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Reaction mechanism

Mg-doped manganese oxide octahedral molecular sieve (Mg-OMS-2) catalysts were prepared by hy-
drothermal method. The photothermal degradation performance of these catalysts for formaldehyde
(HCHO) in batch system and continuous system was investigated. The light absorption of OMS-2 was
increased by Mg-doped, especially for near infrared light, which promoted surface temperature reach a
maximum of 214.8 °C under xenon irradiation. At this temperature, the reinforced surface lattice oxy-
gen and oxygen vacancy that formed by lattice distortion via Mg-doped were activated. The best HCHO
elimination efficiency was achieved over Mgg,/OMS-2 catalyst with Mg?+/Mn?* =1/5, which could re-
duce HCHO from 250 ppm to 10 ppm within 20 min. The in situ DRIFTS was also carried out to monitor
the changes in the content of reaction intermediates and analyze the degradation paths of HCHO. It was
found the HCHO was attacked by formed ‘OH and ‘0%~ to generate formate species and carbonate species,
and finally transformed to CO, and H,0. This photothermal catalytic oxidation process exhibited a high

efficiency purification of HCHO without the help of extra energy consumption.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The rapidly developing industrial production has brought great
economic benefits to human society, but accompanied by many
pollution problems, one of which is volatile organic compounds
(VOCs) pollution. According to the definition of the World Health
Organization (WHO), VOCs collectively refers organic compounds
with a boiling point of 50-260 °C under atmospheric pressure
[1]. And the composition of VOCs pollutants is generally complex,
toxic, irritating and carcinogenic, which not only harms human
health, but also interacts with other pollutants in the environment
to produce ozone, secondary aerosol, PM2.5 and other air pollu-
tants, leading to secondary pollution and a series of environmental
problems [2,3]. According to the International Agency for Research
on Cancer (IARC), formaldehyde (HCHO) is a kind of Class I car-
cinogenic substance with explicit epidemiological evidence of hu-
man nasopharyngeal cancer [4]. HCHO is a type of indoor air VOCs
pollution, and the common industrial VOCs removal techniques are
not suitable for HCHO treatment in closed space. The development
of more advanced indoor HCHO removal technology is particularly
important.
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At present, VOCs are mainly treated by adsorption, condensa-
tion and membrane separation as a kind of recovery technology,
and by combustion, catalytic oxidation, biodegradation as a kind of
destruction technology [5-8]. Catalytic oxidation is considered to
be one of the most stable, safest and most effective methods to re-
move VOCs because of its low energy consumption and thorough
removal. Noble metal catalysts such as Au, Ag, Pt, generally have
high catalytic activity that can completely transform VOCs at rela-
tively low temperature [9], however, the price is too high. In order
to reduce the catalyst cost and ensure its high catalytic activity,
usually a small amount of precious metals are loaded on molecular
sieve, non-metallic oxide or metal oxide carrier [10]. In addition,
it is also wise to choose non-precious metal oxides as catalysts.
In recent years, more amounts of studies have been conducted on
the catalytic oxidation of VOCs by non-precious metal oxides, such
as Mn, Cu and Ce [11]. Among them, Mn-based catalytic materials
have been widely studied because of their easy preparation and
good catalytic activity. Yang et al. prepared «, B8, y, § MnO, by hy-
drothermal method, and investigated the effects of different crys-
talline catalysts on the catalytic oxidation process of toluene [12].
It was found that the pore structure and the active lattice oxy-
gen had important effects on the catalytic performance. Wang et
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al. prepared rod-shaped, flower-shaped, tubular «-MnO, and nano-
flower-spherical Mn,03 by hydrothermal method [13]. The study
showed that rod-shaped «-MnO, demonstrated the optimal ox-
idation performance of toluene at low temperature. In addition,
other researchers have conducted relevant researches on Mn-based
catalytic materials with different coordination numbers and crys-
tal faces. However, due to the limited catalytic activity of single
Mn-based catalytic material, the development of Mn-modified cat-
alysts for better catalytic performance has attracted more attention
in recent years. In generally, there are three common: (1) Precious
metal loads such as Pt/MnO, [9]; (2) Mn binding to the carrier like
Mn/zeolite [14]; (3) Metal doping, such as Ce-MnO, [15], Co-MnO,
[16].

Photocatalysis and catalytic combustion are two important
types of catalytic oxidation technology that can be further com-
bined, which is not only expected to reduce the temperature and
energy consumption of single catalytic combustion, but also can
further enhance the catalytic performance of either single catalytic
process [17]. With the rise of the research field of photothermal
catalysis, higher requirements have also been put forward for the
selection of catalysts, which need the catalyst to have strong full
spectrum response and thermal catalytic activity, or to have the
property of converting photon energy into active oxygen species or
heat energy [18,19]. For example, the Ce ion-doped OMS-2 ultra-
fine nanorods catalyst shows strong absorption in the full range of
sunlight spectrum, and can effectively convert the absorbed light
energy into heat energy, which can replace the external heat en-
ergy supply mode. At the same time, OMS-2 nanorods replaced
by Ce ion have excellent low temperature thermal catalytic oxida-
tion performance [20]. Yu et al. also prepared the manganese ox-
ide nanoparticles modified by Pt ion as the effective catalyst for
degradation of toluene [21]. The synergic effect between high re-
dox activity of Pt ion and light to heat property of manganese
oxide promoted the activity and durability of synergistic thermo-
catalysis/photocatalysis removal of toluene. Wang et al. prepared
GO/MnOx/CN composite film catalyst in the degradation of HCHO
under irradiation [22]. It was found that GO provided the sur-
face temperature required for thermal catalysis and promoted the
charge transfer of photocatalysis, thus showing better photother-
mal coordination performance.

In this work, rod-like crypmanganite octahedral molecular sieve
(OMS-2, KMngO4) with different Mg doping amounts was pre-
pared by hydrothermal method. Studies have shown that doping
high-valence ions in the structure can induce the formation of
vacancy defects [23]. Wang et al. studied alkali metal doping 4-
MnO,, showing that alkali metal doping could significantly change
the formation energy of oxygen vacancy [24], thus providing more
active sites for O, during the reaction [25]. Mohan Kumar et al.
studied the photocatalytic degradation of organic dyes by prepar-
ing Mg-doped SnS, [26]. The results suggested that Mg doping
enhanced visible light absorption and promoted effective charge
transfer process, which increased the production of more amounts
of free radicals. As one of the materials of «-MnO,, OMS-2 is com-
posed of (2 x 2) tunnel structure through [MnOg] octahedron, and
there are many equilibrium K* in the tunnel, which provides fa-
vorable conditions for alkali metal doping substitution. Besides,
the doped Mg has been reported to be able to not only enhance
the absorption of full spectrum light for achieving a better photo-
energy to thermo-energy conversion, but also increase the surface
oxygen vacancy by substitution of Mg2* from K* to improve sur-
face oxidation performance [27]. The experimental result in this
work exhibits that the Mg doped OMS-2 catalyst obtained excellent
HCHO removal performance under the condition of xenon lamp
light source.

The crystal structures of OMS-2 and Mg-doped samples were
studied by X-ray diffractometer (XRD), as shown in Fig. S1 (Sup-
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porting information). The OMS-2 was synthesized by hydrothermal
method. The crystal structure of the OMS-2 catalyst sample was
pure tetragonal cryptomanganese structure (KMngOg, JCPDS No.
29-1020) with 26 at 12.7°, 18.0°, 25.6°, 28.7°, 36.6°, 37.6°, 42.0°,
49.9°, 56.1°, 60.2° and 69.6° [28,29]. After Mg2* doping, the peak
location of the sample was basically the same as that of OMS-2
with only a slight shift in position because the radius of Mg+
is smaller than that of K*, which resulted in the substitution of
K* in structure and the shift of 260 value towards a larger angle
[30].

The scanning electron microscope (SEM) images exhibited in
Figs. 1a-d display that the parent OMS-2 and Mg-doped OMS-
2 were rod-like structures. By comparing the morphology of the
OMS-2 before and after Mg doping, it can be seen that the diam-
eter of the samples was reduced while the length was increased
after doping, which is reported to be conducive to the utiliza-
tion of light energy in the photocatalytic process [31]. The energy
dispersive spectrometer mapping (EDS-mapping) of Mgg,/OMS-2
sample is also exhibited in Fig. 1e, which reveals that Mg had
been successfully doped into OMS-2 structure. The high resolu-
tion transmission electron microscope (HRTEM) exhibited in Figs.
1f-h clearly shows that the spacing of lattice fringes was 0.49 nm
and 0.24 nm, which was ascribed to (200) and (211) crystal planes
of OMS-2 [29,32]. After Mg+ doping (Figs. 1i-k), the crystal plane
spacing of (211) crystal planes decreased from 0.24 nm to 0.22 nm,
which proves again that Mg2t had entered into the tunnel and re-
placed K+ of OMS-2.

Besides, N, adsorption were also tested. The desorption
isotherms and pore size distribution curves of the samples are
shown in Fig. S2 (Supporting information) and Table 1. All samples
were type IV N, adsorption desorption isotherms with H1 type
hysteresis loops, which confirmed that the catalyst was a homo-
geneous mesoporous material composed of cylindrical structures
with narrow pore size distribution. As exhibited in inset of Fig.
S2, the pore size was mainly distributed below 15 nm. It could be
also found that the Sggpy of OMS-2 increased after Mg-doped, which
was due to the substitution of Mg to K in the tunnel positions that
slowed down the growth of OMS-2 fibers, leading to a small size
of OMS-2 fibers with increased specific surface area [33].

In order to further investigate chemical composition and surface
environment, X-ray photoelectron spectroscopy (XPS) was tested.
As shown in Fig. 2a, the peaks at binding energy of 645eV, 532 eV
and 84eV were attributed to Mn 2p, O 1s and Mn 3s of parent
OMS-2 and Mg doped OMS-2 samples. As shown in Fig. 2b, the
Mn valence states in these samples were determined from the
fitted high-resolution Mn 2p spectra. The two main peaks with
binding energy of ca. 653.9 and ca. 642.1eV were evidently ob-
served, respectively assigned to Mn 2p;, and Mn 2p;), [34-36].
And the peaks at ca. 643.2 eV and 642.0 eV were assigned to Mn*+
and Mn3+ [36-38]. According to the peak-splitting results, the
Mn3+/Mn*+ molar ratio of OMS-2 was 1.707 (Table 1), lower than
that of Mg doped samples. The higher ratio of Mn3*/Mn** facil-
itated the formation of surface oxygen species [39]. Besides, the
average oxidation state (AOS) of manganese was also calculated
by analyzing Mn 3s multiple cleavage amplitudes (AE;s) [40]. As
shown in Fig. 2c, the AEs of pure OMS-2 sample was 4.78 eV, but
was 4.67, 4.54 and 4.53eV with the increase of doping amount,
respectively. The AOS of manganese in samples was calculated ac-
cording to AOS=8.95 — 1.13AE; (eV), as listed in Table 1 [38,40].
From the lowest AOS value of Mg,,/OMS-2, we can judge that cat-
alyst Mgg,/OMS-2 had the highest oxygen vacancy concentration
[41]. This increased amount of oxygen vacancy concentration over
Mg-doped samples were caused by the lattice distortion via dop-
ing with different ionic radii, which thus changed the length of
metal-O bond and generate new lattice defects and oxygen vacan-
cies [33,42].
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Fig. 1. SEM images of synthesized OMS-2 (a, b) and Mgy,/OMS-2 (c, d). Elemental mappings of Mgg,/OMS-2 (e). TEM images of synthesized OMS-2 (f-h) and Mgg,/OMS-2

(i-K).

Table 1
Specific surface (Sggr), pore volume (Vyy,;), XPS analysis and ICP test result.
Samples Sger (M2 /g) Vioral (cm3/ g) XPS Mg content
Mn3+/Mn*+ AOS Oat/Oads Theoretical (wt%) Actual (wt%)
OMS-2 51.5 0.16 1.71 3.64 1.89 - -
Mgo 1 /OMS-2 62.3 0.24 1.88 3.58 2.56 0.59 0.58
Mg, /OMS-2 68.1 0.21 2.80 3.46 2.76 1.16 1.15
Mgg3/OMS-2 66.1 0.24 1.74 3.55 2.76 1.85 1.52
(a) (b) nificantly increased. Usually, adsorbed oxygen is more like to be
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Fig. 2. XPS spectra of catalysts: (a) Survey; (b) O 1s; (c) Mn 2p; (d) Mn 3s.

Fig. 2d also exhibits the peak-splitting result of O 1s. The peaks
at ca. 529.8 and 531.7 eV were assigned to lattice oxygen (Oj,) and
adsorbed oxygen (0,4s) such as oxygen-containing group like hy-
droxyl (OH-) or adsorbed water species [43,44]. Compared with
pure OMS-2, the 0y,;/0,4s molar ratio of Mg-doped OMS-2 was sig-

stimulated at a relatively lower temperature in a MvK mechanism
for oxidation of C-H [45]. For MnOx, the reduction temperature
of surface lattice oxygen can be ascribed to temperature less than
250 °C and bulk lattice oxygen can be ascribed to less than 400 °C
[46,47]. In this work, the temperature of catalyst surface can reach
a maximum of 214.8 °C under light irradiation, which has satisfied
the reduction temperature of surface lattice oxygen. Thus, it can
be speculated that the critical role of 0,4 and surface Oy, play
together in oxidation of HCHO.

It should also be noted that Mg was barely detectable in XPS
spectra, though the inductively coupled plasma (ICP) test result
(Table 1) has proved that the practical mass ratio of Mg in doped
samples was 0.58%, 1.15% and 1.52% respectively, which is consis-
tent with theoretical value (0.59%, 1.16% and 1.85%). This should be
caused by the microscale of Mg mainly existing in the crystal lat-
tice of OMS-2, which is difficult to be identified by surface scan-
ning technique like XPS [27].

Photothermocatalytic activity of these Mg-doped catalysts was
evaluated by eliminating HCHO both in a batch reactor and a
fixed bed. As shown in Fig. 3a, the fixed concentration of 250 ppm
HCHO was degraded in a 500 mL quartz glass reactor with a 300 W
xenon lamp. Detailed experimental methods are listed in Support-
ing information. The results confirmed that doping of Mg could
improve the HCHO removal performance compared with parent
OMS-2. And the best HCHO elimination efficiency was achieved
over Mgy,/OMS-2 catalyst, which reduced HCHO from 250 ppm
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Fig. 3. (a) Photothermal degradation curves of HCHO by different Mg doped OMS-2
in a batch reactor. (b) Cyclic stability test of Mgy,/OMS-2 in a batch reactor.

to 10 ppm within 20 min. Although there are numbers of reports
about HCHO oxidation at room temperature (Table S1 in Support-
ing information), the Mgy,/OMS-2 catalyst in this work reveals
better performance. In Fig. 3b, the Mgg,/OMS-2 catalyst was also
tested for four times without any treatment, and the degradation
performance remained unchanged, proving satisfied recycling per-
formance (Fig. 3b). In addition, the pseudo-first-order and pseudo-
second-order kinetic model fitting were also calculated for under-
standing the kinetics of the catalytic process. The results are ex-
hibited in Fig. S4 and Table S1 (Supporting information).

In order to explore the effect of different light sources on the
catalytic performance of Mgg,/OMS-2, the degradation of HCHO
by different light sources was also measured in the substrate with
a concentration of 150 ppm. It was found that the concentration
of HCHO also decreased slightly without illumination, which was
mainly due to the adsorption of the catalyst surface. As can be
seen from Fig. 4a, the ranking of catalytic performance under dif-
ferent light source was UV-vis-NIR > Vis-NIR > NIR > No irra-
diation > Blank. The Vis and NIR bands played a great role in
the catalysis due to the obvious photothermal conversion by ab-
sorption of Vis and NIR over MnOyx catalyst [48]. Fig. 4b also re-
veals that the surface temperature of parent OMS-2 and Mg doped
OMS-2 rose quickly under light irradiation. The rate at which the
surface temperature of these samples increased over a period of
300 s was clearly observed in thermal imaging photographs. And
the doping of Mg promoted the photothermal conversion prop-
erty as the temperature of Mg modified sample reached 214.8 °C
compared with that of parent OMS-2 at the temperature of 197.4
°C (Fig. 4c). From the diffuse reflectance spectrum (DRS) curves
shown in Fig. S3 (Supporting information), it can be found that the
Mg ,/OMS-2 exhibited enhanced absorption of full spectrum light
compared with parent OMS-2, because of the improved the sur-
face photothermal property of catalysts. With such photothermal
property, a MvK oxidation mechanism driven by temperature took
effect, which more effectively oxidized C-H bond in the oxygen ac-
tivation process [49]. On the other hand, Fig. 4a also indicates that
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the surface oxidation property stimulated by UV light played a cer-
tain photocatalytic role in HCHO elimination except for the pho-
tothermal effect dominated by Vis and NIR light source. It has been
reported that Mn ions in the [MnOg]| octahedron will undergo p-d
transition after absorbing UV light, resulting in weak Mn-O bond
and active lattice oxygen, which can effectively oxidize HCHO [50].

The degradation performance of HCHO over OMS-2 and
Mgg,/OMS-2 catalysts in a fixed-bed catalytic system under xenon
illumination was also tested. Detailed experimental methods are
listed in Supporting information. As shown in Fig. 5a, the removal
efficiency of HCHO was finally stabilized at 84.2% and 95.1% over
OMS-2 and Mg ,/OMS-2 catalysts within 50 min. However, the CO,
selectivity of both catalysts did not exhibit corresponding efficiency
(Fig. 5b). This deficiency of carbon balance should be caused by the
metabolites produced in the oxidation process of HCHO deposited
on the catalyst surface or loss with air. In the recycle test over
fixed-bed catalytic system (Fig. 5c¢), Mgg,/OMS-2 catalyst still re-
vealed a HCHO elimination rate > 95% after four consecutive use
without any treatment, displaying excellent stability.

In order to further explore the mechanism of the photothermal
catalytic reaction over Mg doped OMS-2, we also did the follow-
ing experiment. As can be seen from Fig. 6a, all Mg doped OMS-2
catalysts exhibited strong electron paramagnetic resonance (EPR)
signal, whose position was g=2.003, confirming that the defects
in the catalyst were from oxygen vacancies [51]. The order of EPR
signal intensity was Mggp,/OMS-2 > Mgy 3/OMS-2 > Mgg1/OMS-2
> OMS-2, which is also consistent with the HCHO elimination as
shown in Fig. 3a, proving that surface oxygen vacancy played an
important role in the removal of HCHO. In addition, the EPR of
Mg, ,/OMS-2 under the condition of light and without light irradi-
ation was also determined to investigate surface oxidizing species
during HCHO degradation. As shown in Figs. 6b and c, the surface
of Mgg,/OMS-2 was observed to produce both ‘OH and "0, af-
ter 30 min irradiation by xenon lamp. This result implied that light
irradiation stimulated the reaction of adsorbing oxygen on the sur-
face vacancy, promoting the formation of more favorable oxidation
groups such as ‘OH and ‘O, ~ [52]. Besides, the transient photocur-
rent responses of OMS-2 and Mgy,/OMS-2 were also measured
to verify the separation of photogenerated carriers. The result is
exhibited in Fig. S5 (Supporting information), which proves that
Mg doped obviously enhanced the signal of photocurrent intensity
that was helpful to form more amounts of surface oxidizing specie
[53,54].

The generated amount of ‘OH and *0,~ with light irradiation
time was also tested for exploring the effect of these oxidizing
group on the HCHO reaction process. Detailed test methods are
listed in Supporting information. The formation of *OH was con-
firmed by fluorescence spectroscopy using p-phthalic acid (TA) as a
probe reacting with *OH. And the stable 2-hydroxyterephthalic acid

o, e e

o]

-2 4 ° f|

Temperature (°C)

Fig. 4. (a) Photothermal degradation curves of HCHO by Mgg,/OMS-2 under different light sources; (b) Infrared thermal image and (c) maximum temperature of different

Mg doped OMS-2 under full spectrum light source.
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(f) In-situ DRIFTS spectra of HCHO removal under xenon light irradiation over the
Mgy, /OMS-2 catalyst.

(TAOH) was obtained, which was also detected at a wavelength of
415 nm with spectrophotometry (Fig. 6d) [55]. "0, was also mea-
sured by using nitroblue tetrazolium (NBT) as a scavenger, which
reflected at a wavelength of 260 nm with spectrophotometry (Fig.
6e) [56]. As shown in Fig. 6d, Mgy,/OMS-2 did not generate ‘OH
in the absence of illumination, while the concentration of *OH in-
creases with the increase of illumination time under xenon lamp
illumination. In Fig. 6e, the downtrend of NBT concentration also
indicated the amount of ‘O,~ increased with illumination time.
These generated *OH and *0,~ produced via light irradiation had
been reported to be able to effectively degrade HCHO [57], which
should be also responsible for HCHO removal on the surface of
Mg ,/OMS-2 catalyst.

Finally, in situ diffuse reflectance infrared fourier transform
spectroscopy (In-situ DRIFTS) was also performed to investigate the
degradation process of HCHO molecule on surface of Mgy, /OMS-
2. As shown in Fig. 6f, a series of absorption peaks appeared
at 2363 cm~!, 2335 cm~!, 1749 cm~!, 1587 cm~!, 1504 cm~!
and 1366 cm~!. Among them, those at 1587 cm~! and 1366
cm~! were ascribed to the characteristic peaks of formate species,
and those at 1749 cm~! and 1504 cm~! to carbonate species
[58,54]. Though, it was found that the peaks of formate species
and carbonate species did not increase over time, the peaks at
2363 cm~! and 2335 cm~! were attributed to rapidly increased
CO, [59], indicating that HCHO was firstly converted to for-
mate species and carbonate species, further degrading to CO, and
H,0.

In summary, Mg doped OMS-2 with different doping amounts
was prepared by hydrothermal method. Though Mg2+ replaced K+
in the tunnel structure of OMS-2, the rod-like structure of pure
OMS-2 was preserved. Under xenon lamp illumination, the surface
temperature of Mgg,/OMS-2 catalyst reached ca. 200 °C within
5min and stimulated an oxidation process conducted by oxygen
vacancies and activated free radical, which thus achieved an elim-
ination rate of HCHO > 92%. The NIR light played an important
role in increasing the surface temperature of Mgy,/OMS-2 cata-
lyst, which thus simulated the MvK oxidation mechanism. Besides,
the oxidation mechanism of surface free radicals was also excited
by UV part of light source. This work demonstrates the possibil-
ity of utilizing solar energy to acquire a significant HCHO removal
path, especially for indoor HCHO air pollution. And the very sta-
ble performance of such material also provides the possibility for
the further research and application of the photothermal catalytic
technology.
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