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Broader context

Photothermal catalytic oxidation of toluene over
the Pt—Mn,03/CN nanocomposite catalystf
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Xiao Yu, Chuang Zhao, 1 Lixia Yang, (2 *¢ Jian Zhang and

Chunlin Chen (2 @

The Pt—Mn,O3/CN catalyst formed through synthesis via a solvent-thermal method involves a synergistic
combination of polymer CN and Pt nanoparticles loaded on Mn,Osz to catalyze the degradation of
toluene. The composition incorporates Mn,Os as the central element for photothermal conversion, CN
as a uniformly dispersed matrix for Pt nanoparticles, and Pt as the catalytically active center, demonstrat-
ing significant efficacy. Particularly noteworthy is the discernible enhancement in the photothermal cata-
lytic degradation capability of the Pt—-Mn,O3z/CN composite catalyst, specifically in the context of
toluene. When subjected to light intensity of 300 mW cm~2 and a toluene concentration of 400 ppm,
Pt—Mn,0Oz/CN achieves toluene conversion and CO, mineralization rates of 99% and 80.9%, respec-
tively. This improvement primarily stems from the Pt nanoparticles inducing a substantial presence of
oxygen vacancies within the catalyst structure, thereby increasing the oxygen adsorption capacity and
surface mobility. This, in turn, activates adsorbed oxygen species at the catalyst's interface. The adept
utilization and conversion of solar irradiance for volatile organic compound (VOC) abatement under-
score its potential as an environmentally friendly and renewable energy source.

In recent years, significant strides have been made in advancing photothermal catalysis - an innovative technology harnessing solar energy to enhance catalytic
efficiency through synergistic photothermal effects. Toluene, classified as a volatile organic compound (VOC), poses a threat to air quality, potentially

contributing to ground-level ozone and smog formation when released into the atmosphere. Exploring renewable solar power via photothermal catalysis
emerges as a promising avenue to combat VOC-related environmental concerns. In our investigation, we synthesized a nanocomposite catalyst by combining
polymer CN with Pt nanoparticles strategically loaded onto Mn,Os. This catalyst demonstrated remarkable efficiency in the photothermal catalytic oxidation of
toluene, credited to the Pt nanoparticles inducing numerous oxygen vacancies within the catalyst structure. These vacancies notably amplified the oxygen
adsorption capacity, enhanced surface fluidity, and activated adsorbed oxygen on the catalyst’s surface. Our research holds the promise of significant
environmental advantages, highlighting the potential of utilizing sunlight as a clean and sustainable energy source for degrading VOCs.

Introduction

Categorized as a volatile organic compound (VOC), toluene
contributes to air pollution, potentially leading to the for-

Toluene (C,Hg) is commonly known as methylbenzene. Inhala-
tion of toluene presents health risks, with prolonged exposure
to its vapors causing symptoms such as headaches, dizziness,
and in severe instances, damage to the central nervous system."
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mation of ground-level ozone and smog when released into the
atmosphere.” In recent developments, photothermal catalysis
has emerged as an advanced and promising technology for the
removal of VOCs from the air.® This innovative approach
combines light-induced heating with catalytic processes to
either eliminate or transform VOCs. Numerous studies have
highlighted the superior catalytic activity of photothermal
catalysis in VOC degradation. This efficacy is attributed to
the synergistic interaction between photocatalysis and
thermal catalysis." For example, research conducted by
Jia’s team showcased the potential of Pt-rGO-TiO, as a highly
active photothermal catalyst for VOC decomposition. This
catalyst demonstrated broad light wavelength absorption and
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solar-thermal synergy effect.> Additionally, they synthesized Pt-
mTiO,/USY composites for the catalytic degradation of toluene
under the full solar spectrum. The mTiO,/USY with increasing
Pt content exhibited progressively enhanced catalytic activity,
indicating the promising nature of these materials in VOC
removal applications.®

Catalysts based on manganese oxide are widely employed in
environmental catalysis due to their affordability, abundant
sources, and variable valence states.””® However, manganese
oxide has a relatively wide band gap, which may limit its
efficiency in utilizing sunlight for photothermal catalysis. To
enhance catalysts’ reactivity, researchers have confirmed that
heteroatom loading, which regulates the electronic structure
and improves light absorption, is an effective strategy.”°
Moreover, the lattice defects of metal oxides can be altered by
loading heteroatoms, facilitating the generation of more reac-
tive oxygen species and thereby improving catalytic activity."*
Some research also found that the dispersion of metal ions and
the augmentation of the active sites are enhanced when metal
oxides or noble metals are supported on flat materials.'?
Polymeric carbon nitrides (CN), composed of triazine or heptazine
units as building blocks, present a promising class of conjugated
polymeric photocatalyst for exploring this possibility."* Similar to
graphite, CN monolayers are stacked with van der Waals force
interactions, rendering them insoluble in most solvents. CN has
emerged as an exceptionally attractive photocatalyst driven by
visible light, distinguishing it from TiO, materials that are
responsive only to UV light (representing just 5% of the solar
spectrum). With a suitable forbidden bandwidth (E, = 2.7-2.8 eV),
CN exhibits superior absorption of visible light compared to most
metal oxides.' It is particularly well-suited for the photocatalytic
decomposition of water to generate hydrogen and oxygen.

Wang et al. initially reported on CN’s visible light photo-
catalytic water decomposition for hydrogen production, marking
a shift in photocatalyst research from inorganic semiconductors
to diverse organic polymers.' In a study by Zhang et al.,'® it was
demonstrated that carbon nitride, characterized by excellent light-
response capabilities and a layered structure, serves to prevent
nanoparticle aggregation and resist chemical corrosion from acids
and organic solvents. Additionally, CN can be synergistically
combined with metal oxides to modulate the electronic structure
of the composite catalyst. The nitrogen atoms in CN play a crucial
role by providing lone pair electrons as ligands to the transition
metal, contributing to the overall regulation of the catalyst’s
electronic structure.'” Moreover, metal nanoparticles demonstrate
outstanding activity in photo-driven photothermal catalysis, often
credited to the presence of hot electrons generated by the robust
surface plasmon resonance (SPR) effect. Professor Zhang’s
research team delved into the innovative photothermal Fischer—-
Tropsch synthesis employing the RuCo-SAA alloy catalyst, affirm-
ing a promising approach for converting carbon monoxide into
high-value chemicals.’® Additionally, their findings highlighted
the beneficial role of plasmonic Cu nanoparticles in enhancing
the low-temperature photo-driven water-gas shift reaction.'®

Herein, we synthesized a Pt-Mn,03/CN nanocomposite
catalyst via loading the Pt and combining CN into Mn,0O3; by
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a solvent-thermal method. This investigation focuses on utiliz-
ing Pt nanoparticles (NPs) as active sites, Mn,O; as the center
for photothermal conversion, and CN as a dispersed material to
facilitate the even distribution of Pt nanoparticles. The multi-
catalytic system is employed to investigate the mechanism
behind the enhanced photothermal catalytic degradation of
toluene by doping Pt NPs. The findings reveal that the Pt-
Mn,0;/CN catalyst harnesses solar energy to activate active
oxygen species on the surface of oxygen vacancies, enhancing
the catalyst’s stability through the robust interaction between
CN and Mn,0;. This discovery holds significant potential for
widespread applications in the photothermal catalytic degrada-
tion of VOCs.

Results and discussion
Structural information of the catalysts

As depicted in the XRD spectra of various catalysts presented in
Fig. 1A, these catalyst formulations exhibit nearly identical
diffraction patterns to the pristine Mn,0;. The distinct peaks
at 66.2°, 55.3°,49.5°, 45.5°, 38.8°, 33.1°, and 23.3° correspond to
the crystallographic planes of (622), (440), (431), (332), (400),
(222), and (211), respectively, all indexed to Mn,05."* Notably,
the Pt-Mn,03/CN catalyst shows no discernible diffraction
peaks associated with the CN structure or Pt nanoparticles.
This observation suggests that the catalyst predominantly consists
of Mn,03, a phenomenon likely attributable to the low Pt loading
or the effective dispersion of small-size Pt NPs. However, an
intriguing phenomenon is observed in the enlarged diffraction
peaks at 33.1°, as illustrated in Fig. 1A (left), corresponding to the
(222) crystal in Mn,O3 undergoing a negative shift. This implies
an expansion of the lattice spacings along the c direction,
indicating the incorporation of a fraction of CN and Pt NPs into
the Mn,0; lattice during catalyst synthesis. In this context, the
thermal oxidation process’s heating treatment is presumed to
promote a more compact packing of CN or Pt NPs, thereby
leading to an expansion of the lattice distance.*

The examination delved into the N, adsorption-desorption
isotherm and the distribution of pore sizes among diverse
catalyst samples. As depicted in Fig. 1B, only Pt-Mn,0;/CN
and Mn,03/CN samples exhibit typical type IV isotherms char-
acterized by the H3 hysteresis ring,>" signifying the existence of
a mesoporous structure owing to the layering effects within CN.
From the BET and BJH models, values for specific surface area,
pore volume, and pore size were computed, as outlined in
Table 1. As the CN content in the catalyst increased, the Sggr
surged from 11.01 to 17.68 m* g~ !, and notably, the Sggr of Pt
nanoparticles in Pt-Mn,03/CN further escalated to 31.94 m*> g~ .
This amplification can be primarily attributed to the incorpora-
tion of Mn,0; species into the mid-layer of CN during the
solvent heating process, thus fostering the creation of more
medium-sized pores. Additionally, the appropriate distribution
of Pt nanoparticles either evenly dispersed on the CN surface or
bonded with Mn,O; and CN further facilitates the formation of a
mesoporous structure.”” The past investigation underscores that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) XRD patterns, (B) N, adsorption—desorption isotherm, (C) FTIR spectra, and (D) Raman spectra of different catalysts.

a larger specific surface area in the catalyst positively influences electrons become integrated with the lone pair electrons on
both the adsorption in catalytic reactions and the resultant loaded Pt atoms, thereby activating and fostering the formation
catalytic activity.”” The pore size distribution across all samples of n-r interactions.® The introduction of an appropriate quantity
exhibited mesoporous characteristics, showcasing variations of Mn,0; facilitates the opening of the interlayer structure, leading
corresponding to the varying CN and Pt content. Notably, in to increased adsorption of toluene molecules. Consequently,
Pt-Mn,0;/CN, the pore volume experienced a considerable Pt-Mn,0s/CN, characterized by a larger specific surface area (Sggr)
reduction to 0.231 cm® g~ *. CN possesses a m-conjugated aro- and an increased m-m interaction proportionate to CN content,
matic system, a result of the sp> hybridization involving carbon  exhibits enhanced toluene adsorption capacity. This enhancement
and nitrogen atoms. This configuration allows CN to adsorb and proves advantageous in augmenting the number of activated
activate reactant molecules sharing a similar conjugate aromatic  toluene molecules.

structure, primarily through n—r interconnection.”* Additionally, The FTIR spectra of the catalysts produced are presented
in n-delocalized electronic systems, significant delocalized p in Fig. 1C. The infrared signal at 808 cm ™" corresponds to the

Table 1 BET and XPS element analysis of different catalysts

Total pore Average pore Pt theoretical
Catalysts BET surface (m*> g~ ") volume (em® g ™) diameter (nm) loading/(wt%) ICP-Pt (Wt%) Mn*/Mn**
Mn,0;3 11.01 0.267 41.21 — 0.49
Mn,03/CN 17.68 0.282 51.51 — 0.51
Pt-Mn,03/CN 31.94 0.231 28.97 0.4 0.3 0.58

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distinctive breathing mode associated with triazine rings in
CN.”® Peaks within the range of 1000-1950 cm ™" signify
stretching vibration modes of C-N and C=N heterocycles,
whereas those at 3000-3600 cm ' indicate the stretching
vibration of N-H. This is attributed to either insufficient
condensed amino groups or remaining hydrogen atoms
attached to the edges of graphite-like CN."® The peaks observed
at 614 cm™ "' and 514 cm ™" result from the asymmetric bending
of Mn-0 and the stretching vibration of 0-Mn-0.%* Beyond the
analysis of the catalyst phase, Raman spectroscopy was
employed to investigate the vibrational patterns of the catalyst’s
surface species. In Fig. 1D, the Raman peaks near 304 cm ™" and
640 cm ' correspond to Mn-Mn and the E, symmetric tensile
vibration mode of Mn—-O-Mn, respectively, primarily associated
with the Jahn-Teller (J-T) distortion.>” In these samples, the
heightened peak intensity at 640 cm ™" serves as an indicator of
increased J-T distortion. Notably, Pt-Mn,0;/CN exhibits the
highest peak intensity, signifying the most pronounced order-
ing of the E, electron orbit.”® Raman spectra of Pt-Mn,0,/CN at
528 cm ™' are ascribed to the three Raman-active vibrations of o
(N-Pt-N), v5(Pt-N), and v,¢(Pt-N), respectively.>®

To further elucidate the structure of Pt NPs, Mn,0;, and CN
within Pt-Mn,03/CN, we conducted a detailed microscopic
analysis using transmission electron microscopy (TEM), dis-
playing the findings in Fig. 2 and Fig. S3 (ESIt). Throughout the
high-temperature and high-pressure treatment, the catalyst
retained the layered configuration of CN, exhibiting a consis-
tent flat and stacked sheet structure. Within this framework,
Mn,0; was found embedded, with bright white minuscule
spots in Fig. 2A and G, indicating Pt NPs evenly distributed
atop Mn,0;, bound to CN. The size distribution analysis of the
Pt nanoparticles depicted in Fig. 2C revealed a range from
3.84 nm to 11.33 nm, with an average size of 6.37 nm. High-
resolution TEM images in Fig. 2D-F revealed spherical bright
spots corresponding to Pt NPs situated on the surface of
Mn,0;. However, these images only exhibited lattice patterns
specific to Mn,0;, with indexed lattice spacings of 0.38 nm for
(211) planes and 0.19 nm for (422) planes in Mn,O;. Further
examination via HRTEM (Fig. S4, ESI{) unveiled ultrafine
nanoparticles adhered to CN, measuring approximately
6.0 nm in size. Enlarged sections in Fig. S4 (ESIT) delineated
lattice fringe spacings of these ultrafine nanoparticles at
approximately 0.22 nm, corresponding to the d-spacing
observed in the (111) facets of cubic Pt.*°

Additionally, the elemental distribution was visualized
through energy-dispersive X-ray (EDX) spectroscopy, revealing
separate dispersion of Mn and Pt on CN, and some Pt dispersed
on Mn,0; particles. The actual Pt loading in Pt-Mn,03/CN was
observed to be 1% lower than the theoretical loading (refer to
Fig. S5, ESL1 and Table 1). This discrepancy can be attributed
to the loss of some Pt in the ethanol solution during the
solvent-thermal reaction. The bonding of Pt to metal oxides
typically induces the separation and migration of photo-
induced carriers, thereby enhancing the photocatalytic activity.
Furthermore, the interaction between Pt and metal oxides
serves to augment the presence of reactive oxygen species on
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the catalyst, facilitating catalytic reactions. Simultaneously, the
uniform distribution of Pt nanoparticles on the surface of
Mn,0; bound to CN proves advantageous in capturing and
utilizing photons across a broader wavelength spectrum. In the
solvent-thermal synthesis process, we also synthesized the Pt-
Mn,0; catalyst. However, TEM analysis revealed that in the
absence of CN as the dispersion carrier, Pt nanoparticles tend
to agglomerate, as highlighted in the red box in Fig. S6 (ESIf).
These stacked and agglomerated particles are detrimental to
the overall efficiency of the catalyst.

Catalytic performance

The catalyst we prepared underwent testing for its photother-
mal catalytic oxidation activity under the entire solar spectrum
with an illumination intensity of 300 mW cm 2. In the static
reaction conditions depicted in Fig. 3A and B, the photothermal
removal percentage of toluene exhibited a specific order across
different catalysts: Pt-Mn,O3/CN (99%) > Mn,O03/CN (53%) >
Mn,0; (45.5%) > Pt-CN (33.7%). Particularly noteworthy is the
CO, yield achieved by Pt-Mn,0;/CN, reaching an impressive
80.9%, significantly surpassing Mn,0;/CN (11.2%), Pt-CN
(10.4%) and Mn,0;3 (6.5%). The introduction of Pt through
doping notably enhances the overall catalytic efficiency in
detoxifying toluene, converting it into CO, and H,O. This
enhancement is attributed to the improved dispersion of
Pt nanoparticles and the increased specific surface area of
the catalyst facilitated by CN-supporting materials. The under-
whelming performance of Pt-CN underscores the pivotal role
of Mn,0O; in catalytic conversion. To delve into the impact
of Pt loading on catalytic efficacy, various catalysts with distinct
Pt loadings were scrutinized, as illustrated in Fig. S7 (ESIf).
The introduction of Pt markedly enhanced the catalytic
performance; however, a subsequent increase in content to
1% led to a slight reduction in performance. This diminution
could be ascribed to the potential agglomeration of surface
Pt NPs.

To assess the enduring catalytic performance and practical-
ity of Pt-Mn,03/CN, we employed a custom-made stainless
steel fixed bed continuous flow reactor for testing its photo-
thermal catalytic activity against toluene. The reaction condi-
tions comprised 200 ppm toluene, 20 vol% O,, and N,. The
catalyst’s weight hourly space velocity (WHSV) in the reactor
was controlled at 30000 mL g~ " h™", and we investigated the
impact of H,O and different light intensities on its stability. As
depicted in Fig. 3C, once the reaction stabilized, the catalyst
was not sufficiently activated at 200 and 250 mW cm ™2 for 4
hours while the toluene conversion remained below 50%.
When the light intensity was increased to 300 mW cm ™2, the
toluene conversion reached 92.8% and remained stable with a
consistent CO, yield of approximately 79.6%. Remarkably, even
after 36 hours, the catalytic efficiency remained robust. Intro-
ducing 5 and 10 vol% H,O into the reaction system led to a
decline in catalytic performance, with the toluene conversion
dropping to 85.1% and 74.6% while the CO, yield decreased to
71.8% and 62.4%. Typically, H,O and CO, are byproducts of
toluene oxidation, and hence, considering the reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in the panel, (G)-(L) EDS phase mapping of the Pt (blue), O (yellow), Mn (red), N (navy), and C (green), distributions images of the Pt—Mn,0Oz/CN catalyst.

equilibrium, the introduction of water adversely affects
the process.”® Noteworthy is the swift recovery of toluene

conversion and CO, yield upon the removal of water vapor,
underscoring the excellent catalytic resilience of Pt-Mn,0;/CN

© 2024 The Author(s). Published by the Royal Society of Chemistry EES Catal., 2024, 2, 811-822 | 815
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to moisture. This underscores the catalyst’s enduring perfor-
mance under conditions simulating real exhaust scenarios.

Surface properties of the catalysts

The X-ray photoelectron spectroscopy (XPS) analysis of the C
1s spectra (Fig. 4A) reveals three distinct peaks at 284.8 eV,
285.8 eV, and 288.3 eV, corresponding to C-C bonds, C-NH,
species, and carbon in N-C—=N of the carbon nitride (CN),
respectively.'® Importantly, the peaks at 285.8 eV and 288.3 eV
exhibit a shift towards higher binding energy compared to the
C of CN, suggesting the presence of a chemical interaction
between CN and Pt-Mn,0;. To further elucidate the origin of Pt
and CN electron transfer, the Mn 2p spectra were analyzed
(Fig. 4B). Given the various valence states of Mn on the catalyst
surface, we focused on the three most common states (Mn>":
~642.0 eV, Mn®*": ~642.6 €V, and Mn"": ~644.1 eV).>* Evi-
dently, the surface Mn on all catalysts predominantly exists in
the Mn®" form (Mn** content >40%), aligning with the XRD
results indicating the presence of Mn,0O;. In Table 1, the

816 | EES Catal., 2024, 2, 811-822
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incorporation of Pt nanoparticles led to an improvement in
the surface Mn*"/Mn®" molar ratio, increasing from 0.49 to
0.58, signifying an enhanced concentration of surface Mn*". In
simpler terms, loading Pt NPs resulted in an augmented sur-
face oxygen vacancy concentration in Mn,0;/CN. Furthermore,
compared to the pure Mn,0O; sample, all Pt-Mn,05/CN catalysts
displayed a higher binding energy of the Mn 2p;, peak,
confirming the electron transfer from CN and Mn to Pt.
Consequently, the XPS spectra of C 1s and Mn 2p affirm that
the electronic coupling effect at the Pt-Mn,0O;/CN interfacial
active sites is more pronounced than that at the active sites of
Mn,O;/CN.** This suggests that intercalating Mn,0O; and Pt
nanoparticles into the lamellar CN induces structural defects,
adjusts the electronic structure, and facilitates the generation
of redox electric pairs of Mn**/Mn®".

Observing the data, it becomes apparent that samples
exhibiting superior activity demonstrated a higher Mn**/Mn**
molar ratio. The average valence state of Mn in Mn,0; is +3.
When an oxygen defect occurs, the Mn>" content and Mn**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS survey spectra of (A) C 1s, (B) Mn 2p, (C) O 1s, and (D) Mn 3s, (E) H>-TPR, (F) O,-TPD, (G) UV-Vis-IR absorption spectrum, (H) photothermal
conversion temperatures and (I) photoluminescence spectra over different catalysts.

content must change to maintain the overall electron
balance.***** Following the incorporation of Pt NPs, a notice-
able alteration in the valence distribution of various carriers
occurred, aligning with the results of the activity assessment.
This change followed the trend of high Mn** content correlat-
ing with excellent activity observed prior to loading. The out-
comes of the peak separation analysis of O 1s orbitals, depicted
in Fig. 4C, reveal that the asymmetrical O 1s spectrum of each
sample can be deconstructed into three components at binding
energies of 528.1, 529.4, and 531.4 eV. These correspond to
surface lattice oxygen (Ojagice), adsorbed oxygen (Oagsorbed)s
and adsorbed water or carbonate species (Oop).*> Notably,
in Table 1, the Pt-Mn,03/CN sample exhibited the highest
O.dsorbed CONcentration (39.88%) among all samples, once

© 2024 The Author(s). Published by the Royal Society of Chemistry

again validating that a heightened O,qsorbea CONcentration
promotes toluene combustion. It is observed that carriers with
higher Mn*" content also displayed a higher oxygen content on
their surface, consistent with the peak separation results of Mn
2p orbitals. Within this context, O,qsorbea SPecies play a pivotal
role in catalytic degradation. Their effectiveness hinges on the
presence of oxygen vacancies (Oy;) implanted in the catalysts. In
essence, an increased number of oxygen vacancies translates to
more surface-adsorbed active oxygen, ultimately leading to
higher final degradation efficiency.

Moreover, the oxygen vacancy concentration can be repre-
sented by the average oxidation state (AOS) of Mn 3s in the
Mn,0; samples. The principle here is that a lower AOS value
corresponds to a higher oxygen vacancy concentration.*®
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This calculation is derived from the multiplet splitting of Mn 3s
orbitals, and it follows the formula outlined below:

AOS = 8.98-1.13AF; (eV)

The AEs, denoting the disparity in binding energy between
the primary peak and its associated satellite arising from the
multiplet splitting within Mn 3s orbitals, play a crucial role.
The determined AE, values for Mn,0O;, Mn,0;/CN, and Pt-
Mn,03/CN stand at 5.39, 5.41, and 5.47 eV, respectively (refer to
Fig. 4D). Notably, the Pt-Mn,03/CN catalyst exhibits the lowest
Average Oxidation State (AOS) among all counterparts, register-
ing at 2.78, indicative of its heightened O, content, which is in
line with EPR analysis (Fig. S8, ESIt). The escalation in oxygen
vacancy concentration aligns with enhanced oxygen migration
capability.’” Within this spectrum, Pt-Mn,03/CN manifests a
substantial increase in oxygen vacancies, primarily attributed to
the pronounced influence of strong metal-support interactions
(SMSI) on the Mn-O bond within the carrier. This phenomenon
results in the formation of additional oxygen vacancies, emer-
ging as the principal factor contributing to the marked
enhancement in its catalytic activity.>*

The reduction performance of the catalyst was explored
through H, temperature-programmed reduction (H,-TPR). In
Fig. 4E, the reduction spectrum of manganese oxides with
diverse morphologies is depicted. The peaks around 354 °C
signify the reduction from Mn*" to Mn**, while those at
approximately 543 °C indicate the reduction from Mn** to
Mn**. The remaining high-temperature peaks are attributed
to the partial reduction of the surface phase.*® Typically, the
temperature at which Mn,0; transforms from Mn** to Mn*" is
employed to assess the reduction capacity of Mn,05.*° It is
evident from the analysis that the Pt-loaded sample exhibits
superior low-temperature reducibility. Region I represents the
reduction absorption peak of Pt-Mn,03;/CN and surface-
adsorbed oxygen, while Region II corresponds to the Mn,03;
reduction absorption peak. Despite the extremely low Pt load-
ing, even if all Pt oxides exist in the form of PtO,, it remains
significantly lower than the hydrogen consumption in Region I.
Consequently, the absorption peak in Region I is predomi-
nantly ascribed to the hydrogen overflow effect induced by
strong metal-support interaction (SMSI). This prompts the
Mn,0;/CN surface oxygen species near Pt NPs to react with
H,.>* The absorption peak in Region II reveals that the Mn*" —
Mn®" reduction peak intensity of the Pt-Mn,0,/CN sample is
the highest, with the lowest reduced temperature. This suggests
that Pt-Mn,O;/CN exhibits superior low-temperature oxidiz-
ability, heightened surface oxygen mobility, an abundance of
reactive oxygen species, and a greater ability to accept electrons
compared to Mn,O3.

Oxygen temperature-programmed desorption (O,-TPD) ana-
lysis was conducted to discern the oxygen species within Mn,03;
and investigate potential factors influencing its oxidation prop-
erties. The results of the analysis are depicted in Fig. 4F. The
desorption peak in the range of 50-200 °C was ascribed to the
release of surface-adsorbed oxygen (peroxide species, O, ),
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while the peak at 400-600 °C was associated with the
desorption of surface lattice oxygen (monatomic species, O™).
Furthermore, the desorption peak exceeding 600 °C was attrib-
uted to the release of bulk lattice oxygen (O*~ species).'® Con-
siderable attention has been directed towards the first two
peaks, as lattice oxygen species (0>~ species, >550 °C) tend to
become inert during toluene oxidation at low temperatures.*’
The diagram illustrates that the order of surface active lattice
oxygen content among the three samples is Pt-Mn,03;/CN >
Mn,03;/CN > Mn,0;. Notably, the content of surface lattice
oxygen (monatomic species, O) has a pronounced positive
impact on high efficiency and low-temperature oxidation. This
observation is attributed to the catalyst’s surface lattice oxygen
being the primary substance adsorbed by the activated carrier
during low-temperature oxidation. The migration of oxygen to
replenish the consumed surface lattice oxygen after oxygen
vacancy activation can further mineralize the activated toluene,
indicating superior oxygen mobility.

Photothermal catalysis involves the utilization of light
energy to transform it into heat energy during a chemical
reaction. This process enhances the efficiency and speed of
catalytic reactions by absorbing and converting light energy
into heat.*' The initial step in photothermal catalysis is light
absorption, a crucial determinant of how much light energy the
catalyst absorbs. Catalysts that can absorb light across a
broader range of wavelengths generally exhibit superior cataly-
tic performance because they can harness a more extensive
portion of the solar energy spectrum. The Pt-Mn,03/CN sam-
ple, as depicted in Fig. 4G, displays a notable photoresponse in
the ultraviolet to visible and near-infrared (IR) spectral regions
(up to 2500 nm), confirming its exceptional solar absorption
capacity. Comparing the absorption spectra intensities of dif-
ferent samples, the order is Pt-Mn,03/CN > Mn,03/CN >
Mn,0; > CN. Furthermore, the photothermal conversion
temperature is critical, as it denotes the temperature at which
the heat energy generated by light absorption elevates the
temperature of both the catalyst and the reactants. The increase
in temperature can accelerate the reaction rate, improve the
selectivity of the reaction, or enable the reaction to take place
under milder conditions. Infrared thermography was employed
to assess the equilibrium temperatures of various catalysts
under light irradiation, revealing that the Pt-Mn,0;/CN sample
exhibited the best catalytic performance with the highest sur-
face temperature at 185 °C (Fig. 4H). Kirchhoff’s law posits that
the infrared (IR) emissivity is equal to the IR absorptivity of a
material in thermodynamic equilibrium. Consequently, the
Pt-Mn,0;/CN’s IR absorption results in robust IR radiation,
leading to intense thermal radiation diffusion.** Moreover, Pt
nanoparticles uniformly dispersed on the catalyst surface pro-
duce a plasmonic resonance effect under light, which enhances
the light absorption and photothermal conversion efficiency.*?

Under 280 nm excitation light, the singular Mn,0; demon-
strates a pronounced photoluminescence (PL) intensity attri-
butable to substantial photogenerated charge recombination.
In contrast, the Pt-Mn,0;3/CN composite exhibits a markedly
diminished PL intensity (Fig. 4I), suggesting the timely

© 2024 The Author(s). Published by the Royal Society of Chemistry
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migration of photogenerated electrons from Mn,O; to Pt nano-
particles, effectively suppressing charge recombination. Likewise,
Mn,0;/CN displays a reduction in fluorescence intensity, albeit less
pronounced than the Pt-Mn,05;/CN catalyst scenario. This disparity
may stem from the lower Mn,O; decoration content on CN, making
the migration of photogenerated holes comparatively more challen-
ging than that of electrons. These outcomes underscore the super-
ior efficiency of the Pt-Mn,O;/CN co-catalyst and heterojunction
synergy over single modifications, aligning with the overall
enhancement observed in photothermal catalytic performance.

The probable mechanism involved in the photothermal
degradation of toluene

An in-depth exploration of the mechanisms underlying toluene
oxidation led us to conduct in situ diffuse reflection infrared

View Article Online
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Fourier transform spectroscopy (DRIFTS) measurements under
specific conditions. Employing the typical reaction setup,
Fig. 5A presents in situ DRIFTS spectra recorded at different
temperatures. Prior to the measurement, the catalyst under-
went pretreatment under an N, flow (30 mL min~") at 300 °C
for 30 minutes. Subsequently, the system was cooled down to
100 °C, and the background spectra were collected.

The peak at 1177 cm ™' is unequivocally identified as a C-O
stretching vibration mode distinctive of alkoxide species. This
implies that the adsorbed toluene can engage with the catalyst
by cleaving the C-H bond of the methyl group (-CH,) to
generate benzyl alcohol.’® The vibrational band at 1300 cm™*
is assigned to the maleic anhydride species, while the emer-
gence of the band at 1364 cm ™', due to the symmetrical
deformation vibration of the methyl group, signifies the
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In situ DRIFTS spectra of (A) toluene adsorption at different temperatures and (B) toluene oxidation (1000 ppm toluene + O, + N, feed gas) over
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Fig. 6 Scheme of toluene oxidation over Pt—Mn,Oz/CN.

formation of acetone.** The peaks at 1448 cm ™" and 1598 cm ™"

are ascribed to the vibrational mode of C—C in the benzene
ring.*> Furthermore, the vibrational bands at 1415 cm ™" and
1540 cm™ ' are segregated into the C-O symmetry of benzoate and
antisymmetry modes."” The bands at 1559 cm ™' and 1400 cm ™"
are indicative of carboxylic acid groups (1559 cm™ " representing
asymmetric -COO™ tensile vibration, and 1400 cm ™" representing
symmetric -COO™ tensile vibration), suggesting the formation of
benzoate species.*® Bands situated at 1598 cm™* and 1505 cm ™+
are associated with the in-plane skeleton vibration of the aromatic
ring.** Additionally, bands at 1684 cm ' and 1653 cm ' are
attributed to the C=O0 stretching vibration,*” while the band at
1324 cm™ " corresponds to an aldehyde group consisting of
skeletal C-C stretching vibration, suggesting the formation
of benzaldehyde species.” The multiple signal peaks in the range
of 1668-1700 cm ™ * can be categorized as C=C tensile vibration in
vinyl acetate. Notably, characteristic bands (2300-2340 cm ") of
adsorbed CO, are also discerned, and their intensities escalate
with an increase in the reaction temperature.*®

Examining the spectra reveals a discernible trend where
intermediate species are progressively amassed and depleted
during the adsorption and oxidation of toluene. In the course of
toluene heating and adsorption, the Pt-Mn,03/CN catalyst
exhibited peaks of intermediate species on the surface, and
the peak intensity demonstrated an increase. This suggests the
involvement of surface lattice oxygen from the catalyst in the
oxidation process. When toluene adsorption was halted, and
only oxygen was introduced (Fig. 5B), the intermediate species
on the catalyst surface underwent continuous oxidation, leading
to a gradual reduction in peak intensity. This phenomenon can
be attributed to the activation of surface O, molecules, facilitat-
ing the profound oxidation of intermediates by reactive oxygen
species. Nevertheless, the examination of in situ infrared spectra
for pristine Mn,O; reveals only a marginal alteration in the
signal intensity of benzoic acid with no discernible progression
to subsequent stages (Fig. S9, ESIT). This observation under-
scores the difficulty of activating reactive oxygen species on the
surface of Mn,Os;.

In the context of incomplete toluene combustion, the
Pt-Mn,O;/CN catalyst surface displayed peaks corresponding
to benzyl alcohol, benzaldehyde, benzoic acid, vinyl acetate,

820 | EES Catal, 2024, 2, 811-822

and maleic anhydride. Analyzing in situ DRIFTS spectrum data,
the degradation pathway of toluene on Pt-Mn,0;/CN aligns with
the illustrated route in Fig. 6. A hydrogen atom within the methyl
group of toluene is eliminated, giving rise to benzyl alcohol.
Subsequently, benzyl alcohol is subject to additional oxidation
mediated by reactive oxygen species, leading to the sequential
formation of benzaldehyde and then benzoic acid. This oxidative
process further disrupts the structural stability of the benzene
ring. Following this, the activated benzene ring and the carboxyl
group undergo an attack, culminating in the generation of
maleic anhydride. Ultimately, maleic anhydride undergoes con-
version into carbon dioxide (CO,) and water (H,O).

Conclusion

In summary, harnessing renewable solar energy through photo-
thermal catalysis presents a promising alternative to remediat-
ing VOCs. The approach involving Mn,0; as the photothermal
conversion center, CN as a uniformly dispersed medium for Pt
nanoparticles, and Pt as the active site has proven successful.
The loading of an appropriate proportion of Pt nanoparticles
significantly enhanced the photothermal catalytic degradation
activity of the Pt-Mn,03;/CN nanocomposite catalyst on
toluene. This improvement is primarily attributed to the Pt
nanoparticles inducing numerous oxygen vacancies in the
catalyst, enhancing the oxygen adsorption content and surface
fluidity, and activating the absorbed oxygen on the catalyst’s
surface. The effective utilization of sunlight for VOC degrada-
tion highlights its potential as a clean and renewable energy
source, offering substantial environmental benefits.

Experimental
Chemical reagents

Manganous acetate tetrahydrate (C;H¢MnO,-4H,0), and plati-
num tetra ammonia nitric acid (H;,N¢O¢Pt) were purchased
from Aladdin Reagents (Shanghai) Co., Ltd. Melamine (C3HgNg)
and glycol (C,Hg0,) were purchased from Sinopharm Chemical
Reagent Co., Ltd. All these chemicals were of analytical grade
and used without further purification.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Catalyst preparation

Synthesis of the CN. A total of 2 g of melamine (C3HeNg)
powder underwent calcination at 550 °C for 4 hours (at a rate of
5 °C min~ ') within an alumina crucible. Subsequently, the
resulting yellow product was meticulously ground into a pow-
der for subsequent treatment.

Synthesis of the Pt-Mn,03/CN. 3.6 g of Mn(CH;COO0),-4H,0
and 1.8 g of pre-synthesized CN were dispersed in 480 mL of
glycol, forming an aqueous dispersion. To this, (5.79 mL) of
H;,NgOGPt (4 g L7') was introduced. The mixture was
continuously stirred at 25 °C for 30 minutes, followed by
transfer to an autoclave and heating at 180 °C for 10 hours.
Post-reaction, the resulting precipitate underwent ethanol
washing and subsequent drying for 8 hours at 60 °C. The
resultant material underwent air-baking at 500 °C for 2 hours
(heating rate: 5 °C min ). The resulting catalysts were
designated as Pt-Mn,0;/CN, with Pt theoretical loading con-
tents of 0.4 wt% (refer to Table 1).

In parallel, Mn,0; and Mn,0;3/CN were synthesized using
the same aforementioned procedure, omitting H;,NsOgPt.

Characterization

The X-ray diffraction (XRD) patterns of the catalysts were
acquired employing a Bruker D8 Advance X-ray diffractometer
(Bruker, Germany) with Cu Ko radiation (1 = 1.542 A). BET
adsorption and desorption isotherms were conducted using a
Belsorp-Mini II analyzer (Japan). Fourier transform infrared
spectroscopy (FTIR) data were obtained using a Nicolet Nexus
410 spectrometer. The Laser Raman spectrum was measured
using an Ar ion laser as the excitation source, covering a
frequency range of about 50-1400 cm™ ' (HORIBA Jobin Yvon
S.A.S.). X-ray photoelectron spectroscopy (XPS) analyses were
executed within an ultrahigh vacuum chamber at room tempera-
ture, maintaining a pressure of 2 x 10~ ° bar (Thermo Fisher
Scientific, ESCALAB 250). The morphology and microstructures
of the catalyst were scrutinized through transmission electron
microscopy (TEM) (FEI Talos F200X) and scanning electron
microscopy (SEM) (Hitachi, model SU1510). Gas chromatogra-
phy (GC, Agilent Technologies 7890A) was employed to monitor
the concentration of toluene and CO, during the catalytic
process, while gas chromatography-mass spectrometry (GC-
MS, Agilent Technologies 7890A-5975C) was utilized to identify
specific components in the reactor. Furthermore, H,-TPR and O,
temperature-programmed desorption (O,-TPD) analyses were
conducted on the MicrotracBEL BELCAT-II chemical adsorption
analyzer. EPR spectra were obtained through an electron para-
magnetic resonance spectrometer (Bruker A300). A UV-Vis-IR
spectrophotometer (UV-3600 plus) was employed to record the
full-spectrum light absorption on the catalysts. The photolumi-
nescence (PL) spectra were measured using a Hitachi F4500
fluorescence spectrophotometer with an excitation wavelength
of 280 nm at room temperature.

In situ DRIFTS experiments were conducted using a Nico-
let 50 spectrometer (Thermo Fisher, USA) equipped with a
Harrick DRIFTS cell and an MCT/A detector. To perform
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time-dependent in situ DRIFTS, the catalyst underwent pre-
treatment under a nitrogen (N,) flow at a rate of 30 mL min ™,
maintaining a temperature of 300 °C for 30 minutes. Subse-
quently, the system was cooled to 200 °C, and the background
spectrum was recorded. Introducing 1000 ppm of toluene (at a
flow rate of 10 mL min ") into the system occurred over 1 hour,
followed by N, purging (at a flow rate of 30 mL min~") for
30 minutes to eliminate weakly adsorbed toluene. The sample
was then subjected to a reaction at 200 °C under an air flow
containing 21% O, in N,. Concurrently, spectral data were
collected throughout the entire process.

Photothermal catalytic activity

The photothermal catalytic oxidation of toluene was system-
atically investigated through both static and continuous flow
reaction modes. The static reaction test, chosen for its capacity
to elucidate the temporal evolution of intermediates, provides
valuable insights into the mechanistic intricacies of the pro-
cess. Concurrently, the continuous flow reaction test serves as a
comprehensive evaluation of the catalyst’s stability and prac-
tical efficacy under dynamic conditions.

For a detailed exposition of the catalytic performance experi-
ments conducted on the aforementioned catalysts, we direct
the reader to the ESI,f accompanying this manuscript.
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