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A facile chemical method for the development of photocatalytic coating products was proposed based

on practical application perspective for the Hong Kong roadside nitrogen oxides (NOx) mitigation. TiO2-

based photocatalytic coating PC-C film with crystallized size of around 5–6 nm was synthesized with the

peptization of H2O2. The PC-C coating possesses a super-hydrophilicity surface and is proven to have a

NOx degradation rate of 46.8% with an optimum pH level of 7. In addition, the PC-C coating presents a

promising photocatalytic NOx degradation compared with other commercially available coating products

and P25 when applied on two building materials of poly-methyl methacrylate (PMMA) and concrete sur-

face. A weather resistance simulation and a 180-day on-site field trial were carried out the attenuation

effects of photocatalytic coating applied in outdoor exposure. Based on epidemiological estimation and

field investigation, hospital admissions for respiratory diseases (HARD) and mortality cases (MC) could

be reduced with the application of PC-C coating along the street canyon. This work demonstrates the

feasibility of air pollution control measures for the local roadside NOx using photocatalytic technology,

offering promising health benefits with environmental remediation.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrogen oxides (NOx, i.e., NO + NO2), as notorious atmospheric

pollutants, not only promote the formation of ozone and secondary

aerosols [1,2], but also exhibit adverse health effects on human

with increasing respiratory deaths and lung cancer deaths [3–5].

As a densely populated urban metropolis, traffic-related emissions

contributed to the majority of Hong Kong’s NOx pollution [6,7]. To

improve air quality, the Hong Kong Environmental Protection De-

partment (HKEPD) has implemented a series of emission control

measures successfully contributing to the steady decline in air pol-

lution levels in recent years [7–9]. However, challenges still exist,

that is, the roadside NO2 level still exceeds the Hong Kong Air

Quality Objectives (AQO) and World Health Organization (WHO)

global Air Quality Guidelines (AQG) [10,11]. Thus, innovative air

pollution control technologies should be implemented at the same

time to supplement the current emission control technologies.
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Passive air pollution control technologies represented by photo-

catalytic coatings have been increasingly considered the solutions

to mitigate air pollution without requiring enforcement, significant

capital investments or changes in human behavior [12–16]. Pho-

tocatalytic technology, which is excited by light irradiation involv-

ing reactive radicals’ oxidation process, is an ecologically and eco-

nomically sustainable measure for direct air pollution control in

outdoor environments [17–20]. Up to date, photocatalytic coatings

have been applied to several urban microenvironments, walls and

tunnels in cities all over the world, including Italy [21,22], Ger-

many [23], the Netherlands [24], Belgium [25], Poland [26], Span

[27], China [28–30], etc. as listed in Table S1 (Supporting infor-

mation). The accepted products for the photocatalytic conversion

of NOx are NO2
− and NO3

−, which are harmless in small quanti-

ties and would be washed away by water droplets [31,32]. Gener-

ally, photocatalysts developed in the laboratory are in powder form

and are inappropriate for real-world applications [33]. However,

the limitations can be overcome by coating them on the surfaces

of various substrates to immobilize those powders as films. With

the consideration of the practical application, the coating products

https://doi.org/10.1016/j.cclet.2023.108709
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Fig. 1. TEM (a, b) of PC-C films (pH 7). XRD patterns of PC-C coating films (c) and photocatalytic activity of NO removal of PC-C coating films at different pH levels and P25

under simulated solar light (d). DMPO ESR spectra samples under simulated solar light irradiation in aqueous dispersion for DMPO-•OH (e) and in methanol dispersion for

DMPO-•O2
− (f).

should initially possess exceptional photocatalytic performance in

NOx degradation and provide predictable health benefits. Then, the

coating films generated by facile preparation methods could be ad-

hered to different substrates without altering or affecting any ex-

isting settings. Moreover, the physicochemical properties of coating

products are expected to be stable when exposed to actual road-

side environments. Therefore, the development and application of

photocatalytic coating for urban roadside NOx reduction is desir-

able but remains challenging.

Herein, a facile method for developing photocatalytic coating

products was proposed. Two types of representative construction

materials as the coating substrates were investigated, considering

the wide acceptance of different substrates. An artificial weather

resistance test and an on-site field trial were conducted to inves-

tigate the attenuation of the photocatalytic coating. In view of the

practical outcomes, the health effects were estimated and evalu-

ated based on epidemiological statistics.

The nanosized particles are uniformly distributed in the PC-C

coating film by transmission electron microscopy (TEM), as shown

in Fig. 1a, and crystallized nanoparticles around 5–6 nm in size

are observed (Fig. 1b), different from the TiO2 film synthesized

through traditional sol-gel methods in bulk state or nanosized

greater than 50 nm [34]. The pH level of the PC-C film with-

out adjustment is acidic due to the mild acidity H2O2. Consid-

ering the acidity/alkalinity of the photocatalytic film might affect

its characteristics, the catalytic performance could be also altered

to some extent [35]. As shown in Fig. S5 (Supporting informa-

tion), the PC-C film becomes a clear yellowish solution with de-

sired dispersibility when the pH value is equal to or above 7. The

TiO2 film would be positively charged if the pH value is lower

than the isoelectric point of 4.5–6.8 [36], which could impede the

formation of TiO2 sol and then resulting in the formation of a

non-transparent colloidal solution. The crystal structures of PC-C

coatings films at acid, neutral and alkaline states are displayed in

Fig. 1c. The TiO2 anatase phase (PDF #1–526) of the PC-C coat-

ing films is well-crystallized when in the acidic (pH 2–3) and neu-

tral (pH 7) medium. When the pH level was further increases, the

alkaline material would break the TiO2 crystal structure and lead

to amorphous states. The X-ray photoelectron spectroscopy (XPS)

analysis presented in Fig. S6a (Supporting information) revealed

the presence of Ti, O, and C in the PC-C coating films synthe-

sized in neutral medium. The Ti 2p high-resolution spectrum (Fig.

S6c in Supporting information) showed two peaks at 464.1 eV and

458.4 eV, which can be attributed to Ti4+ in TiO2. Additionally, the

O 1s spectrum (Fig. S6d in Supporting information) exhibited two

distinct peaks at 532.2 eV and 529.7 eV, corresponding to surface

OH and Ti-O, respectively [37].

Optical response comparison of TiO2 (anatase) and PC-C coating

films was investigated by UV–vis DRS in Fig. S7 (Supporting in-

formation). The adsorption edge of pristine TiO2 is about 380 nm.

However, the PC-C coating films is ranged from 440 nm to 480 nm.

The obvious redshift of PC-C coatings was considered as the pep-

tization of H2O2, which modifies the crystallized size of TiO2 to

around 5–6 nm, affecting the light adsorption ability of PC-C coat-

ing films. Photocatalytic activity of the PC-C films with different

pH levels were conducted by the degradation of NO under simu-

lated solar light irradiation in the laboratory. Material P25 Evonik

(formerly Degussa) with the same content was used as a reference.

As shown in Fig. 1d, the PC-C film at pH 7 showed the highest NO

removal ratio (C/C0%) that reached to approximately 46.8%, which

is higher than that of P25 tested at the same conditions with NO

removal rate at 38.8%. The photocatalytic activities of PC-C coating

in acidic and alkaline conditions are 31.2% and 27.3%, respectively.

The photocatalytic activity of the PC-C film at acid states could be

affected by the incomplete sol-gel procedures, whereas the more

evident decrease in the alkaline environments is due to the dete-

rioration of the TiO2 crystallinity. It was reported that amorphous

TiO2 would reduce the photocatalytic activity because of the facili-

tated recombination of the photo-formed electrons and holes [38].

Reactive oxygen species (ROS) of are detected in ESR when DMPO

were selected as the trapping agent. As shown in Figs. 1e and f, the

characteristic signals of both DMPO-•O2
− and DMPO-•OH could be

observed in the test samples. Notably, enhanced signals were ob-

served in PC-C film at pH 7, indicating more ROS were generated

under light irradiation for the following reactions [39].

In practical application, the hydrophilic surfaces could induce

spread over of water droplets, where the deposited dusts and dirt

are easily washed away to reach the self-cleaning effects [30]. In

this study the self-cleaning capacities of the PC-C coating films

were evaluated by the contact angle (CA) that was measured af-

ter Xe lamp irradiation for 3 min. As shown inn Figs. 2a-c, the CA

values of the PC-C coating films at acid, neutral and alkaline con-

ditions are 57.1°, <2.0°, and 28.8°, respectively. The PC-C films at

the neutral state possessed the super hydrophilicity properties, in-
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Fig. 2. CA values of PC-C films synthesized with different pH levels: pH 2–3 (a), pH

7 (b) and pH 9–10 (c). SEM image (d) and mapping analysis (e) of the high-pressure

spraying coated and uncoated PC-C film on substrates, elements distribution, Ti:

red, O: cyan.

dicating the most optimal self-cleaning properties. From scanning

electron microscope (SEM) in Fig. 2d, the side of the coated sub-

strate is covered with heterogeneous nanosized particles. The map-

ping analysis in Fig. 2e further demonstrate the even distribution

of Ti and O, representing that substrates could be uniformly dis-

persed by high-pressure spraying.

Two types of representative construction materials were se-

lected as the coating substrates for NOx degradation. The first type

was PMMA, which is a transparent thermoplastic, as a lightweight

and shatter-resistant alternative to glass; the second type was con-

crete, which is a basic material for urban architecture. The two

other commercial photocatalytic coating products labelled as PC-

A and PC-B, as well as P25, labelled as PC-D, were also applied

for comparisons. Detailed information on the coating products is

shown in Table S2 (Supporting information), and the as-prepared

specimens are shown in Fig. S8 (Supporting information).

The photocatalytic degradation performances of coated speci-

mens are shown in Figs. 3a and b, respectively. PC-C-PMMA and

PC-D-PMMA presented degradation ratios of photocatalytic NOx

removal at 5.6% and 3.8%, respectively. The corresponding NO2

yield ratio of PC-C-PMMA was 0.5%, which was lower than 1.4%

of the PC-D-PMMA. In the concrete specimen, the NOx removal ra-

tios followed an order of PC-C-Concrete (28.2%) > PC-D-Concrete

(26.9%) > PC-A-Concrete (18.9%) > PC-B-Concrete (2.5%) ≈ blank-

Concrete (2.7%). It is worth noting that the NO2 yield from the

PC-C-Concrete is lower than that of the PC-D-Concrete specimen.

In addition, the PCC-Concrete specimen demonstrates a degrada-

tion rate of approximately 17% when NO2 is used as the initial gas

(Fig. S9 in Supporting information), suggesting that the PC-C coat-

ing film has a direct effect on the degradation of NO2. This finding

implies that the installation of photocatalytic coating would not

have any adverse impacts on air quality. Figs. S10a and b (Sup-

porting information) show five-time consecutive tests of photo-

catalytic degradation of NOx over PC-C-PMMA and PC-C-Concrete

specimens, respectively. The two specimens present insignificant

decay in photocatalytic activities, suggesting the relative stability of

the PC-C over the two substrates. To illustrate the reaction mech-

anism of photocatalytic conversion of NOx, the simplified photo-

catalytic conversion mechanism over PC-C coating is presented in

Table 1.

From a practical perspective, the specific NOx removal rate

(r(NOx)) on substrates is an important criterion in evaluation

[40,41]. Fig. 3c clearly shows that PC-C coatings have the highest

specific NOx removal rate on PMMA and concrete surfaces with

value of 1.01 and 4.84 mg m-2 h-2, respectively. The differences in

the photocatalytic activities of the two substrates are mainly due

to the physical properties of the surfaces. Restricted to the adhe-

sive ability between the photocatalytic coating products and sub-

Table 1

Photocatalytic reaction steps of NOx over PC-C coating.

Reaction steps Related reactions

Light excitation PC-C coating+ hv → h+ + e−

Adsorption H2Ogas, O2gas → H2Oads, O2ads

NOgas, NO2gas → NOads, NO2ads

Radicals’ generation H2Oads + h+ → •OH + H+

O2ads + e− → •O2
−

NOx degradation NOgas/NO2ads + •OH → HNO2 + HNO3

NOgas/NO2ads + •O2
− → 2NO2

− + NO3
−

strate materials, there is approximately 4 mg the coating products

per PMMA test specimen, with the coating content per unit area

of around 0.8 mg/cm2. However, the coating content over the con-

crete specimen was approximately 4.0 mg/cm2, which had more

than 300 mg coating products in total. In addition, dissimilar to

relatively inert PMMA, the cement-based material is chemically

linked with the photocatalytic coating, which renders better activ-

ity and stability [42].

It should be noted that NOx
− (NO3

− and NO2
−) is recognised as

the final products of NOx photocatalytic oxidation [43]. The NOx-

to-NOx
− content of the specific coating was determined by the de-

tection of the washed residuals of the tested specimens (Fig. 3d).

Even though, the NOx degradation rates of PC-A-PMMA and PC-

B-PMMA specimens are relatively low, there are 0.71 and 1.18 ug

of NOx
− were detected per milligrams of coating contents, respec-

tively, indicating that these coating products also have NOx degra-

dation effects to some extent. In addition, the PC-C coating prod-

ucts have the highest NOx-to-NOx
− of 3.93 and 4.84 μg/mg on the

PMMA and concrete specimen, respectively. The results are con-

stant with that of the degradation activity test, where concrete

specimens showed more NOx
− accumulations than the PMMA

specimens.

Coating products will inevitably experience the attenuation ef-

fects of nature environments when applied outdoors. The artificial

accelerated aging test was conducted to explore the weather re-

sistance, as shown in Fig. S11 (Supporting information). The com-

prehensive acceleration factor AFT/H/UV was calculated to be 103.8

considering the combined meteorological parameters of tempera-

ture, humidity, and ultraviolet radiation in Table S3 (Supporting

information). This finding indicates that the as-provided seven-

hour aging procedure simulated approximately 100 times, i.e., 30-

day of outdoor aging conditions in Hong Kong [44]. The accu-

mulated degradation amounts of NOx on the coated PMMA and

concrete specimens that underwent artificial aging are presented

in Figs. S12a, b and Table S4 (Supporting information). The 30-

minute NOx degradation amounts of PC-C coating on PMMA spec-

imen decreased from 2.51 μg to 1.25 μg (50.2%), and that on con-

crete specimen reduced from 17.28 μg to 14.94 μg (13.5%), respec-

tively. Similarly, a 71.3% NOx degradation is observed with PC-D

on the PMMA, whereas only 28.5% with PC-D-Concrete. In com-

parison, the coating products were proven to be more stable when

applied on concrete surfaces. This could be explained as the rough

and porous concrete surfaces that a provide a strong binding be-

tween the coating products and the concrete surfaces [45].

The field trial involving the PC-C specimens that experience dif-

ferent periods of field trial would be collected back to the labora-

tory for NOx degradation activity tests. The field study would di-

rectly examine the attenuation of the coated specimens exposed in

the actual environments. The field trial underwent 180 days (from

25th Oct. 2021 to 23rd Apr. 2022), and the collection time are illus-

trated in Tables S5 and S6 (Supporting information). Two parallel

scenarios were designed in the field trials considering the role of

rainfalls in outdoor environment in Fig. S13 (Supporting informa-

tion). The specimen placed with a transparent cover is denoted as
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Fig. 3. Photocatalytic activity of NOx removal of the coated PMMA (a) and concrete (b) specimen under simulated solar light (NO as the initial gas). Specific NOx removal

rate of coated specimen (c). NOx-to-NO2
− ratio and NOx-to-NO3

− ratio of the coated specimen (d).

Fig. 4. Attenuation rate of r(NOx) in PC-C-PMMA and PC-C-Concrete specimen over

a 180-day exposure time.

scenario A, and without a transparent cover is scenario B. The field

trial did not suspend during the entire period.

Fig. 4 shows the attenuation rates of r(NOx) of the PC-C-PMMA

specimen over exposure time. In scenario A with transparent shel-

ter, the r(NOx) of the PC-C-PMMA has a decline of 48.8% from the

original level after 15-day exposure, and a further drop of 18.1% af-

ter exposing for 60 days. Similarly, the declining trend of r(NOx) of

the specimens in scenario B attenuated rapidly to 47.4% of the be-

ginning level in the first 15 days and continues to decrease in the

following days. The r(NOx) of the PC-C-PMMA specimens in both

scenarios are almost zero, indicating no photocatalytic effects after

the 180-day exposure. Eventually, the downtrend in scenario B was

more distinct than that in scenario A. Fig. 4 presents the variations

of r(NOx) of the PC-C-Concrete specimens in the 180-day field tri-

als of the two scenarios. In scenario A, the r(NOx) only decayed

to 94.4% after 30-day outdoor exposure, and then decreased no-

ticeably (approximately by half) to 49.2%, experiencing 60 days of

roadside environment. Only 18.5% of r(NOx) is left after complet-

ing the entire 180-day field trial. As the same observation as the

Table 2

Somatic parameters and estimated HR of NO2 for infants, children (8–10 years old),

male adults and female adults.

Age group BR (m3/d) BW (kg) DR (μg/kg) HR

Infants 0.8 3.0 17.3 11.5

Children (8–10 years old) 10 30.0 21.6 14.4

Adults (Male) 20 74.4 17.5 11.6

Adults (Female) 20 61.1 21.2 14.1

Note: BR, breathing rate; BW, body weight; DR, dose rate.

PC-C-PMMA, the downtrend in r(NOx) of the PC-C-Concrete spec-

imens is more evident in scenario B than A. It remained 93.7% of

the initial level after the 7-day trial, and then dropped to 87.2%

when the outdoor exposure time was prolonged to 30 days. The

r(NOx) finally showed 13.9% of the original level after the entire

180-day trials. The detailed values of the degradation results are

given in Tables S7 and S8 (Supporting information). The more in-

tense connection between PC-C coating and concrete surface was

further verified in the field trial. It is noticed that all the test spec-

imens placed in scenario A (with a transparent cover) presented

higher NOx degradation ability than the test specimens placed in

scenario B (without a transparent cover) with the same exposure

time, implying that the PC-C coating possesses a relatively stable

NOx degradation when away from rainfall. Although the dirt on the

surface of the specimen could be splashed in scenario B, it could

inevitably affect the lifetime of the coating due to the natural at-

tenuation by rainwater.

A pre-monitoring of air quality was performed from October

3rd-31st, 2021 at the same location to act as a reference for the

NOx concentration level. Ambient NOx (NO, NO2) concentrations

were measured continuously using an online NOx analyzer (200E -

Teledyne API), as shown in Fig. S14 (Supporting information). The

hourly averaged NO2 concentration in the sampling month was

64.72 μg/m3, which is much higher than AQGs with WHO and

AQO with HKEPD. Furthermore, the health risk (HR) of NO2 for

different ages and gender groups based on the data collected are

shown in Table 2. The results imply that children (8–10 years old)

and female adults have the relatively higher HR levels of 21.6 and

21.3, respectively. Meanwhile, male adults and infants possessed

relatively lower HR of 17.5 and 17.3, respectively. In comparison
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with that in other studies, our average HR value obtained outside

the tunnel is much higher than that in universities, tourist sites,

residential areas and even factories in urban cities of China and

South Korea [46,47]. It should be noted that the HR level is posi-

tively related to NO2 concentrations, indicating the intense adverse

health outcomes for roadside residents, especially for children and

women. Even though, several emission control measures have been

established by the Hong Kong SAR Governments, leading to a de-

crease in the NO2 concentration in recent years [48,49]. The po-

tential health hazard to roadside residents cannot be completely

neglected.

The Air Quality Health Impact Assessment (AirQ+ 2.1) soft-

ware based on concentration–response functions established by

epidemiological studies was adopted to quantify the short-term

health benefits of applying photocatalytic coating technologies at

the roadside environment [50]. The model was established as a

5-km2 street canyon, and the maximum 1-hour NO2 of hospital

admissions for respiratory diseases (HARD) and expected annual

number of mortality cases (MC) based on the related attributable

proportion (AP) were estimated and shown in Table S9 (Supporting

information). Specifically, the average hourly NO2 concentrations

during the morning peak (07:00–10:00 LST) and evening peak

(17:00–20:00 LST) on working days were 181.3 and 138.8 μg/m3,

respectively, in October 2021. With the application of the photo-

catalytic coating technology, it is expected to diminish the roadside

NO2 concentration to 171.1 and 130.2 μg/m3 in the morning peak,

and 131.0 and 99.6 μg/m3 in the evening peak, with PC-C film on

PMMA and concrete surface, respectively. Besides, the AP due to

the exposure on the roadside NO2 during the morning peak time

was 2.5% (95%, CI:0, 6.3%) and the MC is 4.5% (95%, CI: 2.7%, 6.3%).

In the evening peak time, the AP and MC are 1.9% and 3.4%, respec-

tively. Potential health benefits of PC-C coatings applied on both

PMMA and Concrete in roadside environments are expected. For

example, approximately 5% and 30% reductions of HARD are found

with the PC-C film on PMMA and concrete surfaces, respectively,

in the morning peak hours. Therefore, the application of the PC-

C coating on construction materials would effectively reduce the

health expense in the roadside environment.

In summary, a facile method for the development of TiO2-based

PC-C photocatalytic coating film was prepared in this work. The

nanosized PC-C coating is proven to possess a super-hydrophilicity

surface and ideal NOx degradation activity at neutral state. Both

the artificial weather resistance test and on-site investigation im-

ply that the concrete surface provides a strong bonding interaction

with the coating, which is beneficial to extend the coating life-

time. Besides, the model estimates that the applications of the PC-

C coating could reduce health hazards and expenses for roadside

residents, especially during peak hours. This work provides a new

reference for the development and practical application of photo-

catalytic coating for air pollution control. Even though the scale of

this field trial is limited, the application of the photocatalytic coat-

ing in terms of roadside NOx mitigation is worthwhile. A more de-

tailed analysis regarding cost-benefits, traffic volume, and on-site

monitoring in a larger scale is recommended in future studies.
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