
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
8:

41
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Photocatalytic ab
aSchool of Molecular Sciences, Arizona Sta

E-mail: Pierre.Herckes@asu.edu
bSchool of Sustainable Engineering and

University, Tempe, AZ, 85287, USA

† Electronic supplementary informa
https://doi.org/10.1039/d4su00516c

Cite this: RSC Sustainability, 2025, 3,
963

Received 27th August 2024
Accepted 4th January 2025

DOI: 10.1039/d4su00516c

rsc.li/rscsus

© 2025 The Author(s). Published by
atement of ambient NOx by TiO2

coated solar panels†

Jesse Molar,a Pierre Herckes *a and Matthew P. Fraserb

Nitric oxide and nitrogen dioxide (combined, known as NOx) and their contribution to ozone and

photochemical smog generation are persistent issues in urban environments. Many technologies have

been developed to alleviate this issue, including photochemical transformation. While previous

experiments have focused on incorporating photocatalysts into paving and building materials, we report

coating glass substrates for the eventual application to solar panels that are inherently positioned to

optimize the amount of solar exposure they receive, creating a surface compatible with photocatalytic

coatings. As most photocatalyst materials absorb the ultraviolet spectrum outside the light range used

for energy production, this approach could enable dual-functionalized solar panels for energy

generation and air remediation. Proof of concept testing was conducted to determine the effectiveness

of TiO2-based photocatalytic products to oxidize NOx to NO3
−/HNO3. It was found that the tested TiO2-

based photocatalytic products can successfully reduce NOx concentrations by up to 36%. With the

success of laboratory proof of concept experiments, field testing was conducted to determine if glass

panels coated with TiO2 products can reduce NOx concentrations in environmental conditions.

Deionized water washes of the coated glass panels were analyzed through ion chromatography to

determine the concentration of NO3
− formed on the surface of the coated glass panels. Field testing

resulted in flux values up to 33 mg of NO3
− per m2 per day and an average flux up to 8.8 mg of NO3

−

per m2 per day, representing an order of magnitude value to evaluate possible large-scale

implementation. Utilizing field testing results, scale-up estimations suggest widespread application would

have a limited impact on total NOx concentrations. Still, at the local scale, deployment at sites with

elevated NOx concentrations could meaningfully improve local air quality.
Sustainability spotlight

Air pollution impacts human health in urban centers worldwide, and our work aligns with the Sustainable Development Goal of making cities and human
settlements inclusive, safe, resilient, and sustainable. Specically, by developing and promoting a passive technology that can be incorporated into a sustainable
energy system and continuously utilize solar energy to remove nitrogen dioxide pollution, we will advance improved health for communities in a sustainable
approach.
Introduction

The nitrogen oxides NO and NO2, combined, known as NOx, are
signicant pollutants in urban environments generated from
high-temperature combustion processes such as the burning of
fossil fuels. NO2 has been shown to cause direct health effects
such as lung inammation.1–5 Nitrogen oxides are a major
contributor to the generation of photochemical smog.6–8 Due to
this, NOx is a regulated pollutant. Multiple technologies and
te University, Tempe, AZ, 85287, USA.

the Built Environment, Arizona State

tion (ESI) available. See DOI:

the Royal Society of Chemistry
techniques have been developed to decrease NOx concentra-
tions emitted at sources such as automobiles, energy genera-
tion, and manufacturing, including catalytic converters9–11 and
selective catalytic reduction.12–16 However, the issue of NOx

pollution and its subsequent effect of photochemical smog
generation persists.17–19 Photocatalytic removal of NOx has been
proposed as a potential solution to lower NOx concentrations
directly, as evidenced by the many reviews and studies found in
them.20–23 Many photocatalytic materials have been explored to
remove NOx, such as TiO2,24–26 modications to TiO2,27–29 Li and
La-doped BaTiO3,30 graphitic carbon nitride,31–33 Bi-based,34–36

and zeolites.37,38

Titanium dioxide is a photocatalyst that can remove pollut-
ants through oxidation and reduction reactions.39,40 Many
applications utilizing TiO2 as a photocatalyst have been
RSC Sustainability, 2025, 3, 963–972 | 963
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developed, including antimicrobial surfaces, soil remediation,
self-cleaning coatings, and water remediation.41–44 Proof-of-
concept studies have been completed showing TiO2's capa-
bility to oxidize NO and NO2 to NO3

− photocatalytically.45,46 The
successful implementation of TiO2-based photocatalytic
removal of NOx in proof-of-concept studies has led us to
investigate coating the cover glass of solar panels to remove NOx

during energy generation. In addition to the successful proof of
concept studies, attempts have been made to utilize photo-
catalytic coatings in real-world applications of photocatalytic
removal of NOx with varying success.47–49 Most of these studies
focused on applying TiO2-based photocatalysts to construction
materials,50,51 with photocatalytically active cement applications
showing successful removal of NOx in ambient conditions.52,53

Larger scale experiments have also been conducted, such as in
the Brussels Leopold II tunnel, in which a 160-meter tunnel
section was coated with a TiO2-based photocatalytically active
mortar.47 This study found that an upper limit of 2% NOx

removal was achieved in these conditions. The decrease in
photocatalytic removal in real-world conditions was due to
surface passivation caused by the high pollution environment
inside the tunnel. The cover glass of photovoltaic cells may
provide a coating surface that can avoid the passivation effect
seen in applications that focus on coatings of construction
materials.

The photovoltaic panels' cover glass (panels placed on top of
solar cells to protect the cells) can be coated with photocatalysts
to abate NOx in ambient conditions. Solar panels have been
integrated into urban areas, like parking lots and garages,54,55

with high localized NOx concentrations.56–58 The placement of
these solar panels presents a unique opportunity for air reme-
diation. Solar panels are periodically washed to ensure efficient
energy generation.59,60 With the addition of TiO2 coatings,
cleaning the surface will also remove NO3

−/HNO3 formed
during photocatalysis, increasing the removal of NOx through
photocatalysis.61 Titanium dioxide has a band gap of 3.2 eV (387
nm), making TiO2 a photocatalyst active when exposed to
ultraviolet light. Traditional photovoltaic cells do not effectively
utilize the ultraviolet spectrum of light for energy generation.62

The difference in light utilization between TiO2 for photo-
catalysis and solar panels for energy production could allow
photocatalytic removal of NOxwith minimal impact on the solar
system's energy production. Solar panels placed in urban
environments are less likely to achieve maximum light har-
vesting than solar farms in rural areas (although panels placed
in urban areas may experience less dust deposition, slightly
offsetting this); however, photocatalytic removal of NOx does
not scale linearly with light intensity and does scale with an
increase in NOx concentration.63 Therefore, while application in
rural solar farms could increase the photocatalyst's activation
compared to urban areas, the elevated NOx concentrations in
urban areas could allow for equal or greater photocatalytic
removal performance.

Many studies have successfully coated TiO2 on glass surfaces
to produce transparent, superhydrophobic, anti-reective, self-
cleaning, and/or antifogging glass surfaces.64–67 The applica-
tion of self-cleaning and antireective coatings has shown that
964 | RSC Sustainability, 2025, 3, 963–972
TiO2 can successfully coat the cover glass of photovoltaic
cells.68–70 A potential concern with the coating of the cover glass
with photocatalysts is the loss of transmittance of the visible
light needed for energy generation. Salvaggio et al. produced
a transparent TiO2 coating, achieving <1% loss in transmittance
when compared to bare glass,69 with other studies reporting
similar results.71,72

In the present study, we evaluated the potential of applying
TiO2 photocatalysts to the cover glass of solar panels to create
a dual-functionalized system for energy generation and passive
ambient removal of NOx. The focus here is on the potential of
photocatalytic removal of NOx using a TiO2-based photocatalyst;
therefore, a mixture of laboratory-prepared and commercial
TiO2 products was coated onto a glass surface, and the photo-
catalytic removal of NOx was tested. This included experiments
in laboratory conditions where experiments were conducted in
batch and continuous ow to show proof-of-concept results of
photocatalytic oxidation of NO and NO2 to NO3

− by monitoring
NOx concentrations before and aer exposure to UV light.
Additionally, eld testing was conducted using TiO2 applied to
glass panels (8× 12 inches) in which DI water washes were used
to collect NO3

− formed through photocatalytic oxidation. The
NO3

−
ux was used to determine the magnitude of photo-

catalytic removal of NOx in ambient conditions, with photo-
catalysts applied to glass surfaces. An extended exposure study
was performed in outdoor conditions to investigate the dura-
bility of the photocatalyst surface and determine if a decrease in
photocatalytic removal occurred through photocatalyst soiling
or poisoning. Laboratory and eld testing photocatalytic
removal were compared through a collection of NO3

−, formed
by photocatalytic oxidation, to evaluate the pros and cons of
performing photocatalytic removal passively (applied in
ambient conditions with solar light) or actively (in controlled
conditions using a UV light source). Lastly, to determine if this
process could be benecial as a large-scale remediation
method, a scale-up estimation was conducted, using the results
of eld testing to determine the magnitude of removal that
could be expected if the widespread application of TiO2 to solar
panel surfaces was performed.

Results and discussion
Laboratory proof of concept

Proof-of-concept experiments were conducted to determine
whether the chosen photocatalyst coatings (P25 and FN1 on
glass slides) remove NOx (at concentrations relevant to ambient
conditions) when exposed to UV-vis light.

Fig. 1 shows the result of the proof-of-concept testing. In
laboratory batch experiments, the FN1 and P25 coatings can
successfully oxidize NO to NO3

−/HNO3, effectually removing
NOx. The FN1 coating seemed to outperform the P25 coating
slightly; however, aer performing a two-tailed unequal vari-
ance T-test, it was determined that there was no signicant
difference (p= 0.11). On average, NO2 concentrations seemed to
have increased for the FN1 (p = 0.09) coating during exposure,
which suggests that complete oxidation to NO3

−/HNO3 may not
occur in some experiments. The difference between the starting
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Proof of concept testing results. (A) NO, (B) NO2, and (C) NOx

removal. The data was normalized to the starting NOx concentration.
The testing was done in batches, with measurements taken before and
after one hour of UV exposure. A UV-vis lamp provided the UV radi-
ation. Concentrations are reported as an average of three runs, and the
range of measurements is shown as standard deviation. 2 Tailed paired
T-tests were performed to determine the significance in the difference
before and after the UV light exposure period for NO, NO2, and NOx

concentrations, denoted by *p < 0.05 and **p < 0.001.

Fig. 2 Results from field testing of the photocatalytic removal of NOx

using TiO2 coatings from March to June 2021: average nitrate formed
during exposure. Error bars represent the standard deviation in the
amount of nitrate formed. The F-test two-sample variance was
calculated for each panel with unequal variance shown between all
panels (p < 0.05). Two-tailed unequal variance t-tests were conducted
for comparison between each panel, and significant differences were
found for each case denoted with *p < 0.05, and **p < 0.001.
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normalized NOx concentration and the normalized NOx

concentration aer exposure represents the percentage removal
of NOx. With, on average, 36.9% removal of NOx for the FN1
coating and 24.7% for the P25 coating (p < 0.001). The removal
seen here is less than reported in the literature, such as in
a study investigating Ag/TiO2 by Xu et al. in 2017,73 where ∼75%
removal was achieved using P25 TiO2 in one hour. Another
study utilizing a SiO2/TiO2 mixture achieved up to 90% removal
in 15 minutes.74 However, using different reactor conditions,
volumes, and initial concentrations greatly inuences these
results. Proof of concept testing demonstrated that it is possible
to achieve NOx removal using the photocatalytic P25 and FN1
coatings applied to glass slides under UV-vis light in lab
conditions relevant to ambient conditions.
Field testing nitrate ux

To determine whether photocatalytic removal is effective in
ambient air with photocatalysts applied to glass surfaces, eld
testing was carried out in urban Phoenix ambient air with three
different photocatalysts applied to 8 × 12-inch glass panels for
a total of four panels (three photocatalysts coated and one
control with no coating). Removal of NOx was measured indi-
rectly by the nitrate formed on the photocatalyst surface
generated through the oxidation of NO and NO2. Nitrate was
gathered from the photocatalyst surface by DI water washes and
then quantied through IC analysis. The average ux values
were calculated for each glass panel over the whole testing
period from March to June 2021.

Fig. 2 shows the rate of nitrate deposition at the surface of
the glass panels. The control panels' NO3

−
ux is elevated

(0.9 mg per m2 per day) at this urban site, compared to the
average rate in the Phoenix area, which was shown to have a dry
deposition ux on average of <1.0 kg per ha per year or 0.27 mg
per m2 per day.75 The elevated NO3

− on the control panel is
possibly due to NO3

− formed from the adjacent photocatalyst
panels; however, this elevated NO3

− is also seen in another
study76, where coated surfaces were also placed near the control.
Furthermore, this is evidence that each coated surface's NO3

−

© 2025 The Author(s). Published by the Royal Society of Chemistry
ux may inuence the other coated surfaces. During the expo-
sure period, the amount of nitrate formed on the surface of the
photocatalyst exceeded the amount of nitrate deposited onto
the surface indicated by the control panel (commercial coating
p < 0.001, P25 p < 0.001, FN1 p = 0.003). This signies that NOx

was successfully oxidized to NO3
−/HNO3, removing NOx from

the ambient air. The amount of nitrate formed for each pho-
tocatalyst varied greatly with FN1, achieving, on average, 8.8 mg
per m2 per day, outperforming the commercial coating, 1.5 mg
per m2 per day (p = 0.006), and the P25 coating, 2.3 mg per m2

per day (p = 0.01). The lower performance of the commercial
product could be due to differences in the specic surface area
and loading area of TiO2. The commercial product is a propri-
etary technology, so photocatalyst deposition information is
unknown. However, the coating seems to be a thin lm almost
entirely transparent, suggesting a lower loading of TiO2 on the
surface. This transparency is benecial for transmitting light
through the photocatalyst for energy generation but could result
in lower NOx removal performance.

The nitrate formed on the surface is comparable to another
study in which coatings were tested outdoors for 20 months with
periodic washing.76 During this study, two different applications
of air-purifying paint were tested. On average, they had 1.76 mg
per day for a photocatalytic lime render panel and 3.48 mg per
day for a photocatalytic polycarbonate panel, showing that the
removal using coated glass panels aligns with these results.

The amount of nitrate formed during exposure varied greatly for
all the catalysts, with the FN1 coating showing the most extensive
variation. Thismay be due to changing conditions, such as the NOx

concentrations and humidity. In eld testing, an increase in nitrate
concentrations collected on the photocatalyst-coated panels
compared to the control panel was observed, demonstrating
successful NOx removal in environmental conditions.

Fig. 3 compares light transmission through the FN1 and P25
coated glass panels to a non-coated control. The commercial
product was not included in the comparison since it was
applied to a different glass product, making the results not
comparable to the control.
RSC Sustainability, 2025, 3, 963–972 | 965

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00516c


Fig. 3 UV vis transmittance comparing photocatalyst-coated glass to
non-coated control.

Fig. 4 (A) The nitrate flux comparing the removal of NOx in the indoor
and outdoor experiments. (B) The photon efficiency comparing the
indoor and outdoor experiments. The results in both cases are re-
ported as an average, and the error bars denote the standard deviation
of the different experiments. The F-test two-sample variance was
calculated for each panel with unequal variance shown between all
panels (p < 0.05). Two-tailed unequal variance t-tests were conducted
for comparison between each panel, and significant differences were
denoted with *p < 0.05. The commercial product was excluded from
the t-test analysis because of commercial product indoor testing n= 1.
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UV-vis transmittance experiments were conducted to deter-
mine how much light penetrates the photocatalyst coatings.
Light penetration is an important parameter when considering
solar panel applications, as even a slight decrease in visible light
can signicantly reduce energy generation efficiency.
Comparing the transmittance of the photocatalyst coatings to
the control, the FN1 demonstrated a signicant reduction of 20
to 50%, while the P25 coating showed no change to 20%,
dependent on wavelength. This decrease in visible light trans-
mission can occur through the photocatalyst coating's absorp-
tion or scattering of light. Demonstrating that while the
photocatalysts are applied as a thin lm and absorb mainly in
the UV region of the sunlight and should, in theory, have little
effect on the transmission of visible light, in practice, they do
affect the amount of visible light that would reach the solar
panel. Further tuning of photocatalyst loading would be
necessary to optimize the visible light transmission versus
a potential reduction in NOx removal.
Comparison between indoor and outdoor removal of NOx

Photocatalytic removal testing of the glass panels used in eld
testing was conducted in laboratory conditions to compare
removal between indoor (laboratory conditions) and outdoor
(ambient conditions) conditions. The results are reported using
two metrics comparing NO3

− formation: NO3
−

ux, which
shows the rate of the nitrate formed and photon efficiency, in
Fig. 4.

In Fig. 4A, when comparing the rates, the indoor experi-
ments resulted in rates that were an order of magnitude higher
than the outdoor experiments for the P25 (p= 0.003) and FN1 (p
= 0.23) photocatalysts. The commercial products demonstrated
lower removal in indoor and outdoor experiments when
compared to the other photocatalysts. The increased rates for
indoor experiments could be due to multiple reasons. The
indoor experiments have a higher and more consistent
concentration of NOx in the presence of the photocatalyst
during removal (300 ppb of NO) compared to ambient air in
Phoenix over six monitoring sites. The average annual mean
NO2 in urban Phoenix is 15.6 ± 5.8 ppb, and the average 1 hour
max NO2 is 55.3 ± 8.4 ppb (https://www.epa.gov/outdoor-air-
966 | RSC Sustainability, 2025, 3, 963–972
quality-data/monitor-values-report), which is consistent with
for example typical ambient air NO 36.2 ± 59.2 ppb and NO2

22.8 ± 17.6 ppb in Madrid, Spain.77 Another signicant
difference is using the UVA light source in the indoor
experiments. When comparing the light source intensity and
the solar ux in the number of photons reaching the surface,
the UVA lamp outputs three orders of magnitude more
photons. In the outdoor experiments, the lower solar photon
ux could result in incomplete activation of the photocatalyst,
which could reduce removal.

The experiments were also compared using photon effi-
ciency to account for the differences in light sources, as shown
in Fig. 4B. The outdoor experiments all exhibited higher photon
efficiency when compared to the indoor experiments (P25 p =

0.009, FN1 p = 0.08), even though the outdoor experiments
demonstrated a lower nitrate ux. This is due to the differences
between the photon ux in each experiment; the lower photon
ux in the UV ranges from solar light resulted in a higher
photon efficiency. This leads to the discussion of a trade-off
when determining whether to use controlled continuous ow
reactors that use a UV lamp or LED as a light source or solar
light in ambient removal once pollutants have been released
into the ambient air. When conducting removal in a reactor, you
can achieve higher removal rates due to complete activation of
the photocatalyst, optimal humidity conditions, and consistent
mass transfer to the photocatalyst surface. Still, you must
consider the cost of the power used to generate UV light to
irradiate your photocatalyst. However, with photocatalysts
applied to glass surfaces in outdoor locations, such as the cover
glass of solar panels, the sun's light can activate the photo-
catalyst, eliminating the cost of energy usage.
Photocatalyst durability testing

One concern when using a photocatalyst is its durability during
extended use, where the removal efficiency could decrease over
time.47,78,79 In Fig. 5, the NO3

−
ux in mg per panel per day is
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://www.epa.gov/outdoor-air-quality-data/monitor-values-report
https://www.epa.gov/outdoor-air-quality-data/monitor-values-report
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00516c


Fig. 5 Results from field testing of the photocatalytic removal of NOx

using TiO2 coatings from March to June 2021: average nitrate formed
during an exposure period. Each data point represents when the
photocatalyst-coated glass panel was washed with DI water, and
nitrate was quantified using the abovementioned method. The data is
reported as a flux of nitrate formation in mg per panel per day. Errors
bars represent the relative standard deviation over the entire exposure
period for each catalyst (RSDs: commercial product= 47%, P25= 61%,
FN1 = 96%).
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shown for the three photocatalytic panels that were tested over
the 52-day testing period to determine whether the soiling of the
catalyst occurred over the three-month use period. The exposure
period for the photocatalyst glass panels varied from 3 to 10
days, with water washing between each period. This variation
was done to determine if more extended periods of exposure
without washing would result in lower nitrate formation.

In the testing of the photocatalyst-coated glass panels, it was
shown that there is no trend of decreasing photocatalyst effec-
tiveness with an increasing number of days of exposure. This
demonstrates that photocatalyst passivation does not occur in
a quantiable amount on time scales of up to ten days of
exposure. Fig. 5 also shows the nitrate ux of three different
photocatalysts using the same coating over 52 days. While there
is a considerable variation in the amount of nitrate formed
during the duration of eld testing, a decrease in the effec-
tiveness of the photocatalyst was not observed. However, the
FN1 coating showed wear and tear, and dust buildup on the
glass surfaces was observed in visual assessments shown in
Fig. 6.

The durability of the photocatalyst coatings is consistent
with previous outdoor studies, such as in Luevano-Hipolito and
Martinez-de la Cruz, 2018 where TiO2 was incorporated into
Fig. 6 Image of control panel dust buildup after 10 days of outdoor
exposure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
stucco blocks.61 These blocks were le outdoors for one year and
tested indoors monthly for photocatalytic removal. During this,
a decrease in photocatalytic removal was observed aer three
months of not being washed and continued to decrease until
the twelve-month point when the blocks were washed with
water. Aer washing, photocatalytic activity was revitalized back
to its original effectiveness. Therefore, if occasional washing of
the photocatalyst surfaces is conducted, photocatalytic coatings
maintain removal efficiency in ambient conditions.
Estimation of maximum removal

The low concentration of NOx in ambient air could potentially
limit the effectiveness of solar panel coatings for NOx removal.
In combination with inconsistent mixing, this suggests that
optimal NOx removal may not be achieved due to insufficient
mass transfer to the photocatalytic surface. To understand
whether maximum removal is achieved, an average maximum
nitrate formed on a photocatalytic surface was calculated.

In Fig. 7, we can see the range of nitrate formed on the
surface compared to the total maximum possible nitrate that
could be formed on the photocatalytic surface. This comparison
shows that the maximum possible nitrate formation related to
the removal of NOx is not achieved during outdoor exposure.
This can be explained by insufficient mass transfer to the
surface due to the inconsistent mixing in ambient air. In
conclusion, the coatings should be placed in an area with an
increased NOx concentration and mixing to increase NOx

removal.
Potential large-scale impact

From the results gathered during eld testing, we estimated the
effectiveness of the photocatalytic removal using large-scale
application. For this exercise, we propose coating all the
current photovoltaic cells deployed by Arizona State University.
There are 174 664 photovoltaic panels in use by Arizona State
University spread throughout multiple campuses. Using the
average photovoltaic panel area (1.62 m2), the total area
Fig. 7 Results from field testing show nitrate formed on the surface
compared to the total possible nitrate formation based on NOx

deposition. NOx data was obtained off-site from the field testing at
a nearby FRM (Federal Reference Methods) site. Data is presented as
a box and whisker plot to show the range of data. The dots represent
outlier data points. The F-test two-sample variance was calculated for
each panel compared to the maximum nitrate with unequal variance
between all panels (p < 0.001). Two-tailed unequal variance t-tests
determined that NO3

− formed significantly differs from the maximum
nitrate denoted by * (p < 0.001).
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Table 1 UV vis-transmittance experimental parameters

Equipment Name Perkin Elmer Lambda 905S
Module 140 mm integrating sphere
Data interval 5
Detector response time (s) 0.51
Slit size (mm) 1
Detector change (mm) 800
Lamp change (mm) 200
Mask size (mm) 5
References uSRS99, SRS99
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coverage is 283 969 m2. We will use the highest average removal
photocatalyst, the FN Nano FN1 photocatalytic paint, which
achieved an average of 8.82 mg per m2 per day. Scaling up the
removal to the area coverage of the Arizona State University's
photovoltaic eet over a year, we calculated, on average, 914 kg
of NO3

− formed annually. Converting this value to NO2 removal,
we would achieve, on average, the removal of 678 kilograms of
NO2 per year. This is roughly equivalent to an offset of 750 car
emissions for a year. While helpful, it is not on a scale of
removal to be a solution to overall air quality on a city-wide
scale. With these results, focusing on a smaller scale and
looking at air quality improvement locally in areas such as
parking garages would be advisable. Considering the possible
cost of coating a large solar eet like ASU's and offsetting
roughly 750 car emissions a year would not be an economical
solution. Putting these results in context, in Luevano-Hipolito
and Martinez-de la Cruz, 2018 it was reported that TiO2 inte-
grated into stucco (CleaNOx) could yield up to 256.72 g of NO
per year per m2,61 assuming an average conversion of NO of 40%
with eight hours of light, compared to our study estimation,
yielding 2.39 g of NO2 per year per m

2. This shows two orders of
magnitude less removal in this study. However, the methods of
estimation differ in a couple of crucial ways; in both studies, the
analysis of the removal of NOx was done indirectly (here
quantied by NO3

− formed). In their research, all NOx removal
measurements were taken under laboratory conditions
(controlled humidity, mixing, and UV lamp irradiation) aer
weathering in outdoor conditions, which could account for
higher estimation.

Experimental
Preparation of the catalytic surfaces

The catalyst surfaces were prepared by dip-coating TiO2 prod-
ucts onto glass slides (20 × 70 mm). Two coatings were
prepared: a commercial FN1 photocatalytic80 paint (specic
surface area 35–65 m2 g−1) and a laboratory-prepared suspen-
sion of Evonik Aeroxide P25 particles (specic surface area 35–
65 m2 g−1) (Essen, Germany). The P25 particle coating was
prepared using the method described by Tantra et al. in 2015;81

P25 (50 mg) was weighed and placed into a beaker (60 mL). DI
water (50mL) (>18.4 MU cm, Purelab Flex, IL, USA) was added to
the beaker to create a TiO2 particle suspension with a 1 mg
mL−1 concentration. Aer the P25 dispersion, it was sonicated
in an ice bath using the QSonica Sonicator Q500 (Newton,
Connecticut) in pulsed operation mode with 80% on and 20%
off. The sonicator ran at 20 kHz with a delivered power of 50 W
for 15 minutes. Before coating, the glass slides were prepared by
washing with DI water (>18.4 MU cm, Purelab Flex, IL, USA), le
to dry for 1 hour in air, then washed with isopropyl alcohol, and
le to dry in air for 1 hour (with a control glass slide prepared
using the same method). The glass slides were then dip-coated
with a dip coating removal speed of 1 cm min−1 in the FN1 and
P25 solutions. The glass slides were dried in ambient air at
room temperature for 24 hours before testing.

Two sets of four 8 × 12-inch glass panels (0.062 m2 surface
area) (American Glass, Phoenix, AZ) were prepared for eld
968 | RSC Sustainability, 2025, 3, 963–972
testing. A set of control panels was obtained by using an
unmodied glass panel. The glass panels were prepared for
coating by washing with DI water (>18.4 MU cm, Purelab Flex,
IL, USA), le to dry for 1 hour in air, then washed with isopropyl
alcohol and dried in air for 1 hour (with control glass panels
prepared using the same method). The Aeroxide P25 TiO2

(Evonik, Essen Germany) and FN1 photocatalytic paint (FN
Nano, Prague Czech Republic) panels were coated by pipetting
each TiO2 product (20 mL of 1 mg per mL TiO2) to coat the
surfaces thoroughly (0.32 g per m2 loading area). The glass
panels were placed on a at surface, and the rst 10 mL of
photocatalyst was pipetted along the edges of the glass panel,
and the following 10 mL was used to ll in the middle of the
panel while ensuring complete coverage of the entire glass
panel. The glass panels were then dried in ambient air at room
temperature for 24 hours. The last set was a prepared proprie-
tary commercial product, where TiO2 particles were impacted
onto a glass surface (referred to as the commercial product).

UV-vis transmittance

Transmittance measurements were conducted for the FN1 and
P25 coatings compared to the control panel (non-coated glass
panel). The commercial product was not compared because it
used a different glass product, making comparison to the
control impossible. UV-vis transmittance measurements were
performed using a PerkinElmer Lambda 905S (Waltham, MA).
Glass panels of 2 × 2 inches were coated using the previously
detailed method using 1 mL of 1 mg mL−1 of photocatalyst,
consistent with the loadings applied to the glass panels used in
eld testing. Experimental parameters are shown in Table 1.

Laboratory experiments

Photocatalyst testing was carried out using the experimental
setup shown in Fig. 8. It consisted of a gas dilution system, a UV-
vis light source from the top of the reactor, a rectangular at
plate reactor 12 × 10 × 10 inches (20 L), glass slides (20 × 70
mm) coated with TiO2 placed in the center and bottom of the
reactor, a vacuum pump, and a NOx analyzer. The UV-vis New-
port Oriel Instruments 300 W xenon arc lamp with a 1.5G air
mass lter (Newport Oriel Instruments, Irvine, CA) activates the
catalyst. Humidity was added to the reactor by bubbling the
inlet gas through DI water in a beaker placed in the reactor and
maintained at 30 to 40% relative humidity, monitored with
a Govee hygrometer/thermometer (Shenzen, China). The NOx
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Laboratory setup.
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concentrations were monitored using a Thermo Environmental
Instruments 42C NO, NO2, NOx chemiluminescence detector
(Waltham, MA) to determine the concentrations within the
reactor before and aer light exposure.

Proof of concept photocatalytic removal of NOx experiments
were conducted in batch mode for the FN1 and P25 photo-
catalysts coated onto glass slides. Gas mixtures were provided
through a custom-built Alicat mass ow controller gas dilution
system (Tucson, AZ). A desired concentration of NO was ob-
tained by mixing NO (Mesa specialty gas 250 ppm, N2 balance)
with zero air (Airgas UHP N2 78%, UHP O2 21%) in a mixing
cylinder and passed into the reaction chamber, with the chosen
photocatalyst in place, until steady state was reached. Aer
a steady state was achieved, NO, NO2, and NOx concentrations
were recorded, and the reactor was sealed for one hour of light
exposure. During the hour of light exposure, the gas mixture
was directed through the bypass ow. Aer the light exposure
period, the reactor was unsealed, the resulting gas was directed
through the NOx analyzer, and the NO, NO2, and NOx concen-
trations were recorded. The resulting NO, NO2, and NOx

concentrations were then normalized to the starting NOx

concentration, and the results were reported as an average over
the experiments for the two photocatalysts. This experimental
setup deviates from the international standard (ISO 22197–
1:2016 – Test method for air-purication performance of sem-
iconducting photocatalytic materials in a couple of key ways:
experiments were conducted in batch ow mode, increased
reactor volume (20 Liters), larger slit height of inlet gas ow (6
inches).
Field testing

Field testing was carried out on the roof of the ISTB4 at Arizona
State University fromMarch to June 2021, with the goal being to
use the amount of nitrate formed on the surface during the
exposure period to determine if removal is possible in ambient
conditions and what magnitude of removal can be achieved.
The two sets of photocatalyst panels prepared using the
abovementioned method were alternated in exposure periods
ranging from 3 to 10 days. Aer each exposure period, a fresh
set of glass panels replaced the recently exposed panels. The
exposed panels then received a 10 mL DI water (>18.4 MU cm,
Purelab Flex, IL, USA) wash, repeated three times to collect the
nitrate formed due to the photocatalytic oxidation of NOx to
NO3

−/HNO3. The nitrate washes were carried out by pipetting
10 mL of DI water using a glass funnel with the solution
collected in a falcon tube. The repeat washes were carried out
© 2025 The Author(s). Published by the Royal Society of Chemistry
using the previously pipetted solution with each round,
ensuring the DI water was applied to the entire glass panel
surface. The nitrate washes were then ltered using the Millex
33 mm 0.22 mm syringe-driven lter unit (Millipore, Bedford,
Massachusetts). The samples were then characterized using ion
chromatography to determine the nitrate concentrations aer
exposure. Anion recovery wasmeasured via ion chromatography
(Metrohm 930 compact IC Flex, Herisau, Switzerland). A stan-
dard anion method was used66,82 with 3.2 mM sodium bicar-
bonate (NaHCO3) as the eluent and 0.5 mM sulfuric acid
(H2SO4)/20 mM oxalic acid as the regenerant solution. Calcium
nitrate tetrahydrate (Sigma-Aldrich) 99% was used to prepare
standard curves. To better understand the scale of removal
achieved, ux values were calculated, showing the amount of
nitrate formed during exposure. The rate of nitrate formation
was calculated by taking the amount of nitrate removed and
normalizing that value to the number of days of exposure and
the surface area of the glass panel scaled up to 1 m2. The data
was then reported as an average ux for each instance of DI
water washing aer the exposure period.

Extended exposure experiments were conducted for each
photocatalyst to determine if extended exposure decreased
nitrate formation on the surface. The photocatalyst glass panel
exposure periods were varied from 3 to 10 days. This variation
was done to determine if more extended periods of exposure
without washing would result in lower nitrate formation. The
testing was carried out using the same photocatalyst-coated
panels with periodic DI water washes to determine whether
the catalyst soiling occurred over the 52-day use period.

To further understand whether the maximum removal of
NOx, based on the NOx concentration and deposition rate, is
reached, the maximum nitrate formed on a photocatalytic
surface was calculated using NOx concentrations from a nearby
FRM site over the eld-testing exposure period. Further, a range
of the maximum possible nitrate formed using this average NOx

concentration was calculated.
Comparison of indoor and outdoor nitrate ux

Further reactor experiments were conducted to compare
outdoor nitrate uxes to laboratory results using the
photocatalyst-coated glass panels used during eld testing.
These experiments were performed in continuous ow mode,
and the above setup (Fig. 8) was used with some changes. A new
rectangular at plate reactor 24 × 12 × 12 inches (56 L) was
used to house the photocatalysts applied to the glass panels (8
× 12 inches) shown in Fig. 9. The glass panels were placed on
the bottom of the reactor. The FN1, P25, and commercial
products were all tested in triplicate. Gas mixtures were
provided through a custom-built Alicat mass ow controller gas
dilution system (Tucson, AZ) continuously at 2 liters per
minute. A desired concentration of NO was obtained by mixing
NO (Mesa specialty gas, NO 250 ppm, N2 balance) with zero air
(Airgas, UHP N2 78%, UHP O2 21%) in a mixing cylinder and
passed through the reactor until a steady state was achieved,
with the NO, NO2 and NOx concentrations being continuously
monitored. A 36 W Cure UV UVA interchangeable Lamp (Cure
RSC Sustainability, 2025, 3, 963–972 | 969
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Fig. 9 Schematic of the reaction chamber.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
8:

41
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
UV, Jacksonville, FL) was mounted above the photocatalyst-
coated glass and used to activate the photocatalyst for one
hour. Nitrate washes were then performed and analyzed
following the method mentioned above. This experimental
setup deviates from the international standard (ISO 22197-
1:2016 – Test method by using a larger photocatalytic reactor (56
Liters) which has an increased slit height (6 inches) and an
increased reactor height (12 inches). This increases the resi-
dence time and distance of diffusion to the photocatalyst
surface of gas during continuous ow photocatalytic removal
experiments.
Conclusions

The effectiveness of photocatalytic abatement of NOx through
TiO2-coated solar panels was explored through proof-of-concept
laboratory testing and eld testing of TiO2-coated glass panels.
Two different TiO2-based photocatalytic coatings were success-
fully applied to glass slides during proof-of-concept testing. In
the batch ow testing experiments, we achieved promising NOx

removal, up to 36.9% removal, when using the FN1 coating in
ambient air-relevant conditions. Field testing was conducted to
determine the magnitude of removal of three different TiO2-
based coatings. The magnitude of removal was quantied by
the amount of nitrate formed due to NOx oxidation through
photocatalysis. Through IC analysis of the nitrate formed due to
the photocatalytic oxidation of NOx to NO3

−/HNO3, it was shown
that NOx removal was achieved in environmental conditions, up
to an average nitrate ux of 8.82 mg per m2 per day. By calcu-
lating the maximum possible nitrate formed based on an
average NOx concentration, it was determined that removal is
inhibited by insufficient mass transfer to the photocatalyst
surface. When considering the large-scale application of the
FN1 coating to the solar panel eet of Arizona State University,
this would result in approximately 672 kg of NO2 being removed
per year. This is equivalent to offsetting the emissions of
roughly 750 cars for a year. Based on the scale-up calculations,
TiO2 coating of the solar cell cover glass would not be an
effective method for large-scale air remediation. However, it
may be useful for local air remediation in areas such as parking
garages with elevated NOx concentrations.
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