Separation and Purification Technology 355 (2025) 129623

Contents lists available at ScienceDirect

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Construction of a novel MIL-100(Mny 33Erg ¢7) catalyst for efficient ozone

Check for
updates

removal over high humidity: unraveling the synergistic interaction between

the transition metal and rare earth

Guanging Song *”, Chi Song ™", Xiao Wang*, Gansheng Shi®, Guanhong Lu?, Lu Chen?,

Jing Sun™""", Xiaofeng Xie "

@ Shanghai Institute of Ceramics, Chinese Academy of Sciences, 585 Heshuo Road, Shanghai 200050, China

b University of Chinese Academy of Sciences, 19 (A) Yuquan Road, Beijing 100049, China

ARTICLE INFO ABSTRACT

Editor: Jorge Bedia

Keywords:
MIL-100
Catalytic

Ozone removal
Transition metal
Rare earth

Deactivation of ozone catalysts at high humidity and their transient degradation mechanisms are two issues of
interest. Herein, we constructed a group of MOFs, denoted as MIL-100(Mn), MIL-100(Er), and MIL-100
(Mny 33Erg,67). The optimal performance was achieved by MIL-100(Mnyg 33Erg 67), which maintains 95% removal
efficiency for more than 72 h over wide humidity fluctuation (10% RH — 90% RH). Compared to MIL-100 (Er)
and MIL-100 (Mn), it has improved by 55% and 46%, respectively. Experimental and theoretical calculations
indicate that the adsorption of H2O on the above catalysts is significantly weaker than that of Os. Distinguishing
from MIL-100(Mn), the introduction of Er provided additional active sites and expedited the removal of the

intermediate (O3, 03"). Unlike the shedding of an Oy by M-O5 to form M (M-open metal sites), the pathway by
which Oz directly attacks M-O; to form M-Os is thermodynamically spontaneous, and a new O3z degradation

mechanism was proposed.

1. Introduction

As a typical secondary atmospheric pollutant, the control of ozone
has been a global challenge due to the complexity of its formation and
the influence of multiple factors [1]. Ground-level ozone was previously
thought to be a photochemical reaction of nitrogen oxides (NOy) and
volatile organic compounds (VOCs) under ultraviolet irradiation [2].
Although emissions of VOCs and NOy have been effectively restrained in
recent years, ozone has shown an increasing trend rather than a decline.
Additionally, indoor scenes such as oceanariums, waterworks, and
printing plants emit excessive ozone. Ozone pollution poses numerous
knotty issues, including weather deterioration, irreversible plant dam-
age, and threats to human health, all of which are detrimental to global
ecological sustainability [3]. Against this background, combating
excessive ozone is imminent for long-term development.

Catalytic technology is widely used for removing ozone because of its
mild reaction conditions and high efficiency [4]. Initially, catalysts
focused on transition metal oxides, such as MnOy [5] and CoOy [6], due
to their variable valency and a profusion of oxygen vacancies.

Unfortunately, these catalysts generally exhibit a rapid decay of ozone
conversion rate under humid environments owing to the dominance of
water in competitive adsorption with ozone [7]. Subsequently, Zhang
[8] constructed water-resistant oxygen vacancies by introducing Cl into
8-MnO,, enhancing ozone degradation performance under high hu-
midity conditions. Guo [9] fabricated a novel dual-site catalyst,
Co@Co304-C, which effectively mitigated the competitive adsorption of
water by modulating electron transfer. Although these strategies have
significantly improved the water resistance of transition metal oxides,
their performance is often constrained by surface area and pore struc-
ture, leading to a noticeable decline in catalytic efficiency at higher
space velocities [10]. (WHSV>1000 L-g~1-h™1).

Due to the high surface area, diverse selection of metal centers, and
tunable chemical functionality, metal-organic frameworks (MOFs)
exhibit significant potential in the catalytic degradation of Oz [11].
Wang [12] found that MIL-100(Fe) performed well at high moisture (RH
> 40 %) but poorly in low humidity, attributing that to the involvement
of H0 in the reaction process. Inspired by this, Zang [13] designed ZZU-
281, which contains coordination water and can efficiently remove O3
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across the entire humidity range. Essentially, it is still water molecules
that participate in the degradation.

In contrast to the philosophy of MOF design described above, we
attempted to overcome the side effects induced by water through in situ
controllable modulation. MIL-100(Mn), as a stable metal-organic
framework material, has demonstrated its feasibility for ozone degra-
dation in humid regions in our previous work [14], yet its degradation
efficiency needs to be further improved. The fabrication of polymetallic
sites has proven to be a promising approach, as reviewed by Karen [15].
Specifically, Li [16] found that PCN-250(FexCo) has a superior perfor-
mance in O3 removal compared to PCN-250(Fe3) with a monometallic
site. Although the impact of H,O has not been fully conquered, the
feasibility of bimetallic building units has been endorsed. It is gratifying
that the doping of Erbium may enhance the hydrophobicity of the cat-
alytic agent [17]. Meanwhile, Taraneh [18] pointed out Erbium-organic
framework has more reactive sites at Er(III) centers, which is advanta-
geous for heterogeneous catalysis. The ionic radius of Er" is 88 pm,
comparable to that of Mn?* (80 pm), making it easier to incorporate into
MIL-100(Mn) without causing significant structural distortion.

In light of the above facts, a new bimetallic MOF, MIL-100
(Mnyg 33Eroe7), has been synthesized, achieving significant enhancement
compared to MIL-100(Mn). The results of DFT reveal that the adsorption
energy of HyO at open metal sites is substantially lower than that of Os.
Crucially, the oxygen attached to the metal (M—O>) is not spontaneously
removed but replaced by an attack of the Oz, which provides a new
perspective on the mechanism of ozone degradation.

2. Experimental
2.1. Preparation of catalysts

MIL-100(Mny 33Erg 67) was acquired by a modified solvothermal
method [19], and the subscripts denote the incorporation molar ratio of
elements during the synthesis process. 0.02 mol Mn(NO3),-4H20 and
0.04 mol Er(NO3)3-5H20 were dissolved in ethanol, then H3BTC was
added with continuous stirring until a transparent solution was ob-
tained. Subsequently, the attained mixture was fed into an autoclave and
heated at 120 °C for 6 h. Finally, products were prepared by centrifu-
gation and vacuum drying. (The synthesis diagram is shown in Fig. S1) A
batch of samples was obtained by adjusting the proportion of precursor
elements, named MIL-100(Mn) and MIL-100(Er). Mng 33Erg 67 complex
was obtained by temperature-programmed decomposition [20] as a
comparative, and the detailed synthesis steps are shown in SI.

2.2. Catalyst characterization

Crystal structure information is acquired by a power X-ray diffrac-
tometer (D8 ADVANCE). The microstructure and EDS mapping of the
materials were obtained through a scanning electron microscope
(Hitachi SU8220). In virtue of a chemisorption analyzer (PCA-1200), Oo-
TPD was obtained. TG and DSC were collected by a Thermal Analysis
Mass Spectrometer (STA449C) from 30 °C to 700 °C (5 K/min). The
elemental valence state and coordination environment were captured by
the X-ray photoelectron spectrometer (ESCAlab250, USA). The in-
termediates in the ozone degradation process were monitored by in situ
DRIFTS (IRTracer-100, Shimadzu).

2.3. Ozone decomposition test

Ozone removal performance was conducted with a fix-bed contin-
uous flow reactor (i.d., = 4 mm) at ambient temperature, and the
number of catalysts was 50 mg (20-40 mesh). The gas flow was 2 L/min,
and the space velocity was 2400 L-g1-h 1. Ozone was produced by a UV
ozone generator, and the concentration of inlet O3 was controlled at 40
ppm (+1). By adjusting the ratio of N and the water bubbler, humidity
can be achieved in the range of 5 %-90 %. The ozone Analyzer detected
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real-time ozone changes (49i, Thermo Scientific). The detailed sche-
matic is shown in Fig. S2.

2.4. DFT calculations

Our spin-polarized density functional theory (DFT) calculations
[21,22] were executed with the CP2K code [23], and the detailed in-
formation can be found in SI. For computational feasibility, the MIL-100
cluster models were constructed to investigate the adsorption behavior
of O3. As shown in Fig. 1, the MIL-100 cluster model with 124 atoms
contains the Mn/Er metal node with six benzoate ligands. The Brillouin-
zone integration was sampled with a I'-centered Monkhorst-Pack mesh
[24] of 2 x 2 x 1.

3. Result and discussion
3.1. Structure and textural properties of catalysts

As demonstrated in Fig. 2(a), MIL-100(Mn) showed characteristic
peaks corresponding to Chen’s work [25], and the typical structure of
Ln-BTC [26] was found in MIL-100(Er) (Fig. S3). MIL-100(Mng 33Erg ¢7)
exhibits peaks similar to MIL-100(Er), but with significantly lower in-
tensity, probably due to the introduction of Mn. The morphology of MIL-
100(Er) (Fig. 2(c)) and MIL-100(Mng 33Erg 67) (Fig. 2(d)) is generally
consistent, indicating that the doping of Mn does not significantly affect
the structure. Unexpectedly, trace amounts of spherical structures were
detected in Fig. 2(d), which might be due to incomplete coordination
during solvothermal leading to the formation of partial MnO [27]. As
illustrated in Fig. 2(e), the elements are uniformly distributed and Mn
and Er successfully integrate into the metal-organic framework. The
results of ICP-OES, given in Table S1, show that the ratio of Er to Mn of
MIL-100(Mny 33Er( 67) is close to the ideal structure [28], confirming the
successful synthesis of this new bimetallic MOF material.

The presence of manganese and erbium was analyzed by X-ray
photoelectron spectroscopy (XPS) (Fig. S4(b)). As illustrated in Fig. 3(a),
the characteristic peaks of 641.4 eV and 642.8 eV are attributed to Mn?*
and Mn3" [29], respectively. The peaks around 646 eV are satellite
peaks due to the presence of Mn2t [30]. Compared to MIL-100(Mn), the
proportion of Mn?" in MIL-100(Mng 33Erg ¢7) decreased from 37.8 % to
31.9 %, corresponding to the loss of electrons from Mn. In comparison to
MIL-100(Er), the Er*' in MIL-100(Mng 33Erge;) shifted to a lower
binding energy, from 170 eV to 169.8 eV, indicating electron gain by Er.
As depicted by Fig. 3(c), C existed in the form of C-O (288.9 eV), C=0
(285.3 eV), and C-C/C=C (284.7 eV) [31]. The O 1s spectrum of MIL-
100(Mny 33Erg ¢7) is shown in Fig. 3(d), three distinct peaks are observed
at 531.3 eV, 532.0 eV, and 532.9 eV, corresponding to lattice oxygen
(O1ap), adsorbed oxygen (Oags), and surface hydroxyl oxygen (Oopn),
respectively [32]. Compared to MIL-100(Mn), the signal of Ogy in MIL-
100(Mnyg 33Erg 67) shifts towards higher binding energies. This shift is
attributed to the stronger coordination capability of Er>*, which forms
more robust coordination bonds with oxygen species, thereby enhancing
the stability of hydroxyl groups [33]. The Oyqs content of MIL-100
(Mnyg 33Erp.67) (42.17 %) is higher than that in MIL-100(Mn) (40.15 %),
indicating that the introduction of Er enhances the adsorbed oxygen
ratio, which is beneficial for O3 degradation. This phenomenon arises
from Er substituting Mn, which modifies the charge distribution of the
surrounding oxygen atoms through electron transfer [34]. The Electron
density difference of MIL-100(Mng 33Erpe7) was supplemented to ac-
count for electron transfer between Mn and Er. As shown in Fig. S5,
yellow indicates electron-rich regions, while blue represents electron-
deficient regions. Mn sites exhibit an electron-loss trend, whereas Er
sites show an electron-gain trend. The above analysis indicates electron
transfer from Mn to Er in MIL-100(Mny 33Erg ¢7), rendering the Er sites
electron-rich, which in turn facilitates the binding of electrophilic
ozone.
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Fig. 1. The MIL-100 cluster model used for DFT calculations (a) MIL-100(Mn), (b) MIL-100(Mng 33Erg 67).

Fig. 2. (a) PXRD patterns of samples, SEM images of (b) MIL-100(Mn), (c) MIL-100(Er), (d) MIL-100(Mng 33Erge7), (e) EDX elemental maps of MIL-

100(Mno.33Ero.67).
3.2. Ozone degradation measurement

To approximate the actual environment, the O3 removal test was set
at 25 °C and 50 % RH. The ozone conversion efficiencies of different
catalysts are shown in Fig. 4(a). MIL-100(Mng 33Erg¢7) exhibited the
best performance, achieving a degradation rate of 95 % over 6 h. In
comparison, MIL-100(Mn) has an efficiency of 50 %, while MIL-100(Er)
has only 36 %. Astonishingly, MIL-100(Mng 33Erpe7) rapidly changed

color from light pink to brown within a few seconds of exposure to O3
(Fig. S6), yet its degradation efficiency only decreased by about 5 %.
Trace amounts of MnO were present during sample preparation (Fig. 2
(d)). Upon contact with O3, MnO was converted into MnOs. The for-
mation of MnO, was believed to be responsible for the observed color
change [35]. Crystal structure information before and after the reaction
(Fig. S7) and the morphological changes after the reaction (Fig. S8) were
provided to investigate whether MnO5 was formed. Probably due to the
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Fig. 3. The XPS of samples. (a) Mn 2p of MIL-100(Mn) and MIL-100(Mnyg 33Erg 67), (b) Er 4d of MIL-100(Er) and MIL-100(Mng 33Er( 67), (¢) C 1s and (d) O 1s of MIL-

100(Mnyg 33Er¢.67).

low content of MnO,, no characteristic peaks corresponding to MnO,
were found in the XRD spectra of the reacted catalyst. A couple of
spherical accumulations appeared in the morphology of the reacted
samples, and Hong’s research [36] identified such typical spherical
cluster structures as MnO,. XPS of MIL-100(Mng 33Erg ¢7) before and
after the reaction was shown in Fig. S9, a small amount of Mn*t (4 %)
appeared in the after-reaction sample, affirming that it was the forma-
tion of MnOs.

Water is often recognized as a major influencing factor in ozone
elimination, so a large range of humidity variation was investigated
(Fig. 4(b)). Ideally, the superior performance of MIL-100(Mng 33Erg ¢7)
is virtually unaffected by moisture. According to Hong’s study [37], two
possible paths have been contemplated: either O3 adsorption on MIL-
100(Mny 33Erg 67) is stronger than Hy0, or water is involved in the re-
action process, which we will discuss in later sections. To determine the
active site for the ozone, H3BTC, and Mny 33Er( 67 complex were selected
for comparison (Fig. 4(c)). The efficiency of the Mng 33Erg 67 complex
was about 80 %, while H3BTC was only 10 %. Simultaneously, the
adsorption process of O3 on both the metal-oxo clusters and the organic
ligands was simulated, revealing that O3 exhibits strong interactions
with the metal-oxo clusters, while its interaction with the ligands is
considerably weaker. It was evident that ozone decomposition mainly
occurred on the metal-oxo clusters of Mn/Er.

The stability test of the MIL-100(Mng 33Ergs7) was presented in
Fig. 4(d), where we conducted a continuous 72 h test at RH-90 %. The
outcome proved that MIL-100(Mng 33Erg ¢7) has excellent durability. O3
concentration and space velocity are considered two critical factors
influencing degradation performance. Degradation tests were conducted

under varying ozone concentrations and different space velocities. The
results demonstrate that under conditions of 75 ppm O3, a space velocity
of 2400 L-g *h™!, and 50 % RH, MIL-100(Mng 33Frge;) achieved a
degradation efficiency of 89 % (Fig. S10(a)). At 40 ppm Og, with a space
velocity of 1200 L-g 1-h ™, the degradation efficiency reached 100 %
under 10 % RH and 50 % RH. (Fig. S10(b) and Fig. S10(c)). The com-
parison with other catalysts is listed in the table. S2, confirming the
superior performance of MIL-100(Mng 33Erg ¢7).

Considering that ozone exists as a low-concentration mobile phase in
certain scenarios, we loaded MIL-100(Mng 33Er( ¢7) onto ceramic hon-
eycomb panels and integrated it into an air purification machine
(Fig. S11(a)). The ozone removal test was conducted in a 20 m® confined
space (25 °C, RH=45 %, 3800 m>-h). The highly efficient removal rate of
nearly 80 % (Fig. S11(b)) demonstrates its great potential for practical
application.

3.3. Exploration of degradation mechanism

The introduction of Er greatly improved the removal efficiency of Os,
which we hypothesized to be a change in the adsorption and degrada-
tion pathways of MIL-100 (Mng 33Erge7) [30]. Since the desorption of
Oxygen-activated intermediates (O* and O,*) is essential for ozone
elimination, O-TPD was performed in Fig. 5(a). Contrasted with MIL-
100(Mn), MIL-100(Mny 33Er ¢7) showed a distinct peak at 100 °C, and
the appearance of a reactive oxygen signal at lower temperatures means
that intermediate removal is more likely to occur [38]. The peak
observed at 208 °C, attributed to lattice oxygen [39], shifts to a higher
temperature compared to that in MIL-100(Mn), indicating that the
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Fig. 4. The ozone conversion efficiencies of samples. (a) MIL-100(Mn), MIL-100(Er) and MIL-100(Mng 33Erg 67), RH-50%, (b) MIL-100(Mng 33Er67) at different
humidity, (¢) MIL-100(Mng 33Erg 67), MIL-100(Mny 33Er¢ 67) complex and H3BTC, RH-50%, (d) Stability test of MIL-100(Mny 33Er¢.67), RH-90%.

Fig. 5. (a) 0,-TPD, (b) TG of MIL-100(Mn) and MIL-100(Mn 33Ero.67).

incorporation of Er into the framework enhances the stability of MIL-
100 (Mnyg 33Erq 67)-

Thermogravimetric tests were used to probe the thermal stability of
the samples and the results are demonstrated in Fig. 5(b). The collapse of
the structure of MIL-100(Mnyg 33Er ¢7) occurred at higher temperatures

compared to MIL-100(Mn), indicating that the introduction of Er is
beneficial for thermodynamic stabilization. The signal at 90 °C repre-
sents the removal of adsorbed water, while the characteristic peak did
not emerge on MIL-100(Mng 33Erg ¢7), confirming its superior water
resistance.
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DFT calculations were employed to simulate and analyze the
adsorption and degradation pathways of ozone. Regarding adsorption,
several preliminary investigations have pointed out a competitive
adsorption relationship between H,0 and Os at open metal sites. The
three possible site adsorption configurations are shown in Fig. 6, the
adsorption energies of HpO at MIL-100 (Mn)/Mn site, MIL-100
(Mng 33Erg67)/Mn  site, and MIL-100(Mng 33Erg ¢7)/Er site were
—0.7963 eV, —0.4282 eV, and —0.8543 eV, respectively. Remarkably,
the adsorption energies of O3 at the corresponding structures were
—1.9079 eV, —1.2696 eV, and —1.6027 eV, respectively. These results
manifested that Og is more inclined to align with MIL-100(Mng 33Erg ¢7)
and undergo a series of reactions in this system compared to HyO.
Nevertheless, the possibility of HoO participating in the degradation of
O3 still exists and requires further experimental evidence.

In situ infrared spectra were implemented to probe real-time changes
in ozone removal, and the results are displayed in Fig. 7. The physical
adsorption peak of ozone was detected at 1044 cm ™, and the broadly
unchanged intensity corroborated the rapidity of degradation. The
signal at 2300 cm ™! corresponds to the adsorption of CO, originating
from the air used to generate Os. The peaks at 794 cm™! and 950 cm ™!
derive from the existence of O3 and O%‘ [38], respectively, which are
active oxygen groups generated during ozone decomposition. The
accumulation of O3~ was essentially unchanged after 90 min, verifying

Separation and Purification Technology 355 (2025) 129623

the durability of the catalyst. Notably, the absence of peaks related to
water in the 3000-3700 cm ! range indicated that H,0 didn’t partici-
pate in adsorption and subsequent degradation. These findings confirm
that HoO does not adversely affect the removal of Oz in this system,
which is consistent with the previous experimental results.
Subsequently, possible degradation pathways and corresponding
active intermediates will be demonstrated individually. M-O, M-O5, M-
O3, and M-O4 (M-open metal sites) were detected in O3 elimination
(Fig. S12-514). The configuration and energy of four intermediates are
schematically shown in Fig. 8. Taking MIL-100(Mng 33Erg ¢7)/Er site as
an example, the evolution of O3 is as Fig. 8(b): The first O3 contact with
Er site and endures a strong adsorption behavior, shedding one O3 and
leaves the Er-O active group. Based on theoretical calculations, the
above process is strongly spontaneous, thereby M-O is used as the initial
structure for the subsequent discussions. Afterward, the second O3 will
quickly combine with the Er-O, releasing an O, and keeping the struc-
ture of the M-O,. The key point is that most papers [4] have favored M-
O, to remove an Oy and go back to M, but this does not seem to work in
our reaction system. The energy values from the fitting analysis show
that the direct attack of O3 on M-O5 to form M-Os is thermodynamically
spontaneous. Finally, M-Og3 releases another O; to form a closed loop.
The profiles of Fig. 8(a) show that each step of ozone adsorption on
the Er site is an exothermic step, which is highly desirable for the

Fig. 6. Adsorption energies of O3 and H,O at different sites: (a), (b)MIL-100 (Mn)/Mn site, (c), (d) MIL-100(Mng 33Erg67)/Mn site, and (e), (f) MIL-100

(Mno 33Er¢ 67)/Er site.
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Fig. 7. In situ infrared mapping of MIL-100 (Mng 33Erg ¢7) under different reaction conditions (a), (b) O3 dry and (c), (d) O3 + H,0.

Fig. 8. Proposed reaction pathways (a) Reaction energy potentials at different sites, (b) Schema tic diagram of ozone degradation on MIL-100(Mng 33Ery ¢7)/Er site.

catalysis of the gas phase. Especially at lower O3 concentrations, the
overall reaction rate is more dependent on the stage of adsorbing O3
[40]. For MIL-100(Mn), the energy required to change from M-O to M-
0O4is 1.34 eV, and the value of MIL-100(Mng 33Erg ¢7)/Mn site is 0.85 eV.
It is obvious that the introduction of Er significantly reduces the reaction
energy barrier of the Mn site, which can greatly enhance its catalytic
performance.

4. Conclusion

A novel bimetallic MOF, MIL-100(Mng 33Erp¢7), was successfully
synthesized by the solvothermal method for ozone degradation. It nearly
doubles the performance compared to MIL-100 (Mn) and maintains high
efficiency over 72 h over high humidity. Differentiating from other
systems, the competition of H»O in the adsorption phase is weaker than
that of O3 and is not involved as a reactant in the subsequent proceeding.
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The introduction of Er lowered the reaction barrier of the Mn site and
provided a new reactive site compared to MIL-100(Mn). Remarkably,
the pathway of O3 attacking M-O, and releasing O, was verified to be
more scientific in this system by experiments and DFT. The above
findings provide new perspectives and thoughts on the design of mate-
rials for ozone degradation, which are expected to achieve large-scale
application and industrialization of O3 control in the future.
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