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Microreactor-assisted synthesis of surface-active
oxygen-rich Mn—Ce oxide particles and their
catalytic activity in the wet air oxidation process

Tenta Yamaryo, Takumi Hatashita and Noritsugu Kometani (2 *

In this study, a central-collision type microreactor was applied to the synthesis of Mn—Ce oxide catalysts by
a liquid-phase oxidation method, which suffers from poor homogeneity and therefore has not been widely
used in catalyst synthesis. This approach aimed to achieve improved structural homogeneity and oxygen
defect formation. As a model reaction, phenol degradation by catalytic wet air oxidation was investigated
using synthesized 3-type Mn-Ce oxides as catalysts. Compared with conventional stirring synthesis,
microreactor-assisted synthesis afforded catalysts with finer and more uniform particles, larger specific
surface areas, higher concentrations of surface oxygen species and bulk oxygen defects, and highly
dispersed CeO, within the MnO, matrix. When applied to phenol degradation, a degradation efficiency
of 57% after a reaction time of 1 h was achieved for the catalyst synthesized using the microreactor, in
contrast to 43% for the catalyst synthesized by conventional stirring. These findings demonstrate that
microreactor-assisted synthesis effectively incorporates unstable oxygen species into the catalyst
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1. Introduction

The development of high-performance oxide catalysts plays
a crucial role in diverse fields, including environmental pres-
ervation, energy conversion, and the removal of hazardous
substances. In particular, catalytic reactions mediated by
oxygen vacancies not only facilitate highly efficient redox
processes but also exhibit remarkable selectivity, leading to
widespread industrial applications.® Unlike conventional
catalytic reactions that proceed via the Langmuir-Hinshelwood
or Eley-Rideal mechanisms, these reactions are generally
considered to follow the Mars-van Krevelen (MvK) mechanism.
In this mechanism, the oxygen storage capacity of the catalyst,
the amount of surface oxygen species serving as active sites, and
the valence changes of the constituent elements involved in the
reaction are key factors governing catalytic performance.**”°
Representative synthetic methods for oxide catalysts include
co-precipitation, sol-gel processing, hydrothermal synthesis,
and solvothermal methods. However, all of these methods
require high-temperature treatments, which lead to particle
coarsening and stabilization of lattice oxygen, ultimately
resulting in a decreased oxygen storage capacity.'*** In contrast,
liquid-phase oxidation, in which metal precursors are oxidized
by oxidizing agents, is a rare approach that enables the forma-
tion of oxides under ambient conditions. However, unlike
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structure, resulting in the enhancement of the efficiency of oxidative degradation reactions.

conventional methods, this approach suffers from the difficulty
in producing fine and uniform particles. In general, particle size
reduction and uniformity are achieved through nucleation and
growth governed by the LaMer model or the Watzky-Finke
mechanism. The LaMer model suggests that uniform particle
sizes arise from the temporal separation of rapid nucleation
and subsequent growth.' In contrast, the Watzky-Finke
mechanism describes particle size control through slow,
continuous nucleation coupled with autocatalytic growth.*>¢

In liquid-phase oxidation, the metal species can undergo
multiple valence transitions (e.g., M" 2" — M D*" — M™),
resulting in a non-constant supply rate of Mn"" monomers
required for oxide precipitation. As a result, the temporal
separation of nucleation and growth cannot be established,
making size control by LaMer mechanism, as observed in
liquid-phase reduction methods, difficult. Moreover, Ostwald
ripening occurs during the growth stage under conditions of
inhomogeneous M"" monomer supply, hindering growth by
Watzky-Finke mechanism typically observed in hydrothermal
synthesis. Consequently, this process often results in particle
coarsening and elemental segregation. Indeed, previous reports
have demonstrated that oxides synthesized via liquid-phase
oxidation are generally inhomogeneous and can grow into
large particles exceeding several micrometers.'”*®

To improve the aforementioned situations, this study
propose a synthesis strategy for oxide catalysts via liquid-phase
oxidation using a central-collision-type microreactor (K-M
reactor). By reducing the channel dimensions to the microscale,
microreactors provide four distinctive features: (1) rapid mixing
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through shortened diffusion distances, (2) precise fluid control
within confined spaces, (3) efficient heat transfer enabling rapid
heating and cooling, (4) accurate control of residence times on
the millisecond scale. Exploiting these characteristics, micro-
reactors have been successfully applied to the synthesis of finer
nanoparticles compared to conventional simple stirring-mixing
synthesis,"”®>* alloy nanoparticles composed of elemental
combinations otherwise difficult to form solid-solution,>*** and
oxide nanoparticles enriched with oxygen vacancies.>**

Among the various types of microreactors, the K-M reactor is
specifically designed to maximize these advantages and achieve
instantaneous and homogeneous mixing. The K-M reactor
introduces two or more fluid streams through microchannels in
opposing or orthogonal directions, forcing them to collide at
the center. This collision generates intense local shear forces
and turbulence, enabling highly efficient and uniform mixing
within an extremely short time.”® In conventional micromixers,
mixing relies predominantly on molecular diffusion, requiring
extended time and distance to achieve sufficient homogeneity.
In contrast, the K-M reactor introduces forced mixing through
physical collision energy, thereby providing excellent perfor-
mance even for highly viscous fluids or in synthetic processes
demanding rapid reactions.**° The forced, instantaneous, and
homogeneous mixing achieved by the K-M reactor is expected
to provide the following advantages during catalyst synthesis:

e Uniform reaction rates through enhanced molecular
diffusion.

e Increased concentration of oxygen vacancies within the
crystal lattice.

e Improved dispersion of heterogeneous metals.

e Uniform particle size distribution.

o Particle size refinement via accelerated nucleation kinetics.

By utilizing these properties, the application of the K-M
reactor to liquid-phase oxidation enables the design of catalysts
with enhanced performance and greater reproducibility.

Manganese-cerium mixed oxide catalysts, composed of
inexpensive raw materials, are well recognized for their high
catalytic activity in advanced oxidation processes (AOPs),
including catalytic wet air oxidation (CWAO).* Among manga-
nese oxides, the birnessite-type structure (3-MnO,) has been
reported to be excellent at activating oxygen via oxygen vacan-
cies compared with other crystal phases. Moreover, its layered
structure provides high tolerance against structural distortion
during redox cycling and offers abundant active sites.**”* In
phenol degradation, redox reactions involving surface-active
oxygen species in manganese oxides proceed spontaneously
even in the absence of oxygen.** Meanwhile, under an oxygen
atmosphere, phenol is oxidized by surface-active oxygen species
in the catalyst (Mn*" — Mn**), followed by re-oxidation of Mn**
to Mn*" by dissolved oxygen in the aqueous phase. This cyclic
process drives the reaction according to the MvK mechanism.**
In addition, cerium doping has been shown to regulate the
manganese oxidation state by promoting the formation of
catalytically active Mn®" species while suppressing the genera-
tion of less reactive Mn>" species.*> Cerium doping also stabi-
lizes the preferential exposure of the (100) facet during crystal
growth, which facilitates oxygen activation and enhances both
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oxygen supply capacity and surface reactivity of the catalyst.’>**
However, the formation of such structures during synthesis
requires the oxidation of Mn**, a process in which manganese
may exist in multiple valence states (Mn”*, Mn*", Mn®*, Mn*").
Differences in their redox kinetics often result in particle over-
growth and broad particle-size distributions.'®** Furthermore,
CeO, exhibits limited solid solubility with manganese oxides
and tends to aggregate or segregate, thereby reducing the
overall homogeneity of the catalyst.*

To overcome these challenges, the K-M reactor, which
enables instantaneous and homogeneous mixing, was
employed, thereby allowing the immediate supply of Mn*" and
inducing nucleation and growth by the LaMer mechanism.
Using this approach, we aimed to reproducibly synthesize
nanosized Mn-Ce oxide particles. The catalytic activity of the
oxides prepared using the K-M reactor was then compared with
that obtained by the conventional stirring-mixing method, in
order to assess the effectiveness of microreactor-assisted cata-
lyst synthesis.

2. Experimental
2.1 Synthesis of Mn-Ce oxide

Catalysts were synthesized by a conventional redox-
precipitation method.*” The main reactions are represented as
follows:

MnO,~ + 3¢~ + 2H,0 — MnO, + 40H"
Mn>* + 40H™ — MnO, + 2¢~ + 2H,0

Ce*t + 40H™ — CeO, + ¢~ + 2H,0

For a target Mn : Ce molar ratio of 9: 1, a 0.54 mM aqueous
solution of KMnO, (adjusted to pH 8 with KOH) and a 2.5 mM
aqueous solution containing Mn(NO;),-6H,0 and Ce(NO;);-
-6H,0 were prepared. Note that the Mn : Ce molar ratio of 9: 1
was chosen, because this ratio exhibited the highest catalytic
activity in previous studies.* As depicted in Fig. 1, these solu-
tions were introduced into the K-M reactor at flow rates of 20
mL min~" and 10 mL min~", respectively, using Pu-2080 HPLC
pumps (JASCO, Japan) at 60 °C to obtain the Mn-Ce oxide
catalysts. Note that it has been confirmed that the outer surface
temperature of the K-M reactor remained almost constant at
60 °C during the reaction. The schematic structure of the K-M
reactor used in this study is illustrated in Fig. 2. The body of the
mixer is made of stainless steel and it was designed for two
types of solutions to pass through seven microchannels (200 um
in diameter) and collide each other in the center (350 um in
diameter), allowing for the forced, instantaneous, and homo-
geneous mixing. The resulting precipitates were collected by
vacuum filtration and dried overnight at 60 °C.

For comparison, reference catalysts were synthesized under
identical conditions without the K-M reactor by directly mixing
the solutions in a vessel with stirring for 30 min, and subse-
quently recovered by vacuum filtration and dried overnight at
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Fig. 1 Schematic illustration of the experimental apparatus used for the synthesis of Mn—Ce oxide catalyst with the K—M reactor.

200 pm

350 pm

Fig.2 Schematicillustration of the K—M reactor used in this study. The
two types of solutions, shown in blue and orange, pass through seven
microchannels (200 um in diameter) and collide in the center (350 um
in diameter).

60 °C (this procedure is hereafter referred to as “the stirring-
mixing method”).

2.2 Characterization

Elemental analysis by X-ray fluorescence (XRF) was performed
using a JSX-1000S spectrometer (JEOL, Japan) equipped with
a Rh target. The measurements were carried out under condi-
tions of 50 kV tube voltage and 1 mA tube current, using the
built-in silicon drift detector. UV-visible absorption spectros-
copy was conducted on a UV-3600 spectrophotometer (Shi-
madzu, Japan). Sample solutions were loaded into quartz cells
with optical path length of 1 cm. X-ray diffraction (XRD)
patterns of catalysts were obtained using a MiniFlex600-C
diffractometer (Rigaku, Japan) with the 6-26 scanning mode.
Data were collected over a 20 range of 3-90° with a step size of
0.01° and a scanning rate of 2° min~". Powder samples were
analyzed without any special pretreatment. Transmission elec-
tron microscopy (TEM) was carried out on a JEM-2100plus
microscope (JEOL, Japan) operated at an accelerating voltage
of 200 kv. TEM specimens were prepared by ultrasonically
dispersing 0.01 g of sample in 10 mL of toluene, followed by
drop-casting and drying onto the carbon-coated Cu grid.

26780 | RSC Adv, 2026, 16, 26778-26788

Particle size analysis was performed using Image] software. The
analysis by STEM-EDS (bright-field) was conducted using a large
solid-angle EDS detector (100 mm?).

Nitrogen adsorption-desorption isotherms were measured
on a BELSORP MINI X instrument (MicrotracBEL, Japan). Prior
to analysis, samples were degassed overnight at 120 °C under
vacuum using a BELPREP VAC III system (MicrotracBEL, Japan).
Adsorption measurements were performed by the volumetric
method with nitrogen as the adsorbate at 77 K (liquid nitrogen
temperature). The specific surface area was calculated by the
BET method in the relative pressure range of 0.1-0.25. The
adsorption isotherm analysis was performed following a previ-
ously reported procedure.®®

XPS spectra were acquired on an ESCA-3400 spectrometer
(Shimadzu, Japan). Samples were mounted on conductive
carbon tape and held under vacuum for 10 min prior to anal-
ysis. Al Ko radiation was used as the X-ray source, and the
binding energies were calibrated against the C 1s peak at
284.5 eV. Data analysis was carried out using the built-in soft-
ware of the ESCA-3400, and Shirley-type background subtrac-
tion was applied. The background correction range was
adjusted so that the integrated area ratios of Mn 2p4/, to 2ps.
and Ce 3d;z, to 3ds, approximately matched 1:2 and 2:3,
respectively. When fitting the Mn 2p spectra, the energy sepa-
ration between 2p;,, and 2ps,, was fixed at 11.7 eV, and the peak
area ratio was set to 1:2. The Mn 3s spectra were analyzed
without constraints, and only the peak-top positions were
determined. For fitting the Ce 3d, the energy separation
between 3d;/, and 3ds/, was fixed at 18.10 eV, and the peak area
ratio was adjusted to 2 : 3.

Raman spectra were recorded using an NRS-4500 spec-
trometer (JASCO, Japan) in micro-Raman mode. Samples were
mounted on glass slides. The measurement conditions were as
follows: excitation wavelength, 532.08 nm; laser power, 6.2 mW;
spectral resolution, 1 ecm™'; accumulation, three scans. Expo-
sure time was adjusted depending on the sample. No special
pretreatment was applied prior to measurement.

H,-temperature programmed reduction (H,-TPR) experi-
ments were carried out on a BELCAT II-SPTT instrument

© 2026 The Author(s). Published by the Royal Society of Chemistry
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equipped with a thermal conductivity detector (MicrotracBEL,
Japan). Prior to analysis, 0.05 g of sample was pretreated in an
Ar flow (30 mL min~") at 200 °C for 2 h. Subsequently, 5% H,/Ar
(30 mL min~") was introduced, and the sample was heated to
900 °C at a ramping rate of 10 °C min™". The H, consumption
was quantitatively determined from a calibration curve con-
structed using the pulse method.

2.3 Catalytic test for phenol degradation experiments

Phenol degradation experiments by CWAO were carried out
using a titanium-made batch reactor (internal volume 50 cm?)
sealed with graphite gaskets. 0.01 g of catalyst and 25 cm? of an
aqueous phenol solution (100 ppm) were sealed in the reactor
and then O, gas was injected at 2 MPa. The reactor was heated
at 150 °C with an electric furnace and reacted for 0.5-2 hours
(above 200 °C, a distinct colour change of the catalyst was
observed, clearly indicating catalyst deactivation. In contrast, as
the temperature decreased, the difference from the reaction
conducted under a nitrogen atmosphere became negligible,
suggesting that the process was no longer dominated by cata-
lytic reactions. Based on these observations, the reaction
temperature was set to 150 °C). After the reaction, the reactor
was quenched in a water bath and the phenol and TOC
concentrations were determined using a liquid chromatography
(LC) equipped with an UV detector (Prominence series, Shi-
madzu) and a TOC analyzer (TOC-V CSN, Shimadzu), respec-
tively. For LC, a Kinetex C18 column (2.6 pum, 100 A, 150 x
4.6 mm 1.D.) was employed and the mobile phase consisted of
a mixture of acetonitrile (200 mL), distilled water (200 mL), and
phosphoric acid (400 pL). Measurements were performed at
a flow rate of 0.5 cm® min~" with the column oven maintained
at 40 °C and the detection wavelength set at 214 nm. The phenol
decomposition ratio and TOC removal ratio were calculated
using the following equations:

Decomposition ratio = 1 — (phenol concentration after reaction/
phenol concentration before reaction)

TOC removal ratio = 1 — (TOC concentration after reaction/
TOC concentration before reaction)

Phenol degradation experiments under N, atmosphere were
conducted by repeatedly purging with N, to completely remove
0,, followed by sealing with N, at 2 MPa. All other experimental
conditions, including temperature, catalyst amount, and solu-
tion volume, were identical to those used under O, atmosphere.
To ensure reproducibility, each experiment was conducted
three times, and the average values were reported. After the
reaction, the catalyst recovered by vacuum filtration was dried at
room temperature under reduced pressure and then used for
characterization.

3. Results and discussion

The elemental ratios of the catalysts determined by XRF analysis
are summarized in Table 1. The elemental ratio of Mn : Ce in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1 Elemental compositions of the Mn—Ce oxides synthesized by
the conventional stirring-mixing method and those synthesized using
the K—M reactor, determined by XRF (unit: %)

Elements Stirring K-M reactor
K 0.16 0.27
Mn 71.09 71.15
Cu 0.07 0.07
Ce 28.67 28.52

catalysts synthesized by the stirring-mixing method and those
synthesized using the K-M reactor was roughly the same at 7 : 3.
However, this value deviated from the molar ratio of the starting
precursors (Mn: Ce = 9:1). This discrepancy can be attributed
to the incomplete consumption of Mn’", which remained in the
filtrate after the reaction, as confirmed by the UV-Vis absorption
spectra shown in Fig. S1. Furthermore, the pH of the filtrate
after the reaction decreased to 3.45. As the redox reaction
progresses, protons (H') are produced, causing the pH to
gradually decrease as the reaction progresses. Notably, in the
redox reaction between Mn’* and Mn?**, the overall redox
potential becomes negative when the pH falls below 3.75,
rendering the Gibbs free energy change (AG) positive. Under
such conditions, the reaction will reach a thermodynamically
unfavourable state and will stop before completing, leaving
both Mn”* and Mn*" in the solution. Consequently, the Mn
content in the final catalyst was lower than the precursor molar
ratio. In contrast, for the redox reaction between Ce*" and Mn”",
the critical pH at which AG becomes zero is 1.06. In this
experiment, the pH of the solution after reaction was 3.45. Thus,
AG remained significantly negative, indicating that Ce*" has
reacted almost completely. As a result, it is presumed that both
Mn’" and Mn®" remained partially unreacted in the reaction
system, and the Mn content in the product was lower than the
precursor concentration ratio.

Next, the crystal structures of the synthesized catalysts were
examined by XRD (Fig. 3). In all samples, diffraction peaks
corresponding to the (100) and (110) planes of 3-MnO, were
observed at around 26 = 37° and 66°, respectively (JCPDS No.
80-1098). In contrast, the catalyst synthesized from only Mn

microreactor

(110)

(100)

Intensity (a.u.)

stirring

5 15 25 35 45 55 65 75 85
20 (degree)

Fig. 3 XRD patterns of the catalysts synthesized with a nominal Mn:
Ce molar ratio of 9: 1.
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exhibited additional peaks assigned to other crystal planes such
as the (001) plane (Fig. S2). Previous studies have reported that
oxygen vacancies located on the (100) plane are more favourable
for O, activation than those formed on the (001) plane.*
Therefore, the enhanced exposure of the (100) plane induced by
Ce incorporation in this study is likely to facilitate the genera-
tion of reactive oxygen species within the catalyst, thereby
contributing to the improved catalytic activity.

Furthermore, in the Ce-rich catalyst with a nominal Mn: Ce
ratio of 5:1 (XRF ratio = 6:4), additional diffraction peaks
attributed to CeO, were detected only in the catalyst synthesized
by the stirring-mixing method (Fig. S2). This indicates that,
under conventional stirring conditions, Ce tends to locally
aggregate, leading to phase separation as CeO,. In contrast, no
CeO,-related peaks were detected in the catalyst synthesized
using the K-M mixer. These results suggest that the instanta-
neous and forced mixing in the K-M reactor promotes more
uniform nucleation and enables highly dispersed incorporation
of Ce into the MnO, crystal lattice.

To evaluate the particle size and surface characteristics of the
catalysts, TEM observations and nitrogen adsorption-desorp-
tion measurements were performed. As shown in Fig. 4a, TEM
observations revealed that catalysts obtained by the stirring-
mixing method predominantly consisted of large particles
exceeding 1 pm with irregular morphologies, making it difficult
to establish a clear particle size distribution. In contrast, cata-
lysts synthesized using the K-M reactor exhibited uniform,
spherical particles with an average size of approximately 300 nm
(Fig. 4b and c). These findings demonstrate that the
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microreactor-assisted synthesis makes it possible to obtain
finer particles with a much narrower size distribution. Based on
these results, it is suggested that the instantaneous and forced
mixing within the K-M reactor facilitated a more homogeneous
redox reaction, leading to the rapid supply of Mn*" monomers.
Consequently, it is presumed that the immediate nucleation of
MnO, and subsequent crystal growth under a uniform envi-
ronment were induced, resulting in the formation of finer
particles with a narrower size distribution in accordance with
the LaMer mechanism.

Nitrogen adsorption-desorption measurements revealed
type IV isotherms with H3-type hysteresis loops for both
samples (Fig. S3), indirectly indicating the presence of layered
structures. Moreover, the catalyst synthesized using the K-M
reactor exhibited a higher specific surface area (100.1 m> g™ *)
than that prepared by the stirring-mixing method (91 m* g™ ")
(Fig. S4). In layered structures, the specific surface area is ex-
pected to increase as the number of stacked layers decreases
and the lateral dimension of each layer becomes larger.
Previous studies have further demonstrated that an enhanced
supply rate of Mn** ions contributes to the enlargement of the
surface area per layer.*® It is thus suggested that the K-M reactor
promoted a more uniform reaction environment and acceler-
ated the supply of Mn*" monomers, thereby enlarging the
surface area per layer and ultimately leading to an increased
overall surface area.

Next, the chemical states of the elements present on the
catalyst surface were investigated by XPS. The XPS wide spectra
are shown in Fig. S5, demonstrating the presence of Mn, Ce and

200 n

()

30
25

20

Frequency (%)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Particle size (nm)

Fig. 4

(@) TEM image of Mn—Ce oxide particles obtained by stirring-mixing method. (b) TEM image and (c) size distribution of Mn—Ce oxide

particles synthesized using the K—M reactor. The size distribution was estimated by analysing 112 particles randomly selected from the TEM

images.
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Fig. 5 (a) O 1s XPS spectra of the catalysts synthesized by each method and the corresponding peak area ratios (%). (b) Mn 2p XPS spectra of the

catalysts synthesized by each method and the Mn**/Mn®" area ratios (%) calculated from the sum of the 2p,/» and 2ps;, components. (c) Ce 3d

XPS spectra of the catalysts synthesized by each method.

O in the prepared catalysts. In the O 1s spectrum (Fig. 5a), the
peak at about 533.1 eV was assigned to hydroxyl groups (OH),
the peak at about 531.5 eV was attributed to surface-active
oxygen species such as 0,>~ and O (O,gs), and the peak at
about 529.6 eV was assigned to lattice oxygen (Op,).*> Curve
fitting of these peaks followed by quantitative comparison of
their relative areas revealed that the peak corresponding to O,qs
was significantly enhanced for the catalyst synthesized using
the K-M reactor. This phenomenon can be rationalized by two
factors. First, as confirmed by the N, adsorption-desorption
analysis, the uniform and rapid mixing in the K-M reactor
promoted particle refinement and increased the specific surface
area, thereby leading to a greater abundance of O,qs. Second,
instantaneous mixing resulted in the formation of oxygen
vacancies, while strong oxidation at defect sites by residual
potassium permanganate in solution further promoted the
generation and accumulation of unstable O,qs.

In the Mn 2p spectrum (Fig. 5b), the peak at about 653.5 eV
was assigned to Mn*" in Mn 2p,,,, the peak at about 652.5 eV to
Mn*" in Mn 2p,,, the peak at about 642 eV to Mn>* in Mn 2p;,
and the peak at about 641 eV to Mn*" in Mn 2p;,.** Since no
satellite peak characteristic of Mn>" was observed, its presence
was excluded, and the peak assignments were made solely on
the basis of Mn** and Mn**. Comparison of these peaks indi-
cated that the Mn valence states on the catalyst surface were not
affected by the synthesis method. This finding was consistent
with the average oxidation states of Mn estimated from the Mn
3s peaks (Fig. $6).*

The chemical states of Ce was evaluated using the Ce 3d
spectrum (Fig. 5¢).>>** The Ce 3d spectrum consists of multiple
overlapping peaks originating from Ce*" and Ce**, making
curve fitting and quantitative analysis of the relative peak areas
difficult. Nevertheless, the peak located at about 920 eV is
known to arise from a characteristic electronic transition of
Ce*". In this study, this peak was clearly observed, confirming
the presence of Ce*" species in the catalyst.

Raman spectroscopy was conducted to investigate the
structural features and defects of the catalysts. Three distinct
peaks were observed at approximately 572, 630, and 503 cm ™"
(Fig. 6), which are characteristic of 3-MnO,. These peaks can be

© 2026 The Author(s). Published by the Royal Society of Chemistry

assigned as follows:*> 630 cm™ " to Mn-O stretching vibration,
572 cm ' to Mn-O-Mn bending vibration, 503 cm ™" to defor-
mation mode of MnOg octahedra. The fitting results for each
peak using the Lorentz function are also tabulated in Fig. 6.
Comparison of the catalyst prepared by the stirring-mixing
method with that synthesized using the K-M reactor revealed
that only the later exhibited broadening and a slight red-shift of
the Mn-O stretching vibration at 630 cm™"'. Such broadening
and shifting of the stretching mode are typically associated with
a decrease in the average oxidation state of Mn, i.e., an increase

micro
©
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stirring

400 500 600 700 800
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stirring width (em™) height area (%)
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Fig. 6 Raman spectra of the catalysts synthesized by each method
and the results of fitting each peak using the Lorentz function.
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in Mn** species. The Jahn-Teller effect of Mn®" introduces
variations in the Mn-O bond length, leading to peak broad-
ening and shifts in the Raman spectrum.*® Accordingly, the
catalyst synthesized using the K-M reactor contains a higher
proportion of Mn**, which leads to the increased oxygen
vacancies.

The discrepancy between the XPS and Raman results can be
attributed to the different probing depths of the two techniques.
XPS provides information from only a few nanometers below
the surface, whereas Raman spectroscopy probes several
micrometers into the bulk. At the catalyst surface, additional
oxidation is promoted by residual KMnO, after synthesis, which
accounts for the absence of valence differences in Mn as
detected by XPS regardless of the synthesis method. In contrast,
the bulk region is less affected by residual KMnOy,, so it strongly
reflects the redox processes during nucleation and crystal
growth. In the case of the K-M reactor, instantaneous
molecular-level diffusion and forced mixing occur, rendering
redox reactions rather than nucleation the rate-determining
step. Consequently, Mn>" is not fully oxidized to Mn*" but is
instead incorporated into the crystal lattice as Mn®". As a result,
the catalyst synthesized by the K-M reactor exhibits a higher
bulk fraction of Mn®*" compared to that synthesized by the
stirring-mixing method.

The results of the H,-TPR measurements are presented in
Fig. 7. For the catalyst synthesized by the stirring-mixing
method, three distinct reduction peaks were observed at 296 °
C, 324.4 °C, and 426.4 °C. These peaks can be assigned to the
reduction of Mn** — Mn’" in Ce-free regions, Mn** — Mn*" in
the vicinity of Ce, and Mn** — Mn?>*, respectively (Fig. 7a). The
corresponding H, consumptions for these peaks were 1.228,
0.690, and 1.110 mmol g’l, respectively. On the other hand, the
catalyst synthesized using the K-M reactor exhibited two
reduction peaks at 338.5 °C and 412.4 °C, which are attributable

View Article Online
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respectively (Fig. 7b). The corresponding H, consumptions for
these peaks were 4.457 and 1.226 mmol g, respectively. In
assigning these peaks, it was taken into account that the
reduction of MnO, typically proceeds within the temperature
range of 200-450 °C, generally giving rise to two peaks corre-
sponding to Mn** — Mn®" and Mn*" — Mn>" reductions.**
Although it is well established that a decrease in particle size
generally lowers the reduction temperature,* the peaks shifted
to higher temperature for the catalyst synthesized using the
K-M reactor in spite of smaller particle size. Previous studies
have reported that Ce doping shifts the reduction peaks to
higher temperature due to the strong Mn—Ce interactions,*>**
and this effect appears to be particularly pronounced in the
present work. Specifically, in the catalyst synthesized by the
stirring-mixing method, the dispersion of CeO, was insufficient.
Nevertheless, given that no aggregation was detected by STEM-
EDS with a spatial resolution of several tens of nanometers, the
degree of aggregation is presumed to be only on the order of
a few nanometers (Fig. S7). As a consequence, distinct splitting
of the reduction peaks was observed between regions in close
proximity to CeO, and those away from Ce. In contrast, the
catalyst synthesized using the K-M reactor has significantly
improved dispersion of CeO,, as evidenced by XRD results. It is
conceivable that the substantial increase in the contact area
between Mn and Ce led to the emergence of a single peak at
higher temperature.

Furthermore, the H, consumption calculated from the Mn*
— Mn*" reduction peak in the catalyst synthesized using the
K-M reactor was approximately twice that of the catalyst
synthesized by the stirring-mixed method. This difference
suggests that microreactor-assisted synthesis exerts a profound
influence on both the abundance and spatial distribution of Mn
species that serve as active sites. Indeed, as also implied by the
results of Raman spectroscopy, the microreactor-assisted

to the reduction of Mn*" — Mn?®* near Ce and Mn®" — Mn?>*, synthesis facilitates rapid nucleation, during which
30000 30000
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Fig.7 H,-TPR profiles along with the reduction peak temperatures and corresponding H, consumption values of (a) the catalyst synthesized by
the stirring-mixing method, and (b) the catalyst synthesized using the K—-M reactor.
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Fig. 8 Schematic illustration of Mn—Ce oxide catalysts synthesized by the stirring-mixing method and those synthesized using the K—M reactor,

summarizing the characterization results and their interpretations.

a considerable amount of oxygen in an electronically unstable
state is incorporated into the lattice. Under elevated tempera-
tures, such oxygen is expected to migrate dynamically within the
MnO, framework which possesses high oxygen mobility. Thus,
the increased H, consumption observed for the catalyst
synthesized using the K-M reactor can be rationalized by its
higher content of unstable lattice oxygen compared with that
synthesized by the stirring-mixed method.

Based on the above characterization results, the structures of
catalyst particles synthesized by the conventional stirring-
mixing method and those synthesized using the K-M reactor
are illustrated in Fig. 8 and the following inferences were made
regarding the generation mechanisms of oxygen vacancies and
surface oxygen species (O,q5) in each synthesis method. First,
compared to K-M reactor synthesis, the conventional stirring-
mixing method results in a larger reaction field, leading to
coarser catalyst particles and a tendency for decreased di-
spersibility of CeO, (green triangles in the figure) within the
catalyst. Furthermore, the redox reaction proceeds heteroge-
neously in the conventional stirring-mixing, resulting in
spatially heterogeneous Mn*" concentrations. Consequently,
the rate-determining step shifts from the redox reaction process
to the nucleation process. This reaction environment is thought
to have led to a decrease in the proportion of Mn** species,
resulting in a reduction of oxygen vacancies (black circles in the
figure).

On the other hand, synthesis using the K-M reactor resulted
in accelerated molecular diffusion in a reaction field confined to
a micrometer scale. This led to refinement of catalyst particles
and improved dispersibility of CeO,. Furthermore, it is thought
that the redox reaction proceeds spatially uniformly, resulting
in the homogeneous generation of Mn** species. As a result, the
rate-determining step of the reaction becomes the redox process
rather than the nucleation process, which is thought to promote
an increase in oxygen vacancies and an increase in the
proportion of Mn®* species within the catalyst. This is consis-
tent with the observations of the Raman spectra (low

© 2026 The Author(s). Published by the Royal Society of Chemistry

wavenumber shift, increase in full width at half maximum and
decrease in peak area of the band attributed to the Mn-O
stretching vibration appearing at 630 cm™ ). In addition, the
oxygen vacancies on the catalyst surface are further oxidized by
the remaining KMnO, and converted into the O,qs. Therefore,
catalysts synthesized using a K-M reactor with a high oxygen
vacancy concentration are thought to have more 0,45 compared
to catalysts synthesized by the conventional stirring-mixing
method. This is also consistent with the observations of the
XPS spectrum as shown in Fig. 5.

According to the previous study,* an increase in oxygen
vacancies has also been reported for Cey Y10, and Ni-Al,O;
synthesized using a microreactor, suggesting that the micro-
reactor synthesis strategy can be universally applied to other
mixed oxides.

The mineralization of phenol over Mn oxide catalysts is
known to proceed through the MvK mechanism, as illustrated
in Fig. 9.°* In this reaction mechanism, first, the O,q5 exposed
on the catalyst surface promote the oxidation reaction of
phenol. Next, the oxygen vacancies created on the catalyst
surface are re-oxidized by dissolved oxygen in the reaction
solution, regenerating the O,q4s. This cycle continues, and the
catalytic reaction proceeds.

phenol Co,
! » 2
o
Mn*” " SMpt Mn3* Mn3*

1120,
1

[ | 4

Fig. 9 Schematic illustration of phenol mineralization over Mn oxide
catalysts based on the Mars—van Krevelen (MvK) mechanism.

Mn3+ Mn3+
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Fig. 10 Phenol decomposition ratio (%) and TOC removal ratio (%) at
reaction time of 2 h by CWAO under nitrogen atmosphere using
different catalysts.

Using the synthesized Mn-Ce oxides as catalysts, phenol
degradation experiments by CWAO was first conducted under
a nitrogen atmosphere to evaluate the amount of surface-active
oxygen species consumed through a so-called sacrificial reac-
tion which eliminated the reoxidation of the catalyst by oxygen.
Under N,, both phenol conversion and TOC removal ratio
showed no significant difference between reaction times of 1 h
and 2 h, indicating that the sacrificial reaction had completely
ceased by 2 h. Therefore, the following discussion has been
made based on the results obtained at 2 h. As shown in Fig. 10,
the catalyst synthesized using the K-M reactor exhibited
approximately 1.25 times higher phenol conversion and TOC
removal ratio than that prepared by the stirred-mixing method.
This enhancement can be attributed to an increase in the
amount of active oxygen species on the catalyst surface for the
microreactor-assisted synthesis. This interpretation is consis-
tent with the XPS results, which showed that the fraction of O,q;
increased by about 1.35 times, strongly supporting this
conclusion. Furthermore, the Mn 2p XPS spectra obtained after
the reaction under an N, atmosphere (Fig. S8) revealed that the
catalyst synthesized using the K-M reactor exhibited a higher
fraction of Mn®* compared with that prepared by the stirring-
mixing method. This result, consistent with the Raman
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Fig. 11
catalysts or no catalyst.
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spectroscopic analysis, suggests that a Mn>"-rich structure is
more stable within the catalyst synthesized using the K-M
reactor than within that prepared by the conventional method.
Moreover, this finding indirectly indicates that, for the
microreactor-synthesized catalyst, the reduction of Mn*" to
Mn*" on the catalyst surface proceeds more readily during the
reaction, accompanied by an increased consumption of active
oxygen species.

Next, the phenol degradation by CWAO under an oxygen
atmosphere was investigated (Fig. 11). For both -catalysts,
phenol decomposition ratios and TOC removal ratios were
almost the same at all reaction times, suggesting that no reac-
tion intermediate was formed and phenol was completely
mineralized once degradation began. Therefore, it was difficult
to detect intermediate products supporting the MvK mecha-
nism. This consideration was also supported by the fact that no
change in pH was observed before and after the degradation
reaction. It is noteworthy that the catalyst synthesized using the
K-M reactor exhibited a phenol decomposition ratio approxi-
mately 15% higher than that of the catalyst prepared by
conventional stirring-mixing method, at reaction time of 1 h.
This result is consistent with the analysis of the O 1s spectrum
by XPS, H,-TPR measurements, and the phenol degradation
experiments under N,-atmosphere conditions, all of which
revealed that the Mn-Ce oxide catalyst synthesized using the
K-M reactor contains a larger amount of unstable oxygen
species that contribute to the reaction. Therefore, it can be
concluded that the microreactor-assisted synthesis introduces
a higher concentration of surface-active oxygen species, leading
to enhanced oxidation efficiency in phenol degradation.

On the other hand, after one hour of reaction, the difference
in decomposition ratio remained almost constant at about 15%.
This phenomenon is attributed to the fact that the concentra-
tion of dissolved oxygen in the aqueous phase is significantly
lower than the concentration of catalyst. In fact, while the
amount of catalyst added was 115 pmol (0.01 g), the dissolved
oxygen concentration in water, calculated based on Henry's law,
was limited to 7.75 pumol. XRD measurements after 2 h of
reaction showed a decrease in crystallinity, and the Raman
spectrum recorded after 2 h of reaction exhibited a significant

o | (b)

microreactor

50 stirring

TOC decomposition rate(%o)

10 No catalyst
Hﬁ
0 0.5 1 1.5 2

time(h)

Temporal changes in (a) phenol decomposition ratio and (b) TOC removal ratio by CWAO under an oxygen atmosphere using different
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shift toward lower wavenumbers (Fig. S9 and S10). This obser-
vation suggests that the proportion of Mn** increased during
the reduction process, inducing lattice distortion via the Jahn-
Teller effect. In addition, the Mn 2p XPS spectrum obtained
after 2 h of reaction under an oxygen atmosphere (Fig. S11)
revealed a decrease in the proportion of Mn*" accompanied by
an increase in the proportion of Mn**. Comparison with the Mn
2p XPS spectrum recorded after 2 h of reaction under a nitrogen
atmosphere showed that, although the fraction of Mn*" under
oxygen was slightly lower than that under nitrogen, the overall
spectral features were nearly identical. In other words, as the
reaction proceeded, the surface-active oxygen species on the
catalyst was fully consumed, making the re-oxidation of the
catalyst by the dissolved oxygen the rate-determining step. As
a result, the difference in decomposition ratio gradually became
constant. For reference, the results of the experiments con-
ducted under different O, pressure conditions are shown in
Fig. S12. It can be seen that, for both synthesis methods, the
phenol decomposition ratios and the TOC removal ratios
increase in the order of 2 MPa N, < 1 MPa O, < 2 MPa O,. These
results further support that the re-oxidation of the catalyst by
dissolved oxygen is the rate-determining step of the reaction.

Finally, the elemental analysis by XRF measurements was
performed for each catalyst before and after 2 h of the degra-
dation experiments (Table S1), which revealed that the catalyst
synthesized using the K-M reactor exhibited little change in the
elemental composition compared with that prepared by the
conventional stirring-mixing method, suggesting reduced Mn
leaching and improved stability during the reaction.

4. Conclusion

In this study, it was demonstrated that liquid-phase oxidation
using a central-collision type microreactor provides significant
advantages over conventional stirring-mixing methods for the
synthesis of d-type Mn-Ce oxides. The microreactor enabled the
formation of finer and more homogeneous particles, high
dispersion of CeO, within the MnO, matrix, and a greater
density of surface oxygen species and lattice oxygen vacancies.
Characterization by H,-TPR and phenol degradation under N,
confirmed that microreactor-assisted synthesis markedly
increases the number of active sites involved in the redox cycle.
When applied to catalytic wet air oxidation of phenol, the
catalyst synthesized using the microreactor exhibited more
excellent performance, achieving a decomposition ratio of 56.7
=+ 5.7% after reaction time of 1 h, compared to 43.7 £ 2.8% for
the conventional counterpart. This enhanced activity was
attributed to the abundance of surface-active oxygen species
that facilitate oxidation reactions.

Overall, these
synthesis as an effective and versatile strategy for designing
oxygen-deficient mixed oxides with high catalytic activity,
opening new avenues for advanced catalyst development in
oxidative degradation processes and broader applications in
environmental remediation and energy conversion.

results establish microreactor-assisted

© 2026 The Author(s). Published by the Royal Society of Chemistry
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