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Photocatalytic air purification
mimicking the self-cleaning process
of the atmosphere

Fei He!, Woojung Jeon' & Wonyong Choi® ™

Photocatalytic air purification is a promising technology that mimics nature's
photochemical process, but its practical applications are still limited despite
considerable research efforts in recent decades. Here, we briefly discuss the
progress and challenges associated with this technology.

Photocatalysis as an eco-friendly method of air cleaning

Air pollution severely endangers human health and the environment and requires highly effi-
cient and viable treatment technologies!. There are various technologies for controlling air
pollutants, among which adsorption using activated carbons or highly porous materials is the
most commonly practised method. However, the adsorbents need to be frequently replaced, the
adsorption efficiency is significantly decreased under humid conditions due to the competing
adsorption of water vapor, and the equilibrium adsorption capacity is significantly reduced at
low concentrations of air pollutants despite the high surface area of the adsorbents. Other
technologies, such as ultraviolet radiation, ionization, and nonthermal plasma decomposition,
may generate ozone as a harmful by-product. Thermal-catalytic degradation is effective but
energy intensive. Biodegradation usually requires large-scale facilities, and its activity is strongly
limited by environmental factors. Considering the above limitations, photocatalytic oxidation
(PCO) is proposed as an ideal technology for air purification because it can degrade diverse air
pollutants into non-toxic or less harmful forms using solar (or artificial) light under ambient
conditions?. The photocatalyst (PC) process (eq 1) has some intrinsic similarity to the self-
cleaning mechanism in Earth’s atmosphere (eq 2) in that both are based on indirect (sensitized)
photooxidation to generate in situ oxidants (e.g., «OH) in air.

PC (heterogeneous sensitizer such as TiO,) + H,0(g) + hv — «OH (1)

O;(molecular sensitizer) + H,0(g) + hv — 2.0H + O, 2

The prominent advantages of photocatalytic air purification are (1) no need for chemicals or
external energy input except light, which is not costly when utilizing ambient light or sunlight,
(2) safe operation under ambient conditions and relatively humidity-insensitive activity, and (3)
the ability to fully mineralize volatile organic compounds (VOCs) to CO, and H,O. On the other
hand, this process suffers from low photon utilization efficiency and slow removal rate, difficulty
of scaling up, and fouling/deactivation of photocatalysts during prolonged operation.
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Materials and process characteristics in photocatalysis

The best feature of photocatalysis, which distinguishes it from
thermal catalysis, is the need for photons, the flux of which limits
the overall process. As a result, many PCO reactions are more
limited by the photon flux than by the active surface area, unlike
most heterogeneous catalysis methods. Photocatalysts absorb
photons to generate pairs of electrons and holes that react with
dioxygen, water, and surface hydroxyl groups to generate reactive
oxygen species (ROS), such as «OH, O,+~/HO,e, 10,, and H,0,,
which are the key oxidants that decompose air pollutants. As the
majority of electron-hole pairs are rapidly recombined, only a
tiny fraction of them (less than 1% in many cases) successfully
induce PCO reactions. Much effort has been made to improve the
photon utilization efficiency for decades, but the successful per-
formance is still limited. The most studied approach is to extend
the photocatalyst’s light absorption edge into the visible light
range so that more photons can be used>. Analysis of the research
literature (published in 1999-2018) on air-purifying photo-
catalysts shows that modified TiO, accounts for the largest share
(55.9%), followed by Bi-based materials (11.9%) and WO; (7.3%),
among the studied visible-light photocatalysts?. Regarding mod-
ified TiO, materials with visible light activity, most studies have
investigated impurity doping and heterojunctions with narrow-
bandgap semiconductors or metal nanoparticles. These methods
are also useful for increasing the charge separation efficiency and
subsequently generating more ROS. It is interesting to note that
TiO,-based photocatalysts are still the most studied and the most
practical option for air purification applications despite the strong
emphasis on the development of new and novel visible light-
active materials in academic research. Although modified TiO, is
generally not a strong absorber of visible light, the strong oxi-
dation potential of the TiO, valence band (VB) edge, along with
its excellent stability, low cost and low toxicity, makes it a prac-
tical photocatalyst. As a result, a majority of photocatalytic air
purification application studies have employed pure and modified
TiO,, which does not seem likely to be replaced by new photo-
catalytic materials in the near future®>.

The clear trend in photocatalytic material development
research is to search for inexpensive and abundant materials with
high visible light activity as an alternative to TiO, to make the
technology more feasible. One popular candidate is carbon-based
materials such as g-C;N, and its derivatives, and various carbon
nanomaterials such as reduced graphene oxide, carbon nano-
tubes, and nanodiamond have also been tested to replace costly
noble metal cocatalysts (e.g., Pt, Au, Pd)®7. However, carbon-
based materials suffer from low photoactivity and long-term
instability under irradiation due to their tendency to be photo-
oxidized. Although more efficient visible light photocatalyst
materials have been extensively tested, the redox power of excited
electrons and holes in visible light photocatalysts is lower than
that of UV-active photocatalysts. Using less energetic photons
results in lower redox power; therefore, it should be noted that
visible light photocatalysts are not always the best practical
solution for air purification purposes.

Another important issue in developing air-cleaning photo-
catalytic materials is the durability of the materials, which has
been far less considered than the photoactivity in most studies,
although it is the most critical factor for practical application. It is
commonly observed that photocatalysts are gradually deactivated
during photoreactions. This can be caused by the intrinsic
instability of the photocatalytic material but more often by cat-
alyst surface fouling as a result of the accumulation of recalcitrant
intermediates and products. Such catalyst fouling during air
treatment is more serious than in the fouling of aqueous-phase
photocatalysis, where water as a solvent dissolves the degradation
products and intermediates and prevents their surface

accumulation. Photocatalyst surface fouling is most often
observed during the degradation of aromatic VOCs and
heteroatom-containing (e.g., N, S, and P) VOCs as a result of the
accumulation of recalcitrant and non-volatile products>3. In
addition, the real-world application of photocatalytic air cleaning
should take into account the presence of nuisance components
such as dust and aerosol particles that rapidly foul the photo-
catalyst surface, which seriously limits the outdoor application of
this method. Ensuring the long-term durability of photocatalysts
in the real world beyond laboratory conditions presents the
greatest challenge in commercializing this technology, which has
received little attention thus far. The development of practical
photocatalytic air purification systems should require a holistic
approach that integrates material design/preparation with diverse
compositions, structures, and morphology; reaction condition
optimization; reactor design and engineering; and hybridization
with other technologies (Fig. 1).

Photocatalytic decomposition reactions of various chemical
compounds are highly substrate-specific and strongly depend on
the molecular structure and composition of target compounds as
well as the kind of photocatalyst8. There are a wide variety of air
pollutants whose photocatalytic removal efficiencies vary greatly,
and an enormous number of published studies have reported the
photocatalytic degradation of air pollutants. A Google Scholar
search for research articles on “photocatalytic degradation of air
pollutants” shows 195,000 results! The main problem in analyzing
these published results is that it is very difficult to directly com-
pare photocatalytic activity data that were measured with differ-
ent methods and experimental conditions. Therefore, there is a
strong need to standardize the measurements and assessments to
compare the photocatalytic activity data reported from different
laboratories. To the best of our knowledge, the current air pur-
ification ISO methods are only available for the removal of NO,
acetaldehyde, toluene, formaldehyde, and methyl mercaptan, but
very few studies follow these standards!0. More unified and
standardized test methods for photocatalytic air purification have
yet to be established.

Some practical considerations for commercial applications
The design, optimization, and scale-up of photocatalytic reactors
are challenging issues for the commercialization of photocatalytic
air purification. Optimization of the PCO reactor is more com-
plex than that of typical heterogeneous catalytic reactors, as the
PCO process should consider both mass transfer and light
delivery parameters. An ideal reactor should allow a sufficient
number of photons to reach the full surface area of the photo-
catalyst to maximize the overall air treatment efficiency. The first
essential step in preparing practical photocatalytic reactors is to
immobilize a durable and robust photocatalyst layer on the
support surface. Photocatalysts can be immobilized by various
methods, such as the sol-gel technique, thermal spraying, che-
mical/physical vapor deposition, and electrophoretic deposition,
which is usually followed by high temperature roasting to achieve
higher crystallinity and stronger adhesion on the support!l. This
thermal treatment is technically simple but presents a significant
hurdle for the practical fabrication of scaled-up reactors because
it demands significant energy consumption and a large furnace or
heating facilities, which should increase the overall cost. There-
fore, the photocatalyst immobilization process without thermal
treatment is highly desirable, but remains challenging. The suc-
cessful development of an ambient-temperature immobilization
process will be a breakthrough in facilitating the commercial
applications of photocatalysts for various purposes.

For reactor design, plate and annular reactors are usually used
in laboratory studies, but they are not suitable as practical
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Factors considered for photocatalytic air purification
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Fig. 1 Holistic approach to the practical applications of photocatalytic air purification with considering various engineering and materials aspects.
a hybridization of photocatalysis with other technologies, b photocatalytic reactor development, ¢ photocatalyst immobilization methods, d low-cost
photocatalytic materials, e photocatalytic activities as a function of the wavelength, f durability of photocatalysts against deactivation and fouling. This
figure content is adapted with permission from Weon et al.4 Copyright (2018) American Chemical Society.

reactors because of their low air throughput and reaction area.
Monolith-type reactors with a compact structure have high
throughput and a low pressure drop, but the light intensity is
rapidly extinguished through the monoliths, hindering the uni-
form illumination of the catalyst surface. To improve the per-
formance of the reactors, upgraded reactors such as multiplate
reactors, multiannular reactors, parallel-channel monolith reac-
tors, and radial-leakage optical fiber honeycomb reactors have
been developed!2.

Despite many advantages, photocatalytic air purification has
serious limitations, such as a slow rate of treatment. The com-
bination of photocatalysis with other technologies, such as
adsorption-photocatalysis, photothermal catalysis, and plasma
photocatalysis, has been proposed as a promising method to
provide synergistic advantages. Hybridization of an adsorbent
and a photocatalyst should increase the treatment capacity by
rapidly capturing incoming target compounds on the catalyst/
adsorbent surface, especially when the photocatalytic degradation
capacity cannot match the rapid influx of target compounds onto

the surface in real time. The immediately adsorbed target mole-
cules can be gradually degraded on the photocatalytic active sites
by regenerating the adsorbent surface!’. The capture-and-
degradation strategy can overcome the imbalance between the
rapid influx and the slow photocatalytic degradation of target
compounds. Photothermal catalysis combines the high efficiency
and durability of thermocatalytic oxidation with the low energy
consumption of photocatalytic oxidation!4. Plasma promotes the
degradation of air pollutants, and photocatalysis reduces the
formation of undesired by-products (e.g., NO, and O;) that are
often produced in plasma-driven catalysis!>. Despite distinctive
advantages, hybrid processes are still at an early stage, and more
in-depth studies are required to elucidate the synergistic
mechanisms and resolve practical engineering issues.

Outlook
Using light to clean up polluted air is an ideal technology that
mimics nature’s process and has great potential to be developed
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as a key technology for air purification, which still needs major
breakthroughs in several areas. Although current academic
research is heavily focused on materials development, engineering
for commercialization demands more investigation of practical
issues such as preventing photocatalyst fouling/deactivation, facile
and low-temperature immobilization of photocatalysts on a
support, and effective and economical reactor design. The
extensive search for new and novel materials to replace the classic
TiO, material as an air-cleaning photocatalyst has not been very
successful for practical purposes, and it is expected that TiO,-
based photocatalysts will remain the mainstay material for the
time being. Overall, the most suitable application of photo-
catalytic air purification seems to be indoor air, where pollutants
are at the sub-ppm level and interfering substances such as dust
and aerosols can be controlled at a minimal level. The ideal
scenario for photocatalytic indoor air cleaning is to utilize
ambient room light, which requires the development of more
active visible-light-responsive materials. Future research on
photocatalytic air purification should address practical issues
more seriously to bridge the gap between laboratory findings and
real-world problems.

Received: 2 March 2021; Accepted: 26 March 2021;
Published online: 05 May 2021

References

1. Vandyck, T. et al. Air quality co-benefits for human health and agriculture
counterbalance costs to meet Paris Agreement pledges. Nat. Commun. 9, 4939
(2018).

2. Weon, S., He, F. & Choi, W. Status and challenges in photocatalytic
nanotechnology for cleaning air polluted with volatile organic compounds:
visible light utilization and catalyst deactivation. Environ. Sci. Nano 6,
3185-3214 (2019).

3. Verbruggen, S. W. TiO, photocatalysis for the degradation of pollutants in gas
phase: From morphological design to plasmonic enhancement. J. Photochem.
Photobiol. C 24, 64-82 (2015).

4. Weon, S. et al. Active {001} facet exposed TiO, nanotubes photocatalyst filter
for volatile organic compounds removal: from material development to
commercial indoor air cleaner application. Environ. Sci. Technol. 52,
9330-9340 (2018).

5. Weon, S. & Choi, W. TiO, nanotubes with open channels as deactivation-
resistant photocatalyst for the degradation of volatile organic compounds.
Environ. Sci. Technol. 50, 2556-2563 (2016).

6. Li, Y. X. et al. Constructing solid-gas-interfacial fenton reaction over
alkalinized-C3;N, photocatalyst to achieve apparent quantum yield of 49% at
420 nm. J. Am. Chem. Soc. 138, 13289-13297 (2016).

7. Kim, H. L et al. Robust co-catalytic performance of nanodiamonds loaded on
WO; for the decomposition of volatile organic compounds under visible light.
ACS Catal. 6, 8350-8360 (2016).

8. He, F, Muliane, U., Weon, S. & Choi, W. Substrate-specific mineralization
and deactivation behaviors of TiO, as an air-cleaning photocatalyst. Appl.
Catal. B Environ. 275, 119145 (2020).

9. Ryu, J. & Choi, W. Substrate-specific photocatalytic activities of TiO, and
multiactivity test for water treatment application. Environ. Sci. Technol. 42,
294-300 (2008).

10. Zhong, L. X. & Haghighat, F. Photocatalytic air cleaners and materials
technologies-Abilities and limitations. Build Environ. 91, 191-203 (2015).

11. Wood, D., Shaw, S., Cawte, T., Shanen, E. & Van Heyst, B. An overview of
photocatalyst immobilization methods for air pollution remediation. Chem.
Eng. J. 391, 123490 (2020).

12. Ren, H. J., Koshy, P., Chen, W. F.,, Qi, S. H. & Sorrell, C. C. Photocatalytic
materials and technologies for air purification. J. Hazard. Mater. 325, 340-366
(2017).

13. Zou, W. X, Gao, B,, Ok, Y. S. & Dong, L. Integrated adsorption and
photocatalytic degradation of volatile organic compounds (VOCs) using carbon-
based nanocomposites: a critical review. Chemosphere 218, 845-859 (2019).

14. L Y.Z, Wu, S. W, Wy, J. C, Hu, Q. Q. & Zhou, C. Y. Photothermocatalysis for
efficient abatement of CO and VOCs. J. Mater. Chem. A 8, 8171-8194 (2020).

15. Mohammadi, P., Ghorbani-Shahna, F., Bahrami, A., Rafati, A. A. & Farhadian,
M. Plasma-photocatalytic degradation of gaseous toluene using SrTiO;/rGO
as an efficient heterojunction for by-products abatement and synergistic
effects. J. Photochem. Photobiol. C 394, 112460 (2020).

Acknowledgements

This work was supported by the Leading Researcher Program (NRF-2020R1A3B2079953)
and Korea Research Fellowship Program (Grant No. 2018H1D3A1A02038503), which were
funded by the Korea government (MSIT) through the National Research Foundation of
Korea (NRF).

Author contributions
F.H., W.J., and W.C. conceived and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.C.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

4 | (2021)12:2528 | https://doi.org/10.1038/s41467-021-22839-0 | www.nature.com/naturecommunications


http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Photocatalytic air purification mimicking the self-cleaning process of the atmosphere
	Photocatalysis as an eco-friendly method of air cleaning
	Materials and process characteristics in photocatalysis
	Some practical considerations for commercial applications
	Outlook
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




