
sive accumulation may lead to catalyst surface saturation,
deactivation, and eventual release of stored NO, species
under fluctuating humidity or thermal conditions. This
underscores a fundamental paradigm: NO, photocatalysis
involves not only oxidation but also storage and potential
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release processes, all of which must be carefully controlled
to develop robust and environmentally safe DeNO,
technologies.

Due to its relatively weak adsorption on metal oxide sur-
faces, NO cannot be efficiently stored in its molecular form
and must first be oxidized to NO,, which can be more read-
ily captured as surface nitrites or nitrates, as widely reported
in NSR systems [55]. In conventional NSR catalysts, this
later oxidation step is commonly thermally catalyzed at
elevated temperatures (e.g., 200—400 °C) by noble metals
under lean conditions, while the resulting nitrates predomi-
nantly accumulate on basic metal oxides such as BaO (in
addition to the smaller extent of NO, storage on the conven-
tional y-Al,O; catalyst support material) [10]. Upon contin-
uous NO, adsorption, these storage sites become saturated,
leading to a loss of NO, storage capacity. Regeneration is
therefore required. In NSR catalytic systems, regeneration
is typically achieved at 200-450 °C by reducing stored
nitrates to N, in the presence of precious metals (e.g., Pd,
Pt), and using reducing agents such as CO, NHj;, hydrocar-
bons, or H, [40, 56].

However, efficient NO oxidation under ambient condi-
tions remains challenging. This limitation can be overcome
by integrating photocatalytic NO oxidation (e.g., via TiO,)
with NO, storage components (e.g., alkali or alkaline-earth
oxides), enabling effective NO, removal under ambient
conditions (Fig. 2) [40]. Deactivated DeNO, photocatalysts
in outdoor settings can be regenerated at room temperature
by removing surface/bulk nitrite and nitrate species via dis-
solution in water through the action of rain, restoring active

Fig.2 Schematic view of hybrid
Photocatalytic NO, Oxidation and
Storage (PHONOS) catalyst con-
cept with enhanced NO,(g) capture
and improved DeNO, selectivity
[40]. Copyright, 2020, Elsevier
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sites and NO, storage sites for further catalytic and adsorp-
tion processes [40, 57].

A critical yet underexplored dimension of NO, photo-
catalysis is the role of experimental conditions in reported
performance metrics. Numerous critical factors such as gas
flow rate, residence time, humidity, NO/NO, feed composi-
tion, reactor design, irradiation geometry etc. all strongly
influence observed photocatalytic selectivity and conver-
sion. Literature exhibits significant variations or even
absence of reporting of some of these essential parameters
hindering accurate quantitative comparison of the published
work. For instance, high flow rates may suppress NO, re-
adsorption, inflating NO, emission, whereas low flow rates
may boost conversion efficiency by favoring longer resi-
dence times. Similarly, humidity dramatically alters surface
hydroxylation, NO, solubility, radical formation, and nitrate
stability [40, 58]. Without standardized photocatalytic test-
ing protocols, photocatalytic performance results from dif-
ferent reports cannot be precisely evaluated in a systematic
manner.

This review focuses on the mechanistic aspects of PHO-
NOS process, photocatalyst material development, and
methodological considerations associated with photocata-
lytic performance measurements in PHONOS studies. We
first discuss ultraviolet (UV)-active PHONOS systems,
which serve as a mechanistic benchmark owing to their high
oxidation capability and well-established reaction path-
ways. We then examine visible (VIS)-light-driven PHO-
NOS systems, which offer improved practical relevance,
but face challenges related to selectivity and charge-transfer

Photocatalytic
NO, Oxidation & Storage

(PHONOS)
A Novel Hybrid Catalyst
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limitations. Finally, broad-spectrum photocatalysts are eval-
uated with an emphasis on synergistic interactions between
UV and VIS light. We believe that this critical review may
inspire rational design of next-generation photocatalytic
materials particularly for effective NO, oxidation and stor-
age under realistic environmental conditions.

2 Mechanistic Insights into Photocatalytic
NO, Oxidation and Storage

Under light irradiation, photocatalyst generates electron—
hole (¢ /h™) pairs, which migrate to the catalyst surface and
initiate a series of redox reactions. Photogenerated holes
react with adsorbed water molecules or surface hydroxyl
groups to produce hydroxyl radicals (-OH), while photogen-
erated electrons reduce adsorbed oxygen to form superoxide
species (0, -); in addition, singlet oxygen ('0,) may also
be generated under suitable conditions [59]. These reactive
oxygen species (ROS), together with direct oxidation by
photogenerated holes, play a key role in the oxidation of NO.
The oxidation process proceeds primarily through the step-
wise conversion of NO to NO,, followed by further oxida-
tion to nitrate species (NO; ), which are commonly retained
on the photocatalyst surface. In TiO,-based systems, irradia-
tion with photons of energy equal to or greater than the band
gap (for undoped anatase>3.2 eV or A<380 nm) promotes
electron excitation from the valence band to the conduc-
tion band, enabling these surface reactions (Fig. 3a) [60].
Opverall, photocatalytic NO oxidation over TiO, has been
demonstrated to be an efficient and cost-effective method
for NO conversion, with NO, acting as a transient interme-
diate and NO; as the dominant final product, as supported
by previously reported reaction mechanisms and kinetic

d
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studies [61-65]. Based on these reactive species (i.e., -OH
and O, ), the photocatalytic NO oxidation process can
proceed via multiple pathways. Reactions (4—/6) summa-
rize representative steps reported in the literature [61-65].
In particular, reactions involving -OH radicals (4—6) are
primarily responsible for the stepwise oxidation of NO to
NO, and HNO;, while -O," species contribute to the direct
oxidation of adsorbed NO to nitrates (reaction 7). In con-
trast, reactions containing photogenerated electrons (/0—16)
represent possible reduction and photodecomposition path-
ways of adsorbed NO, species [66—68].
The photooxidation path:

NO + -OH — HNO; 4)
HNOs + -OHuqs — NOs + Hy0 (5)
NOgz + ‘OH,4s — HNOj3 (6)
NO + Oy ,45- = NO3z- (7
2NO + Os — 2NO, ®)
3NO2 + 20H™ — 2NO3; + NO + H20 9

The photodecomposition path:

NO — Nags + Oaas (10)
NOads + Nads — N2Oags (11)
NOags + Oags = NOg aqs (12)
20a4s = O2,ads 13)

e-h*pair formation
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Fig. 3 a Schematic illustration of the photocatalytic mechanism of a typical semiconductor [60]. Copyright, 2014, RSC, b Temporal evolution of
charge carrier processes in photocatalysis [44]. Copyright, 2008, Elsevier
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2Nads — N2,ads (14)
21\Ioads — O2,ads + NZ,ads (15)
21\1203de — OQ,ads + 2N2,ads (16)

While nitrate formation is widely considered the dominant
pathway in TiO,-mediated NO oxidation, cryotrapping-
mass spectrometric analysis (CryoF/TQMS system) has
revealed that N,O can be the dominant product during UV-
driven NO conversion over anatase TiO, at low relative
humidity conditions [69]. Thus, photocatalytic generation
of N,O from NO in the presence of O, and H,0 has been
reported to be negligible on titania photocatalyst [69].

Photocatalytic activity over TiO, is fundamentally gov-
erned by the generation, migration, and recombination of
photogenerated charge carriers, while light absorption alone
is insufficient to ensure efficient photocatalytic reactions
[44, 48]. Early mechanistic studies revealed that electron—
hole pairs generated upon UV irradiation undergo ultrafast
recombination in the bulk on femtosecond (fs, 107 s) to
picosecond (ps, 10712 s) time scales, leaving only a small
fraction of charge carriers available for surface reactions
(Fig. 3b) [70, 71]. Subsequent investigations demonstrated
that the overall photocatalytic efficiency is governed by
the competition between charge carrier recombination and
interfacial charge transfer, with bulk recombination occur-
ring at rates significantly faster than surface redox processes
[48, 72]. Therefore, photocatalytic reactions are dominated
by long-lived charge carriers that successfully migrate to the
surface and participate in interfacial chemistry. In TiO, non-
radiative recombination pathways are predominant, with
excitation energy being dissipated mainly as lattice vibra-
tions rather than photon emission. Radiative recombination,
commonly probed by photoluminescence spectroscopy, is
therefore largely associated with defect- or trap-mediated
states rather than intrinsic band-to-band transitions. Surface
defects such as oxygen vacancies and Ti*" centers exhibit a
dual role: shallow trap states can temporarily capture charge
carriers and prolong their lifetimes, whereas deep trap states
act as recombination centers that promote non-radiative
energy dissipation [70, 72]. Consequently, photocatalytic
performance reflects a delicate balance between suppressing
fast bulk recombination, optimizing surface defect chem-
istry, and facilitating efficient charge transfer to adsorbed
reactants, which ultimately dictates the formation of reac-
tive oxygen species and the overall rate of surface redox
reactions, including NO oxidation.

@ Springer

3 UV-Driven Photocatalytic Systems for NO,
Oxidation and Storage

Despite the growing emphasis on visible-light-driven pho-
tocatalysis, ultraviolet (UV)-active systems continue to play
a foundational role in the development and evaluation of
photocatalytic NO, abatement technologies. Historically,
UV-responsive photocatalysts (most notably TiO,) have
served as mechanistic benchmarks, enabling detailed elu-
cidation of reaction pathways, surface intermediates, and
deactivation phenomena under well-controlled irradiation
conditions [73, 74]. This benchmark status has been further
reinforced by the development and widespread adoption of
the ISO 22197-series standards regulating photocatalytic
removal methodologies for different gas phase pollutants
such as NO, acetaldehyde, toluene, and formaldehyde [75,
76].

The relevance of UV-active photocatalysts does not
primarily stem from their suitability for real-world urban
implementation, but rather from their ease of use in conven-
tional experimental research studies. [44]. Wide bandgap
metal oxide semiconductors ensure strong redox poten-
tials, facilitating the generation of highly oxidative photo-
generated holes and reactive oxygen species (ROS). These
features make UV-driven systems ideal platforms for dis-
entangling the fundamental steps of NO oxidation, nitrate
formation, and surface accumulation.

However, the reliance on UV irradiation accounting
for less than 5% of the solar spectrum-imposes severe
constraints on scalability and sustainability [73]. As such,
UV-active photocatalysts are regarded as reference and/or
complementary systems rather than final solutions within
the context of PHONOS and other solar-driven initiatives.

3.1 PristineTiO,

Pristine anatase TiO, is considered the most active TiO,
phase for photocatalytic NO, oxidation due to its indirect
band gap which increasing electron-hole lifetime, its gen-
erally high specific surface area resulting from common
synthesis protocols, and its abundance of surface hydroxyl
groups [77]. Photon-induced holes formed in the anatase
phase under UV irradiation interact with surface-adsorbed
H,0 and OH" species, facilitating the formation of -OH
radicals. These radicals then cause the sequential oxidation
of adsorbed NO molecules to HONO, NO,, and ultimately
surface-bound nitrate species. However, despite its high NO
conversion, anatase TiO, cannot completely prevent the
release of the NO, intermediate into the gas phase under
most conditions, leading to a selectivity problem [77, 78].
Furthermore, the accumulation of nitrate species on the
surface over time can block the active sites, leading to a



Topics in Catalysis

decrease in performance in the steady-state regime after
the transient high activity observed on anatase TiO, [49].
Mechanistic studies combining in-situ DRIFTS, TPD, and
DFT have shown that NO, oxidation on anatase TiO, results
in the formation of strongly bound surface nitrate species,
including lattice-anchored NO; ™~ and co-occurring adsorbed
nitrate ions, which exhibit high thermal stability and can
accumulate on the surface under UV irradiation, providing
a mechanistic basis for their potential role in nitrate storage
and secondary NO,-related emissions [79].

Rutile-rich TiO, displays limited suitability for pho-
tocatalytic NO, removal, as demonstrated by its low NO
(~33%) and NO, (~5%) conversions accompanied by very
high NO, selectivity (~82%) after 10 h of under broadband
(250-700 nm) UV-visible irradiation [80]. This behavior
arises from the combined effects of direct band gap (3.0 eV)
structure and low specific surface area (47.91 m? g 1), result-
ing in a reduced surface hydroxyl density [62]. In addition,
less efficient charge separation compared to anatase, rutile
restricts the adsorption and subsequent oxidation of NO,
intermediates, thereby favoring their release rather than
their conversion into surface-bound nitrates [80]. Surface
spectroscopic studies have shown that NO and NO, adsorp-
tion occurs on rutile TiO,, but nitrate formation is more
limited compared to anatase [81]. Therefore, rutile TiO, is
rarely preferred in practical photocatalytic air purification
applications due to its low NO, conversion and poor long-
term performance when used alone [62].

P25 (TiO,) offers a more stable performance in photocat-
alytic NO, removal compared to pure phases thanks to the
synergistic combination of approximately 80% anatase and
20% rutile phases [64, 78]. Charge transfer occurring at the
anatase—rutile interface enables photon-excited electrons to
be directed to the rutile phase, thus suppressing electron—
hole recombination [62]. While this synergy contributes
to P25’s increased NO conversion, a significant amount
of NO, intermediate release is still observed, creating a
potentially environmentally questionable benefit. Although
P25-containing coatings have been shown to reduce NO and
NO, concentrations in real-scale applications, limitations
such as selectivity and surface nitrate deposition reveal that
P25 alone is not an ideal solution [78].

Systematic pretreatment studies on P25 reveal that
increasing calcination temperature from 70 °C to 600 °C
results in a pronounced decrease in NO decomposition rates
from approximately 1210 to 430 umol h™! g_,, ~!, highlight-
ing the sensitivity of UV-driven activity to surface hydroxyl
density. Under identical conditions, NO reduction in the
presence of CO also declines with pretreatment severity,
decreasing from 657 to 240 umol h™" g_,, ! indicating that
both oxidative and reductive pathways are governed by
surface-bound functionalities rather than bulk phase alone.

Selectivity analysis shows that N, formation during NO
decomposition over P25 remains approximately constant
at~23% between 70 °C and 450 °C but increases to~30%
after calcination at 600 °C, demonstrating that thermal his-
tory alters product distribution even under UV irradiation.
In contrast, NO reduction in the presence of CO exhibits a
decrease in N, selectivity from~46% to~25% with increas-
ing pretreatment temperature, underscoring the competing
roles of surface hydroxyls and lattice oxygen in determining
reaction pathways [64].

Beyond activity metrics, TiO, photocatalysis is critically
limited by the formation and release of NO,, a more hazard-
ous pollutant than NO, as reflected by substantially stricter
exposure limits (The National Institute for Occupational
Safety and Health (NIOSH) recommended ceiling limit:
3 ppm for NO, vs 25 ppm for NO), making NO, selectiv-
ity a decisive parameter for evaluating net environmental
benefit [78, 82, 83]. As a consequence, the DeNO, index has
been introduced to account for simultaneous NO removal
and NO, generation, with several commercial TiO, materi-
als exhibiting strongly negative DeNO, values despite high
apparent NO conversion [62].

3.2 TiO,-Based Photocatalysts with NO, Storage
Domains

The inability of pristine TiO, to suppress NO, release
despite high UV-driven NO oxidation activity motivated
the development of hybrid photocatalytic oxidation-storage
architectures, in which TiO, provides NO oxidation func-
tionality while secondary oxide domains, such as Al,Os,
act as non-photocatalytic NO, storage reservoirs [38, 84].
In TiO,~Al,O; binary systems, in-situ FTIR spectroscopy
revealed that NO, generated on TiO, readily migrates to
alumina domains, where it undergoes disproportionation
to form surface nitrites and nitrates with substantially
higher stability than those formed on TiO, alone [85-88].
Quantitatively, TiO,—Al,O; systems have been reported to
exhibit substantially enhanced NO, storage capacities (up
to~160% higher than Degussa P25) while simultaneously
reducing NO,(g) release by more than 50%, confirming that
the improvement arises not only from increased oxidation
kinetics but also from altered surface NO, retention and
storage behavior [38]. The enhanced storage performance
of TiO,—Al,0O; systems was attributed to the high specific
surface area of y-Al,0; (200 m?/g) and its moderate surface
acidity, which favors the formation of bidentate and bridg-
ing nitrate species with intermediate adsorption strength.
These findings indicate that the photocatalytic performance
of binary systems is governed by the balance between
NO oxidation rates on TiO, and the favorably highly NO,
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Fig. 4 Post-reaction DRIFT spec-
tra of TiO, and metal-promoted
TiO, after photocatalytic NO,
storage: a alkali metal-promoted
TiO, catalysts, b alkaline earth
metal-promoted TiO, catalysts
[90]. Copyright, 2019, Elsevier.
¢ NO(g) conversion%, NO, stor-
age selectivity % and d DeNO,
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storage capacity of alumina domains, rather than by TiO,
activity alone [38, 57].

The acidic adsorption sites provided by y-Al,O5, when
complemented by alkali (Na, K, Rb, Cs) or alkaline-earth
metal oxide phases (CaO, MgO, SrO, BaO) enable stronger
stabilization of nitrate species, thereby enhancing the overall
NO, storage [65, 89, 90]. In-situ Diffuse Reflectance Infra-
red Fourier Transform Spectroscopy (DRIFTS) revealed
that on bare and Ba-modified TiO, (Fig. 4a and 4b), NO is
predominantly stabilized as Ti-coordinated nitrate species,
evidenced by characteristic bands at 1605 and 1247 cm !
(bridging), 1585 and 1308 cm ™! (bidentate), and 1498 cm ™!
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(monodentate), with Ba-TiO, exhibiting nearly identical
features (1601 and 1254, 1579 and 1295, and 1519 cm™!),
indicating preservation of Ti-site coordination upon alka-
line earth modification [90-93]. In contrast, alkali metal-
modified TiO, (Na, K, Rb, Cs) is dominated by physically
adsorbed NO, intermediates (1630—1690 cm') and broad
bands at 1300-1550 cm !, reflecting Ti-site blocking and
weaker nitrate binding, whereas alkaline earth modification
promotes strongly bound Ti-associated nitrates that govern
high NO, trapping efficiency at low temperature [90].

In the P25-based physical mixtures, CaO’s extreme
basicity provides strong NO, uptake via strong O* —Ca"
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ionic interactions that stabilize NO, /NO;™ species [40].
However, CaO-rich binary mixed oxides suffer from low
surface area-e.g., 25Ca/Ti shows BET specific surface area
(SSA) of 39 m? g !-so the most effective design is a ter-
nary that combines strong CaO sites and weaker/moder-
ate y-Al,O; sites while keeping reasonable TiO, content.
Accordingly, the optimized 25Ca/53A1/22Ti reaches SSA
113 m? g ! and retains a favorable (positive) DeNO, behav-
ior after both 1 h and 12 h, while even the binary 25Ca/
Ti loses its detoxification efficiency over time (DeNO,
Index:+0.14 at 1 h— +0.09 at 12 h) (Fig. 4c and 4d) and
generally performs best at moderate humidity (20-50% RH
at 23+2 °C), with high humidity being detrimental (80%
RH at 23+2 °C) [40]. It should be noted that CaO-based
storage domains are chemically reactive under ambient con-
ditions and may undergo hydration (CaO — Ca(OH),) and
carbonation (CaCOs,) in the presence of H,0 and CO, [94].
While such transformations can modify surface basicity and
NO, adsorption behavior, they do not necessarily result in
significant material loss under mild aqueous conditions, as
Ca(OH), is only sparingly soluble. In contrast, nitrate/nitrite
species (e.g., Ca(NO;),, Ca(NO,),) are highly water-soluble
and can be removed during washing, enabling partial regen-
eration of storage sites [40].

In the sol-gel TiO,/Al,O; photocatalysts (7.0Ti/Al-700),
adding alkaline-earth oxides by physical mixing (10, 20,
or 40 wt.% MgO/Ca0O/SrO/Ba0) further boosts NO, stor-
age selectivity by increasing surface basicity and creating
strongly binding NO, adsorption sites (Fig. 4e) [65]. The
optimum ternary oxide formulations were reported to be
20Ca/7.0Ti/Al-700 and 20Sr/7.0Ti/Al-700, which reach a
DeNO, index of+0.37 (vs.+0.30 for the unpromoted 7.0Ti/
Al-700) (Fig. 4f), and the authors explicitly interpret this
as a dual-site storage synergy: low-SSA, strongly binding
CaO/SrO sites handle robust nitrate storage, while high
SSA Al,O4 domains provide additional weak/moderate sites
that suppress saturation of the catalyst surface with nitrates
and improve longevity. It was also reported that CaO/Al, O,
domains also adsorb water and mitigate poisoning of TiO,
surface due humidity at high RH values [65]. During a 12 h
stability test, the 20Ca/7.0Ti/Al-700 catalyst exhibited only
a moderate decrease in DeNO, index (from+0.37 to+0.28),
while largely preserving its NO, storage selectivity despite
a measurable decline in NO conversion. Importantly, these
measurements were conducted at an inlet NO concentra-
tion of ~1 ppm, which is significantly higher than typical
urban NO levels (by approximately one order of magnitude
or more). Under such realistic PHONOS operational condi-
tions, the nitrate accumulation rate is expected to be sig-
nificantly low which will result in elongation of the time
required for the saturation of the NO,-uptake capacity of

the PHONOS catalyst, enabling substantial extension of the
catalyst lifetime [65, 95, 96].

While the incorporation of alkali and alkaline earth metal
oxides creates additional basic storage domains for nitrate
stabilization, recent studies suggest that control of crystal-
lographic surface facets of titania alone can also allow NO,
retention by modulating defect density, water adsorption,
and radical formation pathways. Crystal facet engineering
of brookite TiO, was shown to enhance photocatalytic NO,
selectivity under UV irradiation by suppressing NO, forma-
tion and promoting nitrate production [97]. XRD analysis
revealed that brookite nanorods having (120), (111), and
(121) surface facets (TALH-6U-SL) exhibited a high pro-
portion of the (111) facet, reaching up to 68.8%. Despite
having a specific surface area comparable to commercial
P25 (39.9 m? g!), TALH-6U-SL displayed a nitrate selec-
tivity approximately 4.9 times higher than P25 and 6.8 times
higher than facet-uncontrolled brookite (TALH-6U). TGA
measurements showed a higher weight loss for TALH-
6U-SL (3.86%) compared to TALH-6U (1.69%), indicat-
ing increased surface hydroxylation, while XPS analysis
revealed a negative shift of 0.3—0.5 eV in the Ti 2p binding
energies, consistent with a higher density of oxygen vacan-
cies. Together, these structural and surface features favored
enhanced water adsorption and stabilization of oxidized
NO, intermediates, leading to suppression of NO, release
and preferential nitrate formation during photocatalytic NO
oxidation [97].

Collectively, these studies establish that photocatalytic
NO, storage on TiO,-based systems is governed by a deli-
cate interplay between photocatalytic oxidation kinetics,
surface acidity/basicity, specific surface area, and nitrate
binding strength and crystallographic surface structure.
From a mechanistic standpoint, efficient PHONOS catalysts
must therefore integrate highly active TiO, oxidation sites
with structurally optimized storage domains-whether with
well-defined surface acidity or exposure of particular crys-
tallographic metal oxide facets to enhance NO oxidation,
strengthen nitrate retention, and minimize secondary NO,
release while maximizing solid-state nitrate accumulation.
In this context, the extent and nature of nitrate accumula-
tion can be reliably assessed by combining quantitative
analysis via ion chromatography with in-situ spectroscopic
techniques such as FTIR/DRIFTS, which provide comple-
mentary insight into surface speciation and binding configu-
rations [98, 99].

3.3 Role of Co-catalysts in TiO,-Based PHONOS
Systems

The addition of metals or metal oxides to TiO,-based
PHONOS systems as co-catalysts has been effective in
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enhancing NO, storage and selectivity. Co-catalysts have
been reported to regulate the interfacial charge-transfer pro-
cesses, suppress electron—hole recombination, and promote
NO oxidation kinetics through modified surface redox path-
ways, which ultimately contribute to the stability of stored
nitrate species under continuous irradiation [100—102].

Such charge-regulation effects were explicitly quantified
in Tij 999 W 991 O, N, under broadband irradiation conditions
[101]. Photocatalytic tests showed a decrease in NO, con-
centration from 10~ ppm on bare TiO, to below the detec-
tion limit (10~ ppm), corresponding to a NO, suppression
of more than six orders of magnitude, while nitrate selectiv-
ity increased from 29% to 90% (Fig. 5a). Spectroscopic and
electrochemical analyses showed that the W /W>" redox
couple functions as an electron-storage center, temporar-
ily trapping photogenerated electrons. This stored charge
enables oxygen to undergo multi-electron reduction at more
positive potentials (around+0.6 V vs RHE, where RHE
refers to the reversible hydrogen electrode, a standard elec-
trochemical reference scale) (Fig. 5b). As a result, electrons
are preferentially transferred to O, rather than to surface-
bound nitrate species, thereby suppressing their undesired
back-reduction (i.e., the re-conversion of nitrate into NO,).
Electron Paramagnetic Resonance (EPR) analysis (Fig. 5¢)
provides direct evidence that photogenerated electrons are
preferentially trapped at W' centers rather than forming
Ti*" species, confirming the formation of stable electron-
storage sites within the Tijg59Wy 09;O,N, lattice. These
reduced W species, characterized by low g-values indica-
tive of strong spin—orbit coupling in 5d orbitals, demon-
strate that electrons are localized at tungsten centers under
irradiation [101].

For atomically dispersed Mn sites on TiO,(B) (a meta-
stable bronze-type (monoclinic) polymorph of TiO,) photo-
catalytic experiments yielded an NO conversion of 67.15%
and a DeNO, index of 58.5%, compared to 41% and 27%
for pristine TiO,(B), while NO, release was reduced by a
factor of 2.11, indicating improved selectivity toward stored
nitrate species [100]. Time-resolved photoluminescence and
transient photocurrent measurements revealed prolonged
charge-carrier lifetimes and increased photocurrent den-
sity for Mn-TiO,(B), directly correlating enhanced charge
separation with reduced NO, formation [100]. In TiO, rutile
(R-706)-fly ash composites, the introduction of CaO and
aluminosilicate-rich fly ash increased nitrate formation,
as confirmed by enhanced nitrate band intensities in FTIR
spectroscopy and a shift in product distribution toward
NO;™ compared to pure rutile TiO,, despite the relatively
low intrinsic NO conversion efficiency of the rutile phase
(R-706) (Fig. 5d) [103]. The role of storage domains was
quantified in TiO,-Ti;C,-OH hybrids, where NO, storage
selectivity reached 91% and the DeNO, index increased
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to+0.30 at a NO conversion of 54%, compared to a negative
DeNO, on bare TiO,, confirming that Ti;C,-OH acts as a
strong NO, adsorption and hole-accepting domain (Fig. Se-
5g) [104].

These advances in interfacial engineering and storage
domain design have paved the way for the development of
single-atom catalysts (SACs), where metal atoms are atomi-
cally dispersed to maximize active site efficiency and metal-
support interactions. Photocatalytic NO, removal over Pd/
TiO, (anatase/rutile mass ratio=20.5) under UV irradia-
tion is quantitatively governed by isolated Pd atoms rather
than Pd clusters or bulk Pd species [105]. NO adsorption
via in-situ DRIFTS demonstrates that the surface fraction
of isolated Pd increases linearly up to 0.1 wt.% nominal
Pd (0.055 wt.% surface Pd), above which Pd aggregation
occurs (Fig. 6a and 6b). Representative STEM images of
the 1 wt.% Pd/TiO, catalyst before and after NO removal
are shown in Fig. 6¢ and 6d. The 5 h average NO, removal
efficiency scales linearly with the isolated Pd surface frac-
tion, while photodeposited Pd nanoparticles exhibit activi-
ties comparable to bare TiO,. Under ISO 22197-1:2007
standard conditions, flame spray pyrolysis (FSP)-made Pd/
TiO, achieves a 4—-5-fold higher NO, removal after 5 h, with
a maximum turn over number (7ONp =65.4) at 0.1 wt.%
Pd, decreasing to 7.6 at 1 wt.% Pd due to clustering. Post-
reaction NO adsorption via in-situ DRIFTS confirms that
nitrate species poison TiO, and Pd clusters, whereas the lin-
ear NO band of isolated Pd at 1847 cm ™' remains largely
unchanged, indicating superior nitrate poisoning resistance
and identifying isolated Pd atoms as the dominant active
sites [105].

Vanadate single-atom-modified anatase TiO, calcined at
400 °C (a-TiO,(400)-VSA) shows an approximately 3-fold
higher photocatalytic NO, conversion rate than pristine
a-Ti0,(400) under simulated solar light. Whereas unmodi-
fied TiO, converts NO, exclusively to nitrate, vanadate
SAC:s alter the product distribution, leading to partial reduc-
tion of NO, to NO (=33% of converted NO,), with nitrate
remaining the dominant product. This behavior is consistent
with the oxygen reduction kinetics of vanadate-SAC-mod-
ified TiO,, where shallow intragap states associated with
the V>*/V*" redox couple enable rapid electron extraction
and fast catalytic turnover in O, reduction (Fig. 6e and 6f).
Consequently, electron transfer from reduced vanadate sites
becomes competitive with nitrate formation pathways, giv-
ing rise to reductive NO, conversion that is absent on pris-
tine TiO, [106].

Overall, co-catalysts emerge as indispensable compo-
nents in TiO,-based PHONOS systems, not only by promot-
ing charge separation and surface redox reactions, but also
by steering NO, oxidation pathways toward selective and
stable nitrate formation.



Topics in Catalysis

a b, c
Maximum selectivity ¢f Ti, W, O,N,
X
Sy,
£
2
©
9L
]
2] -
|o
O W2 33.33%
z
i ®  Selectivity of undoped anatase TiO, 360 400 440 480
-300 - T T - ic Fi
000 005 0.10 0.15 0.2( 03 04 05 06 07 08 MigstcFwa X
W content y in Ti; W, 0,N, Potential vs RHE / V

d e

08

0 e =S A

S <
= 04 \ Non-photocatalytic NO, storage
-o-R-T06-FA1-1.0%
£ ~-RT06FA21.0%
~o-R-T06-FA3-1.0% Photocatalytic NO, storage
- 0 10 30 50 60 N0 P No; o KOs, ;» HNOYNO 4, @ H,0 30,
time (min)
f . g
100 JE==1NO Conversion (%) 0.4 [ DeNO,
[ Selectivity (%)
80 J 03 .
0.24
60 -
0.14
40-
0.0
L
201 0.1

TiO,  TiO;Ti,C,-F TiO,-Ti,C,-OH
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irradiation with respect to nitrate (i.e., desired product) formation vs.
W content y in Ti; ,,W O,N,. b Oxygen reduction currents vs applied
potential for undoped anatase TiO, nanoparticles (black trace) and
Tij 95 Wo.0430-N, (red trace). For Tij 95, W 0450,N,, the potential at
which ORR starts (ca. 0.6 V vs RHE) and the Tafel slope of the current
profile are indicative of a two-electron-reduction process. ¢ Experi-
mental (black) and simulated (red) X-band CW EPR spectra of the
Tig 900 Wo.0910,N, nanoparticles measured at 50 K at high fields. The
simulated spectrum is deconvoluted into two components: W1 (green)
and W2 (blue). The relative spectral contributions are also reported
in the figure. The experimental spectrum was recorded at 100 kHz

field modulation frequency, 0.2 mT field modulation amplitude, 2 pW
microwave power, and 72 dB receiver gain [101]. Copyright, 2018,
American Chemical Society d Evolution of nitric oxide concentration
(initial NO conc.=1 ppm) when TiO, rutile was coupled with differ-
ent fly ashes (Q=1 L min™', I=8.2 W m2,<0.4 ppm of H,0,£2%
error in the measurements of NO) [103]. Copyright, 2016, American
Chemical Society. e Schematic illustration of NO, abatement by TiO,-
Ti;C,-OH; for the sake of simplicity, the oxidation of NO to HNO; by
photogenerated electrons and the oxidation of NO to NO, by photo-
generated holes are not shown in the schematic. f NO conversion and
NO, storage selectivity and g DeNO, index for TiO,, TiO,—Ti;C,—F,
and TiO,—Ti;C,—OH [104]. Copyright, 2022, Elsevier
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Fig.6 DRIFT spectra of NO
(1000 ppm) adsorption (after
20 min) on FSP-made Pd/TiO,
with 0 (black), 0.1 (red) and 1
(green) wt.% Pd a before and Q
b after NO removal. The insets N
show STEM images of TiO, 6
with 1 wt.% Pd ¢ before and d

after NO removal. Bright spots
(red circles) and gray parts show
Pd subnano-clusters and TiO,,
respectively [105]. Copyright,
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3.4 Low-Dimensional Semiconductor
Nanostructures for PHONOS Applications

Low-dimensional semiconductor nanostructures such as
quantum dots (QDs), carbon quantum dots (CQDs), and
quantum nanoplatelets (NPLs) have recently emerged as
effective functional modifiers of TiO, for PHONOS, pri-
marily by enhancing light harvesting, charge separation,
and NO, storage selectivity [39, 107].

Functionalization of P25 (TiO,) with thioglycolic acid
(TGA)-capped CdTe quantum dots leads to a profound
improvement in PHONOS performance by selectively
enhancing NO, storage rather than merely increasing NO oxi-
dation activity. In the TGA-capped CdTe QD-functionalized
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P25 system, NO conversion increased from 31% to 42-43%
under UV-A and visible irradiation, while NO, stor-
age selectivity dramatically increased from 25-35% to as
high as 92-97% (Fig. 7a). 1.0 wt.% and 2.0 wt.% CdTe/
P25 stand out as the most effective compositions, deliver-
ing consistently positive DeNO, index values under both
UV-A and VIS irradiation (Fig. 7b). Control experiments
demonstrate that NO oxidation occurs predominantly on
TiO, active sites, whereas the CdTe QDs and their organic
capping layer facilitate downstream NO, adsorption and
conversion to surface-bound nitrate species. This behavior
is attributed to favorable band alignment (CdTe QDs direct
band gap 1.96 ¢V), which harvest both UV and VIS-light,
and promotes interfacial charge separation, suppressing



Topics in Catalysis

electron—hole recombination and increasing the availability
of oxidative surface species required for nitrate formation,
while aging studies confirm that the composite consistently
outperforms bare P25 despite partial QD degradation [39].
In addition, the possible effect of temperature under VIS-
light irradiation should be taken into account. Although the
reactor temperature may increase upon illumination with
a conventional visible light irradiation source which may
also emit IR radiation (if not filtered), NO oxidation remains
largely independent of temperature when normalized to the
incident photon flux, indicating a predominantly photocata-
lytic process (Fig. 7c). In contrast, NO, storage decreases
at higher temperatures (Fig. 7d), likely due to reduced H,O
adsorption and a lower concentration of surface -OH groups
required for nitrate formation. In overall, these findings
indicate that the enhanced performance under VIS-light is
mainly photocatalytic in origin, while elevated temperature
may negatively affect NO, storage [39].

A similar mechanistic trend is observed for the enhanced
photocatalytic activity of N-doped carbon quantum dots
(P25/NCQD). In this system enhanced PHONOS perfor-
mance originates from interfacial electronic effects rather
than structural or textural changes, as BET and XRD con-
firm similar surface areas and preserved anatase-rutile
composition. Diffuse reflectance UV-Vis (DR-UV Vis)
spectrum shows enhanced visible-light absorption with a
bandgap reduction from 3.05 to 2.95 eV, consistent with Ti—
O-C interfacial bond formation evidenced by FTIR and a
0.3-0.5 eV positive shift in Ti 2p XPS peaks. Consequently,
P25/NCQD achieves higher NO conversion under UV
(79.6%) and visible light (27%) compared to P25 (58.4%
and 10%, respectively), together with improved selectivity
(Fig. 7e). Reduced charge-transfer resistance observed by
EIS confirms that NCQD act as efficient electron acceptors,
suppressing recombination and governing NO photo-oxida-
tion performance [108]. Although the absolute selectivity
enhancement is smaller than that achieved with CdTe QDs,
the results consistently indicate that zero-dimensional car-
bon-based sensitizers suppress electron—hole recombination
and promote surface reactions leading to ionic NO, species.

This effect becomes even more pronounced in the case of
two-dimensional CdSe/CdSeTe core-crown quantum-well
nanoplatelets (NPL) [107]. The core-crown NPL architec-
ture generates a Type-II heterojunction in which photogene-
rated electrons are preferentially localized in the CdSe core,
while holes are confined within the CdSeTe crown (Fig. 7f)
[109, 110]. This spatial separation leads to the formation of
long-lived, spatially indirect excitons with suppressed non-
radiative recombination [111]. PL quenching observed upon
NPL deposition on TiO, provides experimental support for
efficient charge transfer from the NPLs to the TiO, support.

Under UV-A and visible light irradiation, the type-1I band
alignment promotes electron accumulation in the CdSe
core and subsequent injection into the TiO, conduction
band, while holes remain confined within the NPL phase,
facilitating oxidative surface reactions. This charge car-
rier partitioning significantly increases the probability that
photogenerated NO, intermediates are further oxidized and
immobilized as surface nitrate species rather than desorbing
into the gas phase [107]. Post-reaction XPS analysis reveals
partial electronic restructuring of Cd sites following pro-
longed PHONOS operation, indicating that the NPL phase
actively participates in interfacial charge exchange dur-
ing catalysis rather than acting as a passive light absorber.
Importantly, the catalyst retains superior performance rela-
tive to P25 after repeated cycles, underscoring the stability
of the Type-II heterojunction strategy for practical PHO-
NOS applications [107].

These studies demonstrate that the incorporation of low-
dimensional semiconductor sensitizers into TiO, archi-
tectures represents a powerful strategy to overcome the
intrinsic selectivity limitations of TiO, in PHONOS appli-
cations. Rather than maximizing NO oxidation alone, these
materials enable a more balanced catalytic function by cou-
pling efficient photo-oxidation on TiO, with selective NO,
storage mediated by the sensitizer phase.

4 Visible-Light Photocatalytic Systems for
NO, Oxidation and Storage

While UV-driven PHONOS systems predominantly rely on
wide-band-gap semiconductors such as TiO, to initiate NO
oxidation and storage processes, their practical applicability
is intrinsically limited by the relatively small UV photon
flux of the solar spectrum. This limitation has motivated
the development of visible-light-driven PHONOS systems,
where band-gap engineering and the introduction of visi-
ble-light-active components enable NO, abatement under
longer-wavelength irradiation with a greater photon flux. In
this context, carbon-based photocatalysts and doped TiO,
materials have emerged as two major photocatalyst classes
for extending PHONOS activity into the visible region.

4.1 Carbon-Based Photocatalysts

Carbon-based photocatalysts-most notably graphitic carbon
nitride (g-C;N,), doped carbon frameworks, and carbon-
semiconductor composites-have gained significant atten-
tion in environmental photocatalysis due to their VIS-light
absorption, tunable electronic properties, and structural
flexibility [112]. Unlike TiO,, which requires UV activa-
tion, many carbonaceous photocatalysts can harvest visible
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Fig. 7] a NO conversion and
selectivity results for fresh and
aged titanium dioxide (P25) and
CdTe/P25 under UV-A irradiation
and VIS irradiation [39]. Copy-
right, 2019, American Chemical
Society. b DeNO, index results
of fresh and aged titanium
dioxide (P25), CdTe/P25, H,O(1)/
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wavelengths (e.g., 400460 nm), allowing more efficient
utilization of solar irradiation. Their n-conjugated electronic
structure facilitates delocalized charge transport and facili-
tates electron excitation under lower photon energies [113].

Among these materials, g-C;N, stands out due to its
moderate band gap (2.7 eV), good thermal and chemi-
cal stability, and nitrogen-rich framework enabling unique
adsorption sites for NO and NO, [113, 114]. The layered
structure of g-C;N, resembles graphite, consisting of tri-
s-triazine repeating units linked through nitrogen bridges.
This structure gives rise to electron-rich lone pairs and
surface Brensted basicity, distinguishing carbon-based sys-
tems from oxide photocatalysts in their surface interactions
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with nitrogen oxides [115]. However, pristine g-C;N, suf-
fers from fast charge recombination, limited surface area,
and suboptimal selectivity in NO oxidation [116]. These
limitations have spurred extensive efforts in doping, exfo-
liation, heterojunction formation, mesoporous structure,
and carbon-hybrid platform design [117, 118]. Template-
assisted synthesis represents an effective strategy, offering
fine control over the surface, electronic, and morphological
features of g-C;N,, along with the rational design of porous
frameworks [119, 120].

Photocatalytic oxidation of NO at ppb levels under vis-
ible light is intrinsically governed not only by the overall
NO conversion efficiency but, more critically, by the ability
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of the catalyst to suppress the formation and release of toxic
NO, intermediates while promoting the accumulation of
stable nitrate species. The collective findings of the present
body of literature clearly indicate that the key challenge in
g-C;N,-based systems lies in controlling reaction selectivity
rather than simply enhancing VIS-light absorption or charge
generation [117, 121, 122].

The successful incorporation of Fe;O, into mpg-CN500
was confirmed by XRD analysis (Fig. 8a) [117]. Under vis-
light irradiation, commercial P25 exhibits a strongly nega-
tive DeNO, index (— 0.28) due to severe NO, release despite
moderate NO conversion. In contrast, mesoporous g-C;N,
calcined at 500 °C (mpg-CN500) achieves 40% NO conver-
sion with 83% NO, storage selectivity (Fig. 8b), resulting in
a positive DeNO, index of+0.20 (Fig. 8c). This improve-
ment arises from its intra-band gap states, improved charge
separation, and mesoporous structure facilitating gas diffu-
sion. Further modification with 8 wt.% Fe;0, improves NO,
storage selectivity to 93% and increases the DeNO, index
to+0.28, although the NO conversion decreases slightly to
35%. The Fe?"/Fe*" redox couple promotes oxygen reduc-
tion by scavenging conduction-band electrons, thereby sup-
pressing the reduction of surface nitrate species to NO, and
leading to enhanced selectivity and stable multiple-cycle
performance compared to bare mpg-C;N, [117].

Metal-free defect engineering effectively regulates NO
oxidation selectivity, as demonstrated by amorphous carbon
nitride with Nj. vacancies (ACN3) [123]. ACN3 achieves
57.1% NO removal within 10 min with a nitrate selectiv-
ity of 86.3%, while suppressing NO, from 182.17 ppb on
pristine g-C;N, to 82.15 ppb (Fig. 8d-8f). This enhance-
ment originates from band gap narrowing (2.58 e¢V) and
defect-induced n— m* transitions that improve visible-light
absorption and charge separation, as evidenced by PL life-
times and increased photocurrent density (70 to 130 nA
cm 2). DFT calculations show a pronounced decrease in
the NO, oxidation barrier (from 2.22 eV to<1 eV) together
with strengthened O, adsorption at N;C vacancy sites [123].

A similar defect-driven selectivity is observed for hier-
archical porous K-doped g-C;N, with nitrogen vacancies
and charge transport channels (KCNN) (Fig. 9a) [124]. The
optimized KCNN sample achieves a NO removal efficiency
of 70.5%, outperforming pristine g-C;N, (38.1%), porous
2-C5N, (54.5%), and solely K-doped g-C;N, (58.6%), while
reducing NO, emission by approximately 9-10% (Fig. 9b—
9e). XPS analysis shows an increased C/N atomic ratio
(from 0.66 to 0.70), evidencing lattice nitrogen loss and
vacancy formation, whereas EPR spectra display a mark-
edly enhanced signal intensity, confirming a higher concen-
tration of unpaired electrons associated with N vacancies.
In-situ DRIFTS reveals that NO adsorption and dispropor-
tionation occur on the KCNN surface in the dark, while

visible light irradiation promotes the formation of reactive
NO" species and the progressive conversion of NO into
stable nitrate intermediates (Fig. 9f and 9g). These results
demonstrate that the synergistic coexistence of nitrogen
vacancies and K-induced interlayer charge transport path-
ways promotes efficient charge migration and ROS-driven
oxidation, thereby suppressing NO, accumulation and
enhancing NO oxidation selectivity [124].

Urea-based g-C;N, (CN-U) outperforms thiourea-based
2-C;N, (CN-T) in Vis-light NO oxidation due to its higher
surface area (137.2 vs 26.8 m? g 1), wider band gap (2.64 vs
2.47 eV), and higher nitrogen defect density [125]. In situ
FT-IR demonstrates that CN-U stabilizes a broader range
of N, O, intermediates (NO", N,0,%, N,0;, N,0), indicat-
ing stronger defect-mediated adsorption. Enhanced charge
separation in CN-U; enables higher -O,— and -OH radical
production, promoting rapid oxidation of intermediates
into stable bidentate and bridging nitrates while suppress-
ing monodentate nitrate accumulation. As a result, CN-U
achieves higher NO removal efficiency (40.4%) than CN-T
(34.9%) [125].

Surface chemistry modulation further demonstrates that
selectivity can be controlled without extensive lattice recon-
struction. Hydrothermally hydroxylated g-C;N, (DCN-180)
exhibits a NO oxidation efficiency of 65%, approximately
double that of pristine DCN, while significantly reducing
NO, concentration from 99 to 55 ppb [122]. DFT calcula-
tions confirm stronger adsorption of both NO (= 1.67 eV)
and O, (—0.53 eV) on hydroxylated surfaces, indicating that
surface —OH groups enhance local polarization, reactant
binding, and interfacial charge transfer. This approach high-
lights the critical role of surface modification and hydroxyl-
ation in governing NO, suppression [122].

The significant increase in visible-light photocatalytic
NO removal performance of cyano defect- and CaCO;-co-
modified g-C;N, (xCa-CN) (Fig. 10a) arises from the strong
synergy between defect-induced electronic modulation and
alkaline surface chemistry [126]. Cyano defects introduce
an electron-withdrawing effect that narrows the band gap
(from 2.60 to 2.49 eV) (Fig. 10b and 10c), shifts the con-
duction band downward, and enhances charge separation,
as evidenced by a nearly tenfold increase in photocurrent
density (5.38 vs 0.56 pA cm 2) and reduced PL intensity.
The optimal 0.5Ca-CN sample achieves a NO removal
efficiency of 51.18%, significantly exceeding the perfor-
mance of pristine g-C;N, nanosheets (34.05%) (Fig. 10d
and 10e) while simultaneously suppressing NO, formation
by approximately 7% (Fig. 10f and 10g). Concurrently,
CaCO; acts as an alkaline NO, adsorption and trapping site,
significantly increasing the adsorption energies of NO and
NO, (AE 4, (NO)=— 1.715 eV; AE_ 4 (NO,)=— 1.219 eV),
transforming weak physisorption into strong chemisorption
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right, 2019, Elsevier. d Photocatalytic performance of CN and ACN3
samples for NO oxidation under visible light irradiation (inset shows
the variation of NO;~ concentration as a function of irradiation time). e
NO, concentration as a function of irradiation time, and f stability test
of the ACN3 photocatalyst [123]. Copyright, 2021, Wiley
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and extending surface residence times. In-situ DRIFTS and
DFT analyses reveal that this dual modification promotes a
preferred NO — NO*— NO;~ oxidation pathway, supported
by intensified ROS generation (-O,", -OH, and '0,) and sta-
bilization of NO" intermediates, thereby enabling deep oxi-
dation while suppressing toxic NO, release. These results
demonstrate that coupling cyano defect engineering with
CaCO; surface modulation decouples activity enhancement
from byproduct formation, providing a rational strategy for
safe and efficient photocatalytic NO abatement under vis-
ible light [126].

The S-scheme Sb,WO,/g-C;N, heterojunction exhibits
markedly enhanced visible-light photocatalytic NO oxida-
tion, achieving 68% NO removal from 400 ppb continuous-
flow NO within 30 min for the optimal 15-Sb,WO/g-C;N,
sample, compared with 55% for pristine g-C;N,, while
retaining high stability over 5 cycles [127]. Band align-
ment analysis shows that £ values of g-C;N, (—0.84 V vs
NHE) and Sb,WO; (- 0.15 V vs NHE) form an S-scheme
structure that selectively preserves strongly reducing elec-
trons on g-C;N, and oxidizing holes on Sb,WOy, leading to
suppressed PL emission, enhanced photocurrent response,
and reduced interfacial charge-transfer resistance. Radical
trapping and in situ DRIFTS confirm an oxygen-induced
NO oxidation pathway dominated by -O,-, with -OH as a
secondary species, enabling efficient conversion of NO
through N, O, intermediates to stable nitrate products under
visible-light irradiation [127].

Overall, the visible light photocatalytic behavior of
g-C;N, is dictated by a complex interplay between light
absorption, charge-carrier dynamics, and surface redox
chemistry. Rational design strategies that integrate con-
trolled defect engineering, surface functionalization, and
heterostructure construction are essential to fully exploit the
potential of g-C;N,-based systems for efficient and selective
visible-light-driven photocatalysis.

4.2 TiO,-Based Photocatalysts

This section focuses on TiO,-based photocatalysts designed
for visible-light activation, complementing the UV-driven
systems discussed in Sect. 3.3. Under visible-light irradia-
tion, modified TiO, systems are commonly activated through
impurity levels, defect states, or interfacial charge-transfer
complexes that introduce sub-band-gap absorption [53,
128]. Non-metal doping (e.g., N, C, S), metal-ion incorpora-
tion, oxygen vacancies, and surface complexes can generate
localized electronic states above the valence band or below
the conduction band [59, 108]. These states enable visible-
light excitation via defect-mediated transitions, however,
the resulting charge carriers are often strongly localized. In
contrast to carbon-based photocatalysts, visible-light-driven

TiO, photocatalysis does not originate from intrinsic band-
to-band excitation, but rather from extrinsic light-harvesting
and charge-transfer mechanisms [129].

In addition to modified TiO, systems, Ti-based materi-
als with alternative structural motifs, such as metal—organic
frameworks (MOFs), have attracted attention for visible-
light-driven photocatalysis. MIL-125(Ti) is a Ti-based MOF
and thus it is not a TiO,-based material; however, its struc-
ture contains photoactive Ti-oxo clusters that enable pho-
tocatalytic activity under visible-light irradiation [130]. In
this context, the enhanced visible-light photocatalytic per-
formance of nitrogen-doped carbon quantum dot-modified
MIL-125(Ti) (N/CM(Ti)) (Fig. 11a) has been attributed to
interfacial electronic interactions induced by the quantum
dots, rather than structural modification of the MIL-125(Ti)
framework [131]. XRD and FE-SEM confirm the preserved
MOF structure, while BET analysis reveals an increased
surface area from 868 to 1066 m>g ' for the optimal 2.5
vol % N/CM(Ti). XPS provides direct evidence for N-Ti—O
bond formation, accompanied by a 0.4 eV negative shift in
Ti 2p binding energies, indicating strong electronic interac-
tion and modified Ti active sites (Fig. 11b). As a result, the
composite achieves a NO removal efficiency of 49% under
visible light, whereas pristine MIL-125(Ti) is nearly inac-
tive. Notably, only trace NO, (25 ppb) is produced, and in-
situ FT-IR spectra reveal the accumulation of mono- and
bidentate nitrate species (1298, 1251, and 1715 cm™ '), dem-
onstrating preferential oxidation and stabilization of NO,
as surface-bound nitrates (Fig. 11c and 11d). Enhanced
photocurrent response (1.6-fold), reduced charge-transfer
resistance, and the generation of -O,” and -OH radicals
confirmed by EPR further indicate efficient charge separa-
tion and multi-electron NO oxidation mediated by Ti**/Ti*"
redox centers, collectively governing the selective PHO-
NOS behavior of N/CM(Ti) [131].

While interfacial electronic coupling dominates in MOF-
based heterostructures, similar visible-light activation in
conventional TiO, systems can also be achieved through
intrinsic defect engineering. The enhanced visible-light NO,
removal observed for oxygen-deficient, anatase-dominant
TiO, calcined at 200 °C (TiO,-200) primarily arises from
vacancy-induced electronic modulation associated with
oxygen defects [59]. XRD and Raman analyses confirm an
anatase-brookite structure, while BET measurements show
the highest surface area (282.7 m?/g), favoring NO adsorp-
tion and product accumulation. UV—Vis diffuse reflectance
spectra reveal extended visible-light absorption with intra
band gap states, directly linked to abundant oxygen vacan-
cies evidenced by Raman peak broadening and an EPR sig-
nal at g=2.004. Consequently, among all as-prepared TiO,
samples (150-500 °C) as well as commercial P25, TiO,-
200 achieves the highest NO, conversion (53.96%) with the
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lowest NO, selectivity (14.92%), indicating efficient oxi-
dation of NO, to surface-bound nitrate species rather than
gas-phase release. Photoluminescence quenching and DFT
calculations further confirm that oxygen-vacancy-induced
Ti*" states enhance charge separation and promote multi-
electron NO oxidation, establishing defect engineering as an
effective strategy for selective photocatalytic NO, oxidation
and storage [59].
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Extending this concept of defect-mediated electronic
modulation, atomically dispersed metal species introduce a
more precisely defined strategy for tailoring charge separa-
tion and redox selectivity. Fe,/TiO, hollow microspheres fea-
ture atomically dispersed Fe species anchored at surface Ti
vacancies of anatase TiO,, as confirmed by HAADF-STEM
and Fe K-edge XANES/EXAFS, with average coordination
numbers of 1.7+0.9 Fe-Ti and 2.6+0.3 Fe-O and a Fe-Ti
bond length of 3.07+0.07 A, indicating surface-confined
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Fig. 10 a Proposed photocatalytic NO
oxidation mechanism over xCa- CN
catalysts under VIS light irradiation.
b VB XPS spectra and ¢ band struc-
ture alignments for CN and 0.5Ca-
CN. d Relative NO concentration
variation vs time for CaCO;, CN and
xCa-CN photocatalysts under VIS
light irradiation, and e correspond-
ing NO removal rates of the pristine
photocatalysts. Relative product
conversion rates during 30 min of
photocatalytic NO, oxidation for f
CN and g 0.5Ca-CN photocatalysts
[126]. Copyright, 2023, Elsevier
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Fig. 11 a SEM and TEM images of the samples: (a) pure MIL-125(Ti)
and (b) 2.5 vol % N/CM(Ti) photocatalysts. (c) pure MIL-125(Ti), (d)
2.5 vol % N/CM(Ti), and (e, f) N/CQDs. b Ti 2p XPS spectra of MIL-

single atoms rather than bulk doping [116, 132]. Electron
transfer from Fe to neighboring Ti generates Ti** species
(EPR, g=1.992) and strongly enhances reactant adsorption:
DFT calculations show that O, adsorption energy increases
from — 0.32 to — 4.13 eV with O—O bond elongation from
1.21 to 1.40 A, while NO preferentially binds to Fe sites
with a Fe-N distance of 1.50 A. Consequently, the opti-
mized Fe /TiO, sample (0.58 wt.% Fe) achieves 47.91%
NO removal in 30 min under visible light, compared to
20.67% for pristine TiO,, while suppressing NO, formation
to 1.40% selectivity (4.0 ppb). These results demonstrate
that synergistic activation of NO and O, on single-atom Fe
and adjacent Ti sites is responsible for the enhanced activity
and selectivity in Fe,/TiO, photocatalysts [116, 132].
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125(Ti) and 2.5 vol % N/CM(Ti). In-situ IR spectra of NO adsorption
and VIS-light reaction of ¢ MIL-125(Ti) and d 2.5 vol% N/CM(Ti)
composite [131]. Copyright, 2020, American Chemical Society

5 Heterojunctions of TiO, and Carbon
Nitride

The efficiency of photocatalytic processes is often limited
by rapid charge-carrier recombination and insufficient light
harvesting. The construction of heterojunction photocata-
lysts has been widely employed to mitigate these limitations
by enhancing light harvesting, promoting spatial separa-
tion of photogenerated electron—hole pairs, and enhancing
charge-transfer dynamics [133].

In heterostructured photocatalysts, the charge-trans-
fer mechanism is fundamentally governed by the relative
valence and conduction band edge positions, Fermi level
equilibration, and the resulting internal electric field at the
interface [133, 134]. Upon contact between two semicon-
ductors, electron redistribution occurs until the Fermi lev-
els align, leading to band bending and the formation of a
built-in potential that drives directional charge migration.
Depending on the band alignment and interfacial energetics,
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different charge-transfer pathways can be established [135].
In type-II heterojunctions, photogenerated electrons and
holes are spatially separated across the interface following
the band edge offsets, which facilitates charge separation but
often results in reduced redox potentials (Fig. 12a) [136]. In
contrast, Z-scheme and S-scheme heterojunctions rely on
the selective recombination of low-energy charge carriers
at the interface, thereby preserving high-energy electrons
and holes with strong redox capability (Fig. 12b and 12c¢).
The S-scheme model further considers the role of internal
electric fields and band bending in maintaining charge car-
riers with high thermodynamic driving force for redox reac-
tions [136—138]. Therefore, the distinction between these
mechanisms is not merely structural but is directly linked
to the balance between charge separation efficiency and
redox power, which ultimately determines photocatalytic
performance.

Within this mechanistic framework, the design of het-
erostructured photocatalysts can be tailored to optimize
both light utilization and redox performance under different
irradiation conditions. UV and visible-light irradiation play
complementary roles in photocatalytic NO, removal. UV
light provides high reactivity and rapid oxidation kinetics,
while visible light enables the development of sustainable
and energy-efficient photocatalytic systems that can be acti-
vated with higher photon fluxes [128, 140]. In this context,
coupling TiO, with g-C;N, represents a rational heterojunc-
tion design strategy to overcome the intrinsic limitations of
each semiconductor by simultaneously extending visible-
light absorption and modulating redox potentials [141, 142].
Such band-structure engineering is particularly critical in

Fig. 12 Schematic illustrations of

the electron—hole separation on the
g-C;N,/TiO, heterojunction photo- a
catalysts: a Type-II heterojunction

[133], b direct Z-Scheme [133].
Reproduced from Ref. 133 with
permission from the Royal Society

of Chemistry. ; ¢) S-scheme in CN/
TiO,-Ti;C,450 [139]. Copyright,

2021, Elsevier.
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C

photocatalytic NO, oxidation to achieve high NO, removal
while suppressing undesired NO, release [143].

To further illustrate the impact of band-structure engi-
neering on photocatalytic performance, systematic variation
of the initial melamine/TiO, weight ratio (from 3:1 to 1:7),
corresponding to progressive changes in the g-C;N,/TiO,
composite composition resulted in a continuous modulation
of the conduction band (CB) edge from — 1.27 to — 0.67 V
vs. normal hydrogen electrode (NHE) (pH 7), accompa-
nied by a gradual widening of the band gap from 2.66 to
3.14 eV [143]. From a mechanistic standpoint, although
more negative CB positions thermodynamically promote
the reduction of molecular oxygen to superoxide radicals
(O, ) excessive dilution with TiO, shifts the valence band
(VB) toward less positive potentials, thereby constrain-
ing the oxidative conversion of NO, into thermodynami-
cally stable nitrate species. This intrinsic trade-off between
reduction and oxidation capability is directly manifested in
photocatalytic performance. Under visible-light irradiation,
the M0.2 composite (g-C;N,/TiO,=1:4) exhibited an opti-
mal balance, achieving 38% NO conversion with only 9%
NO, formation, corresponding to the highest overall NO,
removal efficiency of 29%, markedly surpassing those of
pristine g-C;N, (1%) and TiO, (7%). However, this trend is
not solely governed by band-edge energetics. Composites
characterized by higher defect densities, as inferred from
pronounced sub-band-gap absorption tails (e.g., M0.25),
displayed inferior activity despite apparently favorable band
edge positions, indicating that excessive defect states pre-
dominantly function as non-radiative recombination centers
rather than as effective visible-light harvesting sites [143].
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The introduction of CaCOj; provides an additional level
of control by directly targeting reaction selectivity rather
than photogenerated charge production. XRD, FT-IR and
XPS confirmed that CaCO; is present as a crystalline cal-
cite phase homogeneously incorporated into the g-C;N,/
TiO, matrix, without altering the TiO, crystal structure
or the optical band gap, which remains nearly unchanged
(2.95-2.98 V) [144]. Despite a reduction in BET surface
area from 55.4 m*/g (MTi0) to 48.44 m*/g (MTi10), CaCO;-
modified composites exhibited a pronounced improvement
in photocatalytic performance under visible light, reaching
up to 18% total NO, removal while markedly suppressing
NO, formation. This effect is quantitatively reflected in the
transition from negative to positive DeNO, index values,
demonstrating that CaCO; promotes adsorption and subse-
quent oxidation of NO, into stable nitrate species through
its basic surface character, thereby complementing the pho-
toredox function of the g-C;N,/TiO, heterojunction [144].

The macroporous-mesoporous TiO, framework uni-
formly coated with g-C;N, increases NO adsorption capac-
ity (0.0060 mg/g), nearly doubling that of pristine g-C;N,,
while facilitating charge separation via a Z-scheme interac-
tion, as supported by reduced PL intensity and a narrowed
band gap (2.71 eV) [145]. The composite achieves 34-37%
NO conversion under cyan light, substantially outperform-
ing TiO, and g-C;N, alone, while maintaining a positive
DeNO, index due to efficient conversion and retention of
NO, as surface nitrate. These results highlight that hierar-
chical porosity coupled with appropriate band alignment is
critical for combining activity and selectivity in NO, pho-
tocatalysis [145].

The incorporation of partially oxidized Ti;C, MXene
into the g-C;N,/TiO, system establishes a well-defined
S-scheme heterojunction that markedly enhances visible-
light NO, oxidation by preserving strong redox potentials
and accelerating charge transfer [139]. Based on reported
flat-band potentials and band structure analysis, g-C;N,
possesses a more negative conduction band, while TiO,
exhibits a more positive valence band, enabling the spa-
tial separation of reduction and oxidation sites. Upon con-
tact, Fermi level equilibration induces band bending and
an internal electric field across the g-C;N,/TiO, interface.
Under visible-light irradiation, photogenerated electrons in
TiO, recombine with holes in g-C;N, at the interface, lead-
ing to the retention of high-energy electrons in g-C;N, and
strongly oxidizing holes in TiO, [139].

This charge-selection process preserves the thermody-
namic driving force required for O, reduction to O, - and for
the subsequent oxidation of NO to nitrate species. The Ti;C,
MXene component, partially oxidized to form TiO,-Ti;C,
interfacial domains, contributes by providing a conduc-
tive pathway that facilitates interfacial charge transfer and
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reduces carrier recombination, as evidenced by enhanced
photocurrent response, suppressed photoluminescence, and
reduced charge-transfer resistance. Importantly, the exclu-
sion of a conventional type-II pathway is supported by the
insufficient valence band potential of g-C;N, for -OH gen-
eration, indicating that the observed activity is more consis-
tently explained by an S-scheme mechanism [139].

Collectively, recent g-C;N,/TiO, PHONOS studies indi-
cate that the transition from NO oxidation to effective NO,
purification under visible light relies on co-designing het-
erojunction electronic structures with tailored adsorption
and storage functionalities, emphasizing that selectivity
control is as critical as photocatalytic activity in next-gener-
ation air-purification materials.

6 Experimental Methodology and
Standardization in Photocatalytic NO,
Testing

The evaluation of photocatalytic NO, oxidation perfor-
mance is highly sensitive to experimental methodology,
making it challenging to directly compare different stud-
ies in the absence of standardized testing conditions [146,
147]. Variations in reactor design, gas residence time, inlet
NO concentration, relative humidity, and light characteris-
tics (wavelength, intensity, and spectral distribution) have
been shown to substantially influence reported NO conver-
sion and NO, selectivity, even for identical photocatalyst
formulations [75, 78, 148, 149]. In particular, reporting NO
removal alone without quantifying NO, formation can lead
to misleading conclusions regarding air-purification effi-
ciency, since NO, contributes disproportionately to overall
toxicity [78].

To address this issue, the standardized protocol defined in
ISO 22197-1 establishes controlled conditions for gas flow,
irradiation geometry, and simultaneous monitoring of NO
and NO,, providing a common baseline for photocatalytic
performance evaluation [150]. Nevertheless, many labora-
tory-scale studies operate outside strict [ISO 22197-1 condi-
tions, where photon flux calibration and spectral mismatch
between light sources complicate quantitative benchmark-
ing [78]. ISO 22197-1:2016 specifies a reference method
for NO removal using a flow-type reactor under controlled
conditions (1 ppm NO, 3 L min! flow, | mW c¢cm 2 UV-A
irradiation, 50% RH at 25 °C) [150, 151].

The test principle is based on the continuous exposure of a
test specimen to a model gas mixture containing air and NO
under UV irradiation, with performance quantified by the
net removal of nitrogen oxides (NO,=NO removed — NO,
formed); complementary dark tests are required to distin-
guish photocatalytic conversion from simple adsorption or
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desorption. The standard mandates a well-defined experi-
mental setup comprising a controlled gas-supply system,
a UV photoreactor, and a chemiluminescence-based NO/
NO, analyzers, with all reactor components fabricated from
UV-resistant, low-adsorption materials such as glass, stain-
less steel, or fluoropolymers [117, 150]. Test gas prepara-
tion involves dilution of a certified NO standard (typically
30-100 pL/L) with dry or humidified air, and flow con-
trol and concentration measurements are performed on a
wet-gas basis to ensure accuracy. Standardized test-piece
dimensions and air-gap thickness are prescribed, along
with defined procedures for sample pretreatment, adsorp-
tion, photocatalytic removal, and elution (washing) tests
to assess catalyst regeneration and nitrate/nitrite balance
[150]. Figure 13 shows a schematic of a flow reactor system
compliant with standard testing protocols [65].

The PHONOS studies considered within the scope of this
review are summarized in Table 1. As can be seen, signifi-
cant variations exist among these systems in terms of light
sources, reactor configurations, reaction conditions, and
performance metrics, which complicate direct comparison
across different PHONOS systems. This further highlights
the importance of developing more standardized evaluation
approaches for photocatalytic NO, oxidation and storage.

6.1 Data Processing: Definitions of Conversion,
Selectivity, and Yield

Photocatalytic performance is assessed using 3 parameters-
NO conversion (%), selectivity toward NO, storage (%),
and the DeNO, index-obtained from experimental concen-
tration vs time curves. Under the applied conditions, NO
oxidation leads to two main outcomes: gaseous NO, for-
mation and NO, storage on the catalyst surface. Therefore,
NO conversion (%) represents the overall oxidation activ-
ity of the material (/7). The second parameter, selectivity
(%), describes the fraction of NO oxidation products that

Fig. 13 Schematic description of
the custom-design photocatalytic o
flow reactor system [65]. Copy- i S

are retained on the catalyst surface in the solid state (/8)
[40, 65].

(INOJ;, — [NO,,;)dt

NO Conversion (%) = /

T INO_dt x100 (17)
Selectivity (% — towards NOy storage)
_ J (INOxJ;,, — [NOx]out)dt (18)
~ J(NOJ, ~ [NOlow)dt %
DeNOy index
J (INOJ;, — [NOJ,)dt — 3 [ ([NOo]yye — [NO2];,)dt 19)

[‘ [NO]iudt

These calculations are based on the assumption that the
conversion of gaseous NO arises exclusively from two
pathways: the formation of gaseous NO, and the accumu-
lation of NO, species on the catalyst surface, while other
nitrogen-containing gaseous products such as N,O or N,
are neglected. This assumption is justified, as photocatalytic
NO oxidation predominantly yields NO,(g) along with sur-
face-bound species including HONO, HNO;, and adsorbed
nitrate/nitrite (NO;/NO,") [53]. The DeNO, index is based
on the assumption that NO, is approximately three times
more toxic than NO and was introduced to evaluate the prac-
tical relevance of photocatalytic materials [78]. A positive
DeNO, value indicates an overall NO, reduction, whereas a
negative value reflects a net increase in NO,-related toxic-
ity. The expression given in (/9) represents a modified form
of the index originally introduced by Bloh et al. [78].

6.2 Light Sources, Photon Flux Measurement, and
Quantum Efficiency

In PHONOS studies, photocatalytic NO, oxidation has been
investigated using various light sources, including UV-A
lamps, metal halide lamps, filtered xenon lamps, LEDs, and
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Table 1 Overview of PHONOS performance across different catalysts and reaction conditions

Catalyst Light source Reactor type Reaction Performance Refer-
conditions ences
TiO,-NaOH (anatase), 500 W Xe lamp, 250— Continuous flow reactor; 300 ppb NO in NO conv. 63.7%; NO, conv.  [80]
compared with TiO,-C and 700 nm, 47.5 mW cm 2 stainless steel, quartz- air, RH 20%, 53.1%; NO, sel. 16.06%
TiO,-1.5HNO; / mixed- covered; 0.3 g powder 800 mL min~!,
phase TiO, catalyst 25°C
TiO,-C (commercial TiIO, 500 W Xe lamp, 250— Continuous flow reactor; 300 ppb NO in NO conv. 32.7%; NO, conv.  [80]
reference) 700 nm, 47.5 mW cm > stainless steel, quartz- air, RH 20%, 4.8%; NO, sel. 82.3% (low
covered; 0.3 g powder 800 mL min !, activity, high NO, release)
catalyst 25°C
Degussa-P25 (TiO,) UV, 400 W Hg lamp Continuous-flow 909 ppm NO in N, selectivity 23% (decom-  [64]
photoreactor; catalyst Ar; total flow position); up to 65% with CO
coated on borosilicate 5.5 cm® min!; (reduction pathway)
glass slide behind quartz decomposition
window and CO-assisted
reduction tests;
for reduction
1818 ppm CO also
present
W/N-codoped TiO, and Ultra-Vitalux 300 Glass flow-through 8 ppm NO in Selectivity strongly depen- [78]
commercial TiO, references W broadband reactor; powder on glass synthetic air, RH  dent on composition; up to
(P25, P90, UV100, PC50, lamp; photon flux frit; irradiated through 42%, 27 °C, flow  82-91% nitrate selectivity at
PC105, PC500, rutile) 5268x10° mols' m2  optical window rage 81.33 x1077 high W loadings
m’s
TiO,/Al,O5 (binary oxide, =~ UVA (350-368 nm) Flow reactor 1 ppm NO, 70%  Up to 176% higher NO, [57]
P1/P2) RH removal and 75% lower NO,
emission vs P25
M-TiO, (Ba, Cs modified) UV (360 nm) Fixed-bed quartz reactor 200 ppm NO, NSC up to 187 pmol g™ [90]
3% 0O, (enhanced NO, trapping)
TiO0,-Ca0-Al, 0, UVA (315-400 nm) Packed bed flow reac- 1 ppm NO, 50%  Improved NO, removal vs [40]
tor (ISO-type, PMMA RH P25 (DeNO, metrics)
holder, online NO,
detection)
MO,/TiO,/Al,04 UVA Packed bed flow reactor 1 ppm NO, 50%  NO conv. 52%, NO, storage  [65]
(CaO-promoted) (ISO-type) RH selectivity 86%, DeNO,
index+0.30
Tig 900 W.00102N UV-vis irradiation Continuous flow NO, in air (ppm  Improved nitrate selectivity ~ [101]
(band gap 3.17 eV +vis photoreactor level, humid via enhanced O, reduction
absorption) conditions) pathways (multi-electron
transfer)
TiO, (rutile)+fly ash (1 UV (fluorescent lamps, Continuous flow reactor 1 ppm NO, air, Up to 67% NO removal; [103]
wt%) 8.2 Wm?) (ISO-type) ambient enhanced nitrate formation vs
bare rutile
TiO,-Ti;C,-OH (MXene UV (320 nm, 2 mW cm2) Continuous flow reac- 1 ppm NO, 50%  NO conversion 54%; NO, [104]
hybrid) tor (ISO-type, quartz RH storage selectivity 91%;
window) DeNO, index+0.30
Pd/TiO, (single-atom Pd) Solar light (100 mW Continuous flow reactor 1 ppm NO, 50%  3—4 xhigher NO removal [105]
cm?) (ISO standard) RH vs TiO,; suppressed NO,
formation; enhanced nitrate
selectivity
CdTe QDs/P25 TiO, UV-A (7.7-8.3 W m?, Continuous flow photo- 1 ppm NO, 50%  NO conv.: 42% (UV), 43% [39]
315400 nm); Vis reactor (ISO-type) RH (vis); selectivity: 92-97%
(450-500 pmol m™2 57",
400-700 nm)
CdSe/CdSeTe NPL/P25 UV-A (8 W m™); Vis Continuous flow photo- 1 ppm NO, con-  Enhanced selectivity vs P25  [107]
(450-500 pmol m™2 5™ reactor (ISO-type) trolled RH
N-doped carbon QDs/TiO, UV-A (365 nm); Vis Continuous flow reactor 1 ppm NO, 50%  NO conv. 27% (vis) vs 10%  [108]
(P25/NCQD) (Pyrex window) RH, 25 °C P25; selectivity increases
Fe;0,/mpg-C3N, Visible (450— Continuous flow photo- 1 ppm NO, 50%  NO conv. 35%, NO, storage [117]
500 umol m2 57!, reactor (ISO-type) RH selectivity 93%, DeNO,
400-700 nm) index+0.28
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Table 1 (continued)

Catalyst Light source Reactor type Reaction Performance Refer-
conditions ences
Amorphous carbon nitride ~ Visible light Flow reactor Ppm-level NO NO removal: 57.1%; selectiv- [123]
(ACN, N3C vacancies) ity 86%
Hierarchical porous g-C;N,  Visible LED (30 W) Continuous flow photo- 500 ppb NO, 50% NO removal: 70.5% (vs [124]
(K-doped, N vacancies, reactor (film-type) RH, 25 °C 38.1% bulk g-C;N,)
KCNN)
Defective g-C;N, (CN-U)  Visible light (150 W halo-  Continuous flow reactor 625 pg m™> NO NO removal: 40.4% (vs [125]
gen lamp) (4.5 L, quartz window) 34.9% for CN-T)
Hydroxylated g-C5N, Visible LED (A>420 nm) Continuous flow reactor ppm-level NO, air NO removal: 65.0% (vs [122]
(DCN-180) 32.5% pristine DCN)
Cyano-defect+CaCO; mod- Visible LED (A>420 nm) Continuous flow reactor 550 ppb NO, air ~ 51.18% NO removal (vs [126]
ified g-C;N, (0.5Ca-CN) “45L) 34.05% pristine CN)
Sb,WO/g-C;N, (S-scheme, Visible light (Xe lamp) Continuous flow reactor 400 ppb NO, air ~ NO removal>68% (30 min)  [127]
15%) (quartz-covered)
Oxygen-deficient TiO, Visible (420-700 nm, 35.8 Continuous flow 400 ppb NO, 55% NO conv.: 70% NO, selectiv- [59]
(Ti0,-200) mW cm 2 Xe lamp) reactor (114 cm?, RH, air ity: 14.9%
quartz-covered)
N/CQD-MIL-125(Ti) (2.5  Visible (A>420 nm, Xe Continuous flow reactor 420 ppb NO, air ~ NO removal 49% [131]
vol%) lamp) “45L) flow
Fe,/TiO, hollow micro- Visible light Flow photoreactor ppm-level NO Enhanced NO oxida- [132]
spheres (SAC) in air tion+suppressed NO,
formation
g-C3N,/TiO,+CaCO, UV-A (Philips Cleo Com- Continuous flow reactor 1 ppm NO, 50%  NO, removal quantified; [144]
pact 15W, 10 W m™2)/ (ISO-type) RH strong suppression of NO,
Visible (Nordex T5-8W- release
4000 K, 7000 1x)
g-C;N,/TiO, composites UV and visible Flow reactor (ISO-type) 1 ppm NO, 50%  NO and NO, removal effi- [143]
(ratio-dependent) RH ciencies evaluated; optimal at
1:4 ratio (highest activity)
Hierarchical TiO,- Cyan light (blue+green)  Continuous flow reactor 1 ppm NO, 50%  NO con.: 34-37%; DeNOx  [145]
g-C;N, (Z-scheme, (ISO-type, laminar flow, RH, air index:+74 ppm
Macro-mesoporous) quartz window)
g-C;N,/TiO,/Ti;C, MXene  Visible (A>420 nm, Xe Flow reactor 500 ppb NO, 50% NO removal: 66.3%; low [139]

(S-scheme) lamp)

RH NO, generation; stable over

multiple cycles

solar simulators (AM 1.5 G=1 SUN), each differing sig-
nificantly in spectral distribution and photon flux [65, 117,
131, 152]. Since photocatalytic reactions are governed by
the number of photons interacting with the catalyst rather
than by lamp power alone, photon flux normalization and
photonic (quantum) efficiency analysis (Eq. 20 and 217) are
essential for meaningful comparison across different light
sources. Photon flux is commonly determined using chemi-
cal actinometry or calibrated radiometric measurements
combined with spectral information of the light source. Its
accurate determination is crucial, as photocatalytic activity
depends on the number of incident photons rather than nom-
inal light power, and photon-flux-normalized metrics enable
reliable comparison across different irradiation conditions
and reactor configurations [78, 153]. Normalizing activ-
ity to photon flux allows intrinsic catalytic performance
to be distinguished from artifacts arising from wavelength
mismatch or intensity variations, particularly in selec-
tivity-sensitive NO, purification systems [128, 154]. For

visible-light-driven systems, additional parameters such as
photon flux distribution, spectral power density, and sample
temperature should be carefully recorded [129].

NOj storage % Photonic efficiency (€)
n(NOy stored on the catalyst surface)

= 1
n (photon) x 100

(20)

NOj release % Photonic efficiency (€)

1 (NO; released to the atmosphere) « 100
B n (photon)

21

where n (photon) is defined as:

(IxAxAxt)

n (photon) = Naxbhxo)

(22)

I: photon power density of lamp, A: mean emission wave-
length of the lamp, A: the surface area of the photocatalyst
exposed to light irradiation; t represents the duration of the
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performance test, t: duration of the performance test, N,:
Avogadro number, h: Plank constant, c: speed of light

The photonic efficiency values defined in Egs. (20) and
(21) represent the percentage of stored solid-state NO, spe-
cies (or released gaseous NO,) relative to the number of
photons incident on the catalyst surface during a 60 min
photocatalytic test [65].

6.3 Reactor Design and Optical Geometry

Photocatalytic NO, oxidation has been studied using sev-
eral reactor configurations, with planar (flat/flat plate) reac-
tor geometries reactors being the most common laboratory
setup, typically operated at gas flow rates of 1-3 L min !,
residence times of 1-5 s, and UV-A irradiances in the range
of 520 W m™2 [150]. Although their simple geometry
facilitates comparison, flat-bed reactors frequently exhibit
irradiance non-uniformities exceeding+20-30% across
the catalyst surface, leading to diffusion-limited regions
and edge effects that distort apparent kinetics [44]. Annu-
lar reactors, where light is introduced radially, can achieve
more homogeneous photon distribution and higher optical
utilization efficiencies, but reported light attenuation along
the axial direction can exceed 40%, depending on catalyst
coating thickness and lamp geometry [155].

Monolithic (honeycomb) reactors, widely used in
automotive catalysis, offer geometric surface areas up to
500-1000 m> m > and realistic laminar flow patterns, yet
variations in channel diameter (typically 1-4 mm) and coat-
ing loadings strongly affect mass transfer and light penetra-
tion, limiting quantitative comparison between studies [66,
147]. In contrast, packed-bed or particle-based reactors are
rarely employed for gas-phase NO, photocatalysis because
external mass-transfer limitations dominate at gas veloci-
ties above 0.1-0.2 m/s, and optical shielding significantly
reduces effective photon absorption [146]. Across all reactor
types, accurate interpretation of photocatalytic performance
critically depends on reliable optical characterization, as
discrepancies in reported NO conversion and NO, selectiv-
ity are frequently linked to poorly defined irradiance values,
unreported lamp-to-sample distances, and the absence of
photon-flux-normalized metrics [78, 153].

6.4 Role of Humidity and Water Layer Thickness

Adsorbed molecular water and its decomposition products
(H', -OH, OH") can exert a promoting or inhibitory effect on
photocatalytic DeNO, reactions depending on the reaction
conditions [156]. Upon photon absorption, the formation
of electron-hole (¢ —h") pairs on the TiO, surface leads to
two main reaction pathways: hole-driven pathways initiated
by the decomposition of surface-adsorbed water to form

@ Springer

reactive -OH species, and electron-driven pathways result-
ing from O, adsorption followed by superoxide (O, ) for-
mation [65]. During PHONOS, nitrogen in NO is oxidized
from the+2 to higher oxidation states (+3 to+5), forming
NO,~, NO,, and NO;™ species; this makes the overall pro-
cess highly dependent on the hole population on the surface.
Consequently, the accumulation of hole-binding species
such as negatively charged surface hydroxides can enhance
charge recombination and suppress photocatalytic activ-
ity. Furthermore, under high relative humidity conditions,
excess surface water can reduce NO conversion by promot-
ing non-photocatalytic nitrite and nitrate decomposition or
by consuming -OH radicals through hydrogen peroxide for-
mation, thus decreasing the efficiency of NO, oxidation [40,
149].

The effect of humidity on PHONOS was systematically
investigated by varying the relative humidity between 30%
and 80% for TiO,/Al,O;-based mixed metal oxide photo-
catalysts [65]. At low to moderate relative humidity lev-
els (30-50% at 23+2 °C), all studied photocatalysts (P25,
7.0Ti/Al-700, and 20Ca/7.0Ti/Al-700) exhibited high NO
conversion and NO, storage selectivity, indicating that the
presence of adsorbed water was sufficient to initiate photo-
catalytic DeNO, pathways without blocking active sites. In
contrast, at high relative humidity (80% RH at 23+2 °C),
both NO conversion and NO, storage selectivity decreased
significantly, which was attributed to competitive adsorption
of molecular water on TiO, active sites and the formation
of bridging hydroxide (OH,) species acting as hole scav-
engers. The negative impact of high humidity was mark-
edly less pronounced for CaO-promoted catalysts, as CaO
domains served as preferential water adsorption sites, limit-
ing hydroxide accumulation on photoactive TiO, domains.
Additionally, disordered AlO, regions were shown to func-
tion as sacrificial water adsorption sites, further mitigating
humidity-induced deactivation [65].

6.5 Flow Rate and Residence Time Effects

Gas flow rate directly controls the residence time of NO
within photocatalytic reactors and therefore governs the
extent of adsorption, surface reaction, and NO, storage
during PHONOS operation [76]. Experimental studies on
TiO,-based systems demonstrate that decreasing residence
time leads to lower NO conversion due to kinetically incom-
plete oxidation, as NO molecules desorb before sequential
oxidation to nitrite and nitrate species can occur. Transient
and steady-state kinetic measurements reveal that NO con-
version increases with residence time only up to a critical
threshold of approximately 10-12 s, beyond which con-
version plateaus, indicating an equilibrium-limited regime
rather than continued kinetic enhancement [77].
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This plateau behavior confirms that extended contact
time alone cannot indefinitely improve PHONOS perfor-
mance, as surface nitrate accumulation progressively limits
the availability of photoactive sites [77]. Rigorous kinetic
modeling performed under ISO 22197-1 conditions further
shows that at high flow rates, PHONOS systems transition
from reaction-controlled to transport-influenced regimes,
where gas-phase residence time becomes shorter than the
characteristic surface reaction time [76, 150]. Computa-
tional Fluid Dynamics (CFD)-assisted analyses indicate
that even under nominal plug-flow conditions, variations
in local residence time can significantly influence apparent
NO conversion, emphasizing that flow rate effects must be
decoupled from intrinsic photocatalyst activity [76]. From
an application perspective, indoor air purification studies
consistently report that excessive flow rates reduce effective
NO, removal efficiency, whereas extremely long residence
times offer diminishing returns due to nitrate saturation and
secondary deactivation phenomena [147]. Together, these
results demonstrate that PHONOS efficiency is maximized
within a narrow residence-time window, where surface
reaction kinetics, NO, storage capacity, and mass transport
are optimally balanced.

6.6 Quantitative Estimation of Nitrate
Accumulation under Representative PHONOS
Conditions

The amount of NO, (i.e., nitrate) species accumulated on the
catalyst surface under representative operating conditions
provides a useful indication of whether nitrate build-up is
likely to become a limiting factor in PHONOS systems. A
rough estimate can be obtained using a simple molar bal-
ance. The inlet molar flow rate of NO (nyq ;,) can be written
as;

nNo,in (mol/h) = yNoX Dot (mol/h) (23)

and the total molar flow rate (n,,) of inlet gas mixture is;

gt (mol/h) = V/Vy, (24)

where yyq is the NO(g) mole fraction, V is the volumet-
ric flow rate (L h™') of inlet gas mixture, and V,,=24.465
L mol ! is the molar volume of an ideal gas at 25 °C and
1 atm.

For typical PHONOS catalytic tests carried out at atmo-
spheric pressure (i.e., 1 atm), the inlet NO(g) concentration
is 1 ppm, the total inlet gas mixture (NO(g)+O,(g)+N,(g))
flow rate, V, is 12.250 sccm (i.e., 0.01225 L min™'), the
catalyst mass is 200 mg, and the reaction time is 1 h. One
can assume that an optimized PHONOS system can operate

with 52% NO conversion and 86% NO, storage selectivity
under 50% RH at 25 °C [65]. Then, for such a PHONOS
system, n,, can be estimated to be 0.01225 L min™' / 24.465
L mol '=5.01x10"* mol min~'. For an inlet NO(g) con-
centration of 1 ppm, the corresponding NO(g) mole frac-
tion is yyo=1%10" Thus, nyo;,=5.01x 10" mol min™'
=0.0301 pmol h™!. Using the estimated NO conversion of
52%, the amount of NO converted per hour (nyg cony) t0
adsorbed nitrate, nitrite or gaseous NO, can be estimated
t0 be Ny cony, =0.52%0.0301 pmol h™'=0.0157 pmol h™". If
86% of the converted NO is stored as nitrate species, the
NO, accumulation rate on the catalyst surface can be esti-
mated to be nyoy soreq=0-86 % 0.0157 pmol h™'=0.0135 um
ol h™!. For a catalyst mass of 0.200 g, this corresponds to
0.0135 pumol h™! / 0.200 g=0.0675 umol g, ' h™! of NO,
storage per hour per gram of catalyst. Thus, under the typi-
cal PHONOS experimental conditions, the estimated spe-
cific NO, accumulation (storage) rate on the catalyst surface
is estimated to be approximately 0.0675 pumol g, ' after
1 h

A conventional NSR catalyst (e.g., Pt/BaO/Al,O; operat-
ing at 300 °C) exhibits typical total NO, storage capacities
on the order of 150 umol g, ' after complete saturation of
the NSR catalyst with adsorbed NO, species during the lean
phase [157]. In contrast, under typical PHONOS conditions,
the NO, accumulation rate on the PHONOS catalyst is esti-
mated to be only 0.0675 umol g ' h™!. Thus, unlike NSR
catalytic systems used in automobile NO, emission control
systems which can reach NO, storage saturation within min-
utes due to the high NO(g) concentration levels produced by
the internal combustion engines, requiring frequent regen-
eration; in the case of PHONOS catalytic systems signifi-
cantly lower NO(g) concentrations in the atmosphere enable
prolonged continuous operation of PHONOS systems (i.e.,
presumably for many days) without a need for frequent
regeneration.

7 Conclusion

Photocatalytic NO, oxidation and storage (PHONOS) rep-
resents a uniquely promising strategy for mitigating low-
concentration, distributed NO, emissions under ambient
conditions using renewable solar energy in a sustainable
manner. Yet, despite the maturity of TiO,-based photocatal-
ysis and the expanding library of carbonaceous and hybrid
materials, the mechanistic complexity of NO oxidation, the
challenge of achieving high nitrate selectivity, and the insta-
bility of nitrate under fluctuating environmental conditions
continue to constrain large-scale adoption.

A critical insight emerging from the literature is that
photocatalytic NO, removal is not a single-step oxidation
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reaction, but a coupled oxidation-storage-release process
governed by surface chemistry, environmental parameters,
and catalyst architecture. Effective catalyst design must
therefore simultaneously address;

i. Charge separation and reactive oxygen species genera-
tion for rapid NO oxidation,

ii. Controlled radical and protonation chemistry to sup-
press HONO/NO, release,

iii. Stable nitrate binding under variable humidity, and

iv. Long-term resistance to photochemical and environ-
mental degradation.

Equally essential is methodological rigor. Without stan-
dardized gas compositions, humidity control, photon-flux
measurements, and unified selectivity metrics, mechanistic
insights and performance evaluations remain fragmented.
Establishing robust international testing protocols, along-
side the development of visible light responsive catalysts,
single atom systems, and durable heterojunction architec-
tures will be central to enabling photocatalytic NO, oxida-
tion and storage to transition from laboratory demonstrations
to impactful urban environmental technologies.

By integrating mechanistic understanding, material inno-
vation, and standardized evaluation, the field is poised to
deliver next-generation photocatalysts capable of providing
safe, efficient, and sustainable NO, removal in real atmo-
spheric environments.
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