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Enhanced catalytic performance of MnO2

nanowires for soot combustion by
cobalt incorporation
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The impact of cobalt (Co) doping on the structure, redox, and catalytic properties of MnO2 nanowires

(NWs) for soot combustion was investigated. XRD analysis revealed that pure MnO2 NWs exhibit a

mixture of major a-MnO2 and minor g-MnO2 phases, while Co doping at 10 mol% enhanced the

g-MnO2 content and induced unbalanced charge in the MnO2 structure via Mn substitution by Co,

which induced lattice defects, including oxygen vacancies. SEM images confirmed the successful

formation of nanowire morphology using the hydrothermal method for all prepared catalysts. H2-TPR

profiles demonstrated enhanced reducibility and oxygen mobility in Co-doped catalysts, attributed to

synergistic effects between Mn and Co species and increased oxygen vacancy concentration. The soot

oxidation mechanism suggested that oxygen vacancies and mobility play a key role in sustaining lattice

oxygen activation. Catalytic activity tests for soot combustion revealed that 10 mol% Co-doped MnO2

NWs achieved the lowest T50 (363 1C), outperforming both pure MnO2 NWs and 20 mol% Co-doped

MnO2 NWs, due to optimized structural, porosity, and redox properties, and oxygen mobility. Post-

reaction investigations demonstrated that the nanowire catalyst might provide sustained catalytic

performance over several reaction cycles by converting to catalytically active Mn3O4 without

morphological degradation.

1. Introduction

Particulate matter (PM), commonly referred to as soot, is a
major pollutant found in diesel engine exhaust emissions. It
comprises a complex mixture of constituents, primarily ele-
mental carbon, along with volatile organic compounds, sul-
fates, and trace metallic ashes.1–3 The inhalation of PM has
been associated with a wide range of adverse health effects,
including respiratory ailments, cardiovascular disease, exacer-
bation of asthma, and even carcinogenesis.4–6 Due to these
serious health concerns, stringent environmental regulations
have been established to limit soot emissions from diesel-

powered vehicles. For instance, since 2009, the European Union
has enforced a maximum allowable particulate emission level
of 0.005 g km�1 for both passenger cars and light-duty com-
mercial vehicles equipped with diesel engines.7 Consequently,
the development of efficient and practical technologies for the
abatement of soot emissions has become a critical area of
environmental research.

To meet these increasingly strict emissions standards, diesel
particulate filters (DPFs) have been widely adopted as an
integral component of diesel vehicle exhaust after-treatment
systems. DPFs are typically ceramic filters designed with a
honeycomb-like monolithic structure comprising porous walls
that trap particulate matter as exhaust gas flows through. While
DPFs are highly effective in capturing soot, their performance
diminishes over time due to the progressive accumulation of
particulate matter, which increases exhaust backpressure and
adversely affects engine efficiency. To restore the filtering
capacity, the trapped soot must be periodically removed
through a regeneration process. However, passive thermal
regeneration typically requires temperatures above 600 1C
which are significantly higher than the normal operating
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exhaust temperatures of 200–500 1C in diesel engines. This
discrepancy necessitates the use of catalyzed diesel particulate
filters (CDPFs), which lower the soot oxidation temperature,
enabling regeneration at more practical operating conditions.8

In the context of catalysis for soot oxidation, various active
materials have been extensively explored. Noble metals such as
silver (Ag),9 as well as rare earth oxides including cerium (Ce)10

and lanthanum (La),11 have demonstrated high catalytic effi-
ciency. Nevertheless, their widespread application is con-
strained by critical limitations, including high cost, resource
scarcity, and toxicity, which collectively impede commercial
scalability. In response to these limitations, transition metal
oxides such as cobalt oxide (Co3O4),12 copper oxides (CuOx),13

iron oxide (Fe2O3),14 and manganese oxides (MnOx)15 have
emerged as promising alternatives. These materials offer nota-
ble advantages, including strong redox activity, excellent ther-
mal stability, and superior performance in oxidation reactions.

Among the various transition metal oxides, manganese
oxides (MnO2, Mn2O3, Mn3O4 and MnO) have attracted
considerable attention for soot oxidation applications due to
their low cost, structural stability, and outstanding redox
properties.16,17 Catalytic activity in manganese oxides is
strongly correlated with their oxidation states. Materials with
a higher content of Mn4+ are generally more active, as Mn4+

ions facilitate enhanced oxygen mobility and rapid electron
transfer. The increased surface concentration of Mn4+ is parti-
cularly beneficial in promoting the activation of oxygen species,
which is essential for efficient oxidation reactions.18

The soot oxidation activity of manganese oxides could be
enhanced by adjusting the dopant in the catalyst and varying its
morphology or porosity structure. Nanostructured MnO2 mate-
rials (e.g., nanotubes, nanowires, nanoplates, nanorods) con-
sistently exhibit superior catalytic activity over bulk particles
due to their enhanced specific surface areas and higher density
of exposed active sites, which improve reactant accessibility
and facilitate catalytic reactions such as oxidation.19,20 Liu
et al.21 reported that tube-like MnO2 showed the highest
specific surface area, enhanced redox properties, and increased
surface-active oxygen species among various morphologies,
resulting in improved catalytic oxidation. There are various
synthesis techniques have been developed to produce metal
oxide catalysts with tailored properties such as sol–gel,22 co-
precipitation,23,24 and the hydrothermal method.23 Among
them, the hydrothermal method is widely favored for preparing
nanostructured materials due to its ability to control morphol-
ogy, achieve high crystallinity, high purity and narrow size
distribution under mild conditions. It is also cost-effective and
scalable.25

The catalytic activity of nanostructured MnO2 materials can
be further improved by incorporating other metals via doping,
loading, or forming solid solutions. Doping manganese oxides
with other metals can enhance catalytic properties by modify-
ing the lattice structure, increasing oxygen vacancies, reducing
particle agglomeration, and enhancing surface area.26 Jam-
paiah et al.27 showed that Cu and Co co-doping in a-MnO2

nanowires significantly improved soot oxidation. Similarly,

Zhang et al.28 found that W and Cu doping increased Mn3+

content and oxygen vacancies, boosting catalytic activity.
Among them, cobalt-doped MnO2 has garnered significant
attention for soot oxidation due to it has been reported to
increase the concentration of surface-adsorbed oxygen species
(O2
�) and oxygen vacancies, which are vital for enhancing

oxygen mobility. Furthermore, the strong electronic interaction
between manganese and cobalt species contributes to
improved reducibility, facilitating redox transitions such as
Mn4+/Mn3+ and Co3+/Co2+ at lower temperatures, ultimately
boosting catalytic efficiency for soot oxidation.27 Cao et al.29

reported the performance of transition-metal oxide nanosheets
(Co, Mn, Fe) on the nickel foam for soot oxidation. They found
that Co3O4 nanosheets on nickel foam outperformed other
metals due to higher redox properties and abundant active
oxygen species. Similarly, Neelapala et al.26 demonstrated that
Co-doped Mn2O3 catalysts enhanced specific surface area and
multiple oxidation states of Mn and Co, leading to superior
catalytic activity compared to pure Mn2O3.

In this work, MnO2 nanowires were synthesized using the
hydrothermal method and evaluated for their potential as
catalysts in soot oxidation. To further enhance their catalytic
performance, cobalt was introduced as a dopant to form Co/
MnO2 nanowire composites. The optimal dopant concentration
was identified, and the influence of cobalt incorporation on the
structural, morphological, and redox properties as well as the
catalytic soot oxidation performance of the catalyst was thor-
oughly investigated.

2. Experimental section
2.1. MnO2 nanowires synthesis

MnO2 nanowire catalyst was synthesized using the hydrother-
mal method. In brief, 8 mmol of manganese sulfate (MnSO4�
H2O), 20 mmol of ammonium sulfate ((NH4)2SO4) and 8 mmol
of ammonium persulfate ((NH4)2S2O8) were dissolved in 40 mL
of DI water under magnetic stirring for 30 min until the
precursor became a homogeneous solution. Then, the mixed
solution was transferred to a Teflon-lined stainless-steel auto-
clave and heated at 140 1C for 8 h. After cooling to room
temperature, the black precipitates were washed repeatedly
with DI water and ethanol. Finally, the products were dried at
80 1C overnight.

2.2. Co-doped MnO2 nanowires synthesis

Co-doped MnO2 nanowire catalysts were also prepared using
the hydrothermal method. Firstly, the as-prepared MnO2 nano-
wires were dispersed in 35 mL of DI water and sonicated for
30 min. After that, cobalt nitrate hexahydrate [Co(NO3)2�6H2O],
corresponding to 10 mol% Co and 20 mol% Co, was added into
the above solution and kept under continuous stirring for
30 min. The pH of this solution was adjusted to 11 using
ammonia solution. The resulting solution was transferred to a
Teflon-lined stainless-steel autoclave and heated at 150 1C for
10 h. Finally, the prepared Co-doped MnO2 nanowires sample
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was dried at 80 1C overnight. The prepared 10 and 20 mol% Co-
doped MnO2 nanowires were labelled 10Co/Mn NWs and 20Co/
Mn NWs, respectively.

2.3. Catalyst characterizations

The crystalline structures of the as-prepared catalysts were
studied by X-ray diffraction (XRD) on a RIGAKU Smart Lab
X-ray Diffractometer with Cu Ka radiation (l = 1.542 Å). The
operation voltage and current keep at 40 kV and 100 mA,
respectively. The 2y scan ranges of 201 to 801 with a scan speed
of 51 min�1 and step width of 0.011 were used. The lattice strain
(e) of MnO2 induced by the addition of Co can be calculated by
Williamson–Hall (W–H) equation.30 The morphologies of the
as-prepared catalysts were carried out using filed emission
scanning electron microscope (FE-SEM, JSM-7001F) with vol-
tage of 20 kV and magnification of 100k�. N2 adsorption–
desorption isotherms were determined by V-Sorb 2800P Surface
Area and Porosimetry Analyzer. Before the measurement, all
catalysts were degassed under vacuum at 250 1C for 3 h. The
specific surface areas were calculated using the Brunauer–
Emmett–Teller (BET) method. The pore size distribution was
estimated from the adsorption branch of the isotherms using
the BJH model. The surface elemental compositions of samples
were analyzed using X-ray photoelectron spectroscopy (XPS),
PHI5000 VersaProbe II (ULVAC-PHI, Japan) at the SUT-
NANOTEC-SLRI Joint Research Facility, Synchrotron Light
Research Institute (SLRI), Thailand. Monochromatized Al-Ka

X-ray source (hg = 1486.6 eV) was utilized to excite the samples.
The survey spectra were recorded with an energy step of
1.000 eV and a pass energy of 117.4 eV, meanwhile, the high-
resolution spectra were recorded with an energy step of
0.05 eV and a pass energy of 46.95 eV. The C 1s spectrum was
used as the peak reference by marking the C–C/C–H at 284.8 eV.
The reduction behaviors of the as-prepared catalysts were inves-
tigated using H2-temperature programmed reduction (H2-TPR).
Before starting TPR process, 1.0 g of the catalyst in a quartz tube
reactor was pretreated at 700 1C for 1 h with 100 mL min�1 of 10%
O2/Ar to eliminate surface impurities. After cooling to room
temperature under Ar flow, 100 mL min�1 of 5% H2/Ar was
introduced, and the temperature was increased from 25 to
800 1C at a heating rate of 5 1C min�1. H2 consumption was
analyzed using an on-line mass spectrometer (Omnistar, GSD 320
O1 Model). Oxygen vacancies and mobility in the catalyst were
investigated using O2-temperature programmed desorption
(O2-TPD) on the same instrument as H2-TPR. Prior to each run,
the sample was pretreated with 100 mL min�1 of 10% O2/Ar at
700 1C for 1 h. After cooling to room temperature, the excess or
physisorption of oxygen on the catalyst surface was eliminated by
Ar flushing. The oxygen desorption amount was continuously
monitored using an online mass spectrometer (Omnistar, GSD
320 O1 Model), while the temperature was ramped up from room
temperature to 850 1C at a heating rate of 5 1C min�1.

2.4. Catalytic activity evaluation

In this research, carbon black (Vulcan, XC 72R, average particle
diameter of 50 nm) was used as the soot model for studying the

soot combustion performance of the as-prepared catalyst with
the tight contact mode. The soot and catalyst with weight ratio
of 1 : 10 were mixed using a mortar and pestle for 10 min. The
mixture was then loaded into a quartz tube and installed in the
continuous flowed packed-bed reactor. The sample was heated
to 700 1C (5 1C min�1) under 100 mL min�1 of 10% O2/Ar. The
outlet gases (CO2 and CO with m/z ratio of 44 and 28, respec-
tively) were analyzed using a Mass spectrometer (Omnistar,
GSD 320 O1 Model). The catalytic activity was evaluated by the
temperatures at 10%, 50% and 90% conversion of soot which
were denoted as T10, T50 and T90, respectively. The soot conver-
sion can be calculated using the following equations:

Soot conversion ¼

Ð t¼tf
t¼0

dnCO2

dt

� �
þ
Ð t¼tf
t¼0

dnCO

dt

� �

Initial carbon molð Þ � 100 (1)

where, nCO2
and nCO represent the mole of CO and CO2 species,

respectively.

3. Results and discussion
3.1. Catalyst characterizations

3.1.1. Crystal structure analysis. Fig. 1 displays the XRD
patterns of the as-prepared MnO2 NWs, 10Co/Mn NWs, and
20Co/Mn NWs. The XRD patterns of MnO2 NWs revealed mixed
phases with dominant a-MnO2 and minor g-MnO2. The diffrac-
tion angles (2y) of 12.61, 17.81, 25.51, 28.41, 37.31, 41.81, 49.51,
55.51, 59.71, 65.21 and 68.81 were indexed to the (110), (200),
(220), (310), (211), (301), (411), (600), (521), (002) and (541)
planes of a-MnO2 (JCPDS no. 00-044-0141), respectively. The
characteristic diffraction peaks of g-MnO2 were detected at
21.51, 33.71 and 37.31, which correspond to the (120), (031)
and (131) planes (JCPDS no. 00-014-0644), respectively. The
formation of mixed phases results in a higher concentration
of surface defects compared to single-phase structures.31 These

Fig. 1 XRD diffraction patterns of the as-prepared MnO2 NWs, 10Co/Mn
NWs and 20Co/Mn NWs catalysts.
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defect sites typically serve as adsorption centers for surface
oxygen species; therefore, an increased defect density facilitates
the adsorption of oxygen molecules on the catalyst surface. For
Co-doped MnO2 NWs, characteristic diffraction peaks corres-
ponding to mixed phases with predominantly a-MnO2 and a
minor g-MnO2 component were also observed. The 10Co/Mn
NWs catalyst exhibited a more intense g-MnO2 peak than pure
MnO2 NWs, indicating a higher proportion of the g-MnO2

phase in the 10Co/Mn NWs sample. This enhanced g-MnO2

content is associated with an increased density of defect sites.
The higher fraction of g-MnO2 observed in the 10Co/Mn NWs
may result from the introduction of Co during the synthesis
process using hydrothermal method, which could promote the
partial transformation of a-MnO2 into the g-MnO2 phase.32

However, increasing Co loading to 20 mol% did not signifi-
cantly influence the a-MnO2 to g-MnO2 phase transformation,
as indicated by the similar diffraction peak intensities of both
phases in the 20Co/Mn and pure MnO2 NWs catalysts. Notably,
no diffraction peaks corresponding to Co3O4 were observed in
the XRD pattern of the 10Co/Mn NWs catalyst, suggesting that
the Co3O4 phase was either present at levels below the detection
limit of the XRD instrument or highly dispersed on the MnO2

NWs surface.31 Moreover, the absence of Co3O4 peak probably
indicated that Co substituted the Mn site in the MnO2 lattice to
form solid solution, which would lead to strain and unbalanced
charge; therefore, oxygen vacancies or defects are expected to
generate.

To investigate the lattice strain induced by cobalt doping in
MnO2 nanowires, Williamson–Hall (W–H) analysis was
employed. Fig. S1 displays the W–H plots for pure MnO2 and
Co-doped MnO2 nanowires, while the corresponding calculated
strain values are summarized in Table 1. Notably, the Co-doped
MnO2 samples exhibit greater lattice strain compared to the
undoped MnO2, suggesting that the incorporation of Co ions
into the MnO2 lattice induces internal stress.30 This phenom-
enon is likely attributed to the ionic radius mismatch between
Mn and Co species. The resulting lattice distortion and strain
not only confirm successful Co incorporation but also play a
critical role in tuning the physicochemical properties of the
catalyst. Specifically, such strain may facilitate the formation of
oxygen vacancies and enhance lattice oxygen mobility, which is
beneficial for catalytic soot oxidation. However, diffraction
peaks characteristic of cubic Co3O4 were detected for 20Co/
Mn NWs at 2y values of 31.21, 37.31, and 44.61, corresponding
to the (200), (311), and (400) crystal planes, respectively (JCPDS
no. 01-078-1969). The emergence of these Co3O4 peaks in the
20Co/Mn NWs catalyst implies a larger Co3O4 crystallite sizes
and lower Co dispersion on the catalyst surface compared to

the 10Co/Mn NWs, where larger particle sizes are typically less
favorable for enhancing heterogeneous catalytic activity.33

3.1.2. Morphology analysis. Scanning electron microscopy
(SEM) was used to analyze the surface morphologies of the as-
prepared MnO2 NWs and Co-doped MnO2 NWs catalysts, as
shown in Fig. 2. As depicted in Fig. 2a, the pure MnO2 NWs
exhibited a densely packed network of randomly oriented
nanowires. These nanowires possessed an average diameter
of approximately 27.6 nm and extended several hundred nan-
ometers in length, forming a uniform and interconnected
structure. In contrast, Fig. 2b and c present the SEM micro-
graphs of 10Co/Mn NWs and 20Co/Mn NWs, respectively. In
these Co-doped samples, the nanowires displayed a tendency to
form small aggregates or clusters, accompanied by partial
fragmentation of the wire-like morphology.34 This morpholo-
gical change upon Co doping suggested a potential influence of
cobalt on the structural integrity and dispersion of the MnO2

nanowires.
3.1.3. N2 adsorption–desorption analysis. Fig. 3 presents

the N2 adsorption–desorption isotherms of MnO2 NWs, 10Co/
Mn NWs, and 20Co/Mn NWs. According to the IUPAC
classification,35 all samples exhibited type IV isotherms with
H3-type hysteresis loops, characteristic of mesoporous struc-
tures formed via capillary condensation. The textural para-
meters, including specific surface area, total pore volume,
and average pore diameter, are summarized in Table 1. MnO2

NWs showed a specific surface area of 33.8 m2 g�1, a pore
volume of 0.53 cm3 g�1, and an average pore diameter of

Table 1 Lattice strain, specific BET surface area, pore volume and pore diameter of the catalysts

Catalyst MnO2 crystallite size (nm) Lattice strain Surface area (m2 g�1) Pore volume (cm3 g�1) Pore diameter (nm)

MnO2 NWs 9.75 0.0008 33.8 0.53 44.8
10Co/Mn NWs 8.75 0.0027 36.0 0.57 46.3
20Co/Mn NWs 9.98 0.0021 61.1 0.59 38.9

Fig. 2 SEM images of (a) pure MnO2 NWs, (b) 10Co-Mn NWs and (c)
20Co/Mn NWs.
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44.8 nm. Doping with 10% Co led to an increase in these
parameters, suggesting improved porosity and dispersion of Co
species on the MnO2 surface. These changes are attributed to
the influence of Co incorporation on the formation of meso-
porous structures, which are likely to enhance catalyst-soot
contact and gas diffusion. Further increasing the Co loading

to 20%, an increase of the surface area (61.1 m2 g�1) and pore
volume (0.59 cm3 g�1), but a decrease in the average pore
diameter to 38.9 nm was observed. While the larger surface
area and pore volume generally favor catalytic activity, the
smaller pore size may limit soot particle diffusion and reduce
access to internal active sites.36 Thus, achieving an optimal
balance of surface area, pore volume, and pore diameter is
critical for maximizing catalytic performance in soot
combustion.

3.1.4. Surface elemental composition analysis. The surface
elemental compositions of MnO2 NWs, 10Co/Mn NWs, and
20Co/Mn NWs were examined using X-ray photoelectron
spectroscopy (XPS). The Mn 2p XPS spectra for these samples
are shown in Fig. 4(a)–(c). All catalysts exhibited two main spin–
orbit doublet peaks at approximately 642 eV and 654 eV,
corresponding to Mn 2p3/2 and Mn 2p1/2 transitions, respec-
tively. Each of these peaks was further deconvoluted into three
components, representing Mn2+, Mn3+, and Mn4+ oxidation
states.37–39 The combined ratio of Mn2+ and Mn3+ to total Mn
species, which is indicative of oxygen vacancy formation, fol-
lowed the order: 10Co/Mn (0.76) 4 20Co/Mn (0.68) 4 MnO2

(0.65) (Table 2). This trend implies a higher concentration of
surface oxygen vacancies in the 10Co/Mn sample. The O 1s XPS
spectra (Fig. 4(d)–(f)) of all catalysts were deconvoluted into
three peaks centered around 530 eV, 531 eV, and 533 eV,

Fig. 3 N2 adsorption–desorption isotherms of MnO2 NWs, 10Co/Mn NWs
and 20Co/Mn NWs catalysts.

Fig. 4 XPS spectra of MnO2 NWs, 10Co/Mn NWs and 20Co/Mn NWS: (a)–(c) high-resolution Mn 2p XPS spectra; (d)–(f) high-resolution O 1s XPS
spectra; (g) and (h) high-resolution Co 2p.
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corresponding to lattice oxygen (OI), surface adsorbed oxygen
species associated with oxygen vacancies (OII) which play an
important role in soot catalytic combustion and are called
reactive oxygen species, and surface carbonate/hydroxyl species
(OIII), respectively.40–42 The relative amount of surface adsorbed
oxygen (OII/(OI + OII)) was highest for 10Co/Mn (0.54), followed
by 20Co/Mn (0.31) and MnO2 (0.29) (Table 2), correlating well
with the Mn oxidation state analysis. Co 2p XPS spectra of
Co-doped samples (Fig. 4(g) and (h)) revealed two spin–orbit
doublets at approximately 780 eV (Co 2p3/2) and 796 eV
(Co 2p1/2), along with two satellite peaks near 786 eV and
802 eV. Deconvolution of the Co 2p peaks identified the
presence of both Co2+ and Co3+ oxidation states.43,44 The ratio
of Co2+ to total Co species is presented in Table 2. The XPS
results confirm that cobalt incorporation into MnO2 nanowires
significantly enhances surface oxygen vacancy concentrations,
especially at 10 mol% loading, by modifying the Mn oxidation
states and increasing the proportion of surface reactive oxygen
species. However, excessive Co doping (20 mol%) reduces the
generation of oxygen vacancies, likely due to structural satura-
tion or phase segregation. Therefore, moderate cobalt doping
(10 mol%) is optimal for promoting defect formation and
enhancing catalytic performance in soot oxidation.

3.1.5. H2-TPR analysis. The redox property of a catalyst is
an important factor in evaluating catalytic activity for soot
oxidation, as it governs the mobility and availability of active
oxygen species. This characteristic is commonly assessed using
hydrogen-temperature programmed reduction (H2-TPR). Fig. 5
presents the H2-TPR profiles of the synthesized catalysts,

revealing the reduction of surface and bulk lattice oxygen
species with increasing temperature under a hydrogen atmo-
sphere. For the undoped MnO2 nanowires, two reduction
peaks were observed. The first reduction peaks at lower tem-
peratures of 370 1C is attributed to the reduction of the surface
and bulk oxygen species of MnO2 to Mn3O4. The second,
broader reduction peak at high temperature of 501 1C, is
ascribed to the subsequent reduction of Mn3O4 to MnO, in
agreement with previously reported studies on similar nano-
wire morphologies.27,45

Upon cobalt incorporation, the reduction peak of the
catalyst also showed a two-stage reduction peak at 319 and
438 1C for 10Co/Mn NWs and at 310 and 434 1C for 20Co/Mn
NWs. These shifts toward lower reduction temperatures com-
pared to pure MnO2 NWs suggested enhanced reducibility,
likely arising from the synergistic effects between Mn and Co
species probably through the formation of solid solutions, as
supported by X-ray diffraction (XRD) analysis. The presence of
such a solid solution is known to promote the generation of
oxygen vacancies and to enhance the mobility of lattice oxygen,
thereby facilitating its migration from the bulk to the catalyst
surface.27 This improved oxygen transport capability enables a
more dynamic redox cycle, accelerating the redox reaction
process. The resultant increase in oxygen vacancies contributes
significantly to the overall catalytic activity for soot oxidation,
as the vacancies provide active sites for oxygen adsorption and
facilitate rapid oxygen exchange.46

Interestingly, the 20 mol% Co-doped catalyst exhibited the
lowest reduction temperature among the three samples, reflect-
ing even greater reducibility. However, despite its superior
redox properties, the 20Co/Mn NWs catalyst showed lower soot
oxidation activity compared to 10Co/Mn NWs. This discrepancy
can be attributed to structural and textural properties. At higher
Co loadings, excessive cobalt species may aggregate into larger
crystallites sizes, reducing the number of accessible active sites
and impairing the intimate contact between the catalyst and
soot. Furthermore, the decreased average pore diameter in
20Co/Mn NWs may limit soot accessibility and diffusion,
diminishing the catalytic efficiency despite enhanced redox
behavior.36

In addition, the reduction peak observed around 300 1C in
the Co-doped catalysts is likely associated with the reduction of
Co3+ to Co2+, which overlaps with the reduction features of
MnO2.47 Furthermore, the broad peak at around 599 1C for
20Co/MN NWs can be attributed to the further reduction of
Co2+ in bulk to metallic Co0, consistent with literature
reports.48 However, the temperature of completely soot com-
bustion is lower than 450 1C (Fig. 7a), so the reduction of Cobalt

Table 2 Surface element ratio calculated from XPS, H2 consumption and desorbed O2 of MnO2 NWs, 10Co/MN NWs and 20Co/Mn NWs

Catalyst
(Mn2+ + Mn3+)/
(Mn4++ Mn3+ + Mn2+) OII/(OI + OII) Co2+/(Co2++ Co3+)

H2 consumption
(mmol g�1)

Desorbed O2

(mmol g�1) o600 1C

MnO2 NWs 0.65 0.29 — 9.31 1.35
10Co/Mn NWs 0.76 0.54 0.65 7.22 2.55
20Co/Mn NWs 0.68 0.31 0.66 7.70 2.07

Fig. 5 H2-TPR Profiles of the pure MnO2, 10Co/Mn, and 20Co/Mn NWs
catalysts.
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in the bulk has no effect on the soot catalytic combustion.
The calculated hydrogen consumption of pure MnO2 NWs,
10Co/Mn NWs and 20Co/Mn NWs were 9.31, 7.22 and
7.70 mmol gcat

�1, respectively (Table 2). The lower H2 con-
sumption observed for the Co-doped catalysts relative to the
undoped MnO2 NWs suggested the higher Mn3+ amount in the
catalyst structure, corresponding to XPS results. It is well
established that the existence of Mn3+ in MnO2 resulted in
the generation of oxygen vacancies to maintain charge
neutrality,31 which further supports the enhanced redox beha-
vior and improved catalytic performance observed in the Co-
doped systems.

3.1.6. O2-TPD analysis. To investigate the nature and mobi-
lity of surface and lattice oxygen species, O2-temperature pro-
grammed desorption (O2-TPD) experiments were carried out for
the synthesized catalysts. Understanding the oxygen desorption
behavior is crucial, as the catalytic combustion of soot primar-
ily involves oxidation reactions that depend heavily on the
availability and reactivity of oxygen species. As shown in
Fig. 6, the desorption peak observed in the temperature range
of 400–600 1C is attributed to labile oxygen species associated
with surface or subsurface oxygen vacancies, which are con-
sidered highly reactive and play a key role in low-temperature
oxidation. In contrast, the peak detected above 700 1C corre-
sponds to the release of lattice oxygen, which is more strongly
bound within the crystal structure and generally exhibits lower
reactivity.

Quantitative analysis of the O2-TPD profiles was performed
by integrating the peak areas within the 400–600 1C range to
estimate the amount of surface-active oxygen species, with the
results summarized in Table 2. The trend in desorbed O2

content follows the order: 10Co/Mn NWs 4 20Co/Mn NWs 4
MnO2 NWs. This indicates that the incorporation of 10% Co
into MnO2 significantly enhances the generation of oxygen
vacancies, thereby increasing the availability of reactive surface
oxygen. This observation is in agreement with the XPS analysis,

which also confirmed a higher proportion of surface oxygen
species in the 10Co/Mn NWs catalyst, which contributed
directly to its improved soot oxidation performance.

3.2. Catalytic activity

The catalytic performance of MnO2 and Co-doped MnO2 nano-
wire catalysts for soot oxidation was evaluated by analyzing the
soot conversion profiles and determining the temperatures at
10%, 50%, and 90% soot conversion (denoted as T10, T50, and
T90, respectively) under tight contact conditions. These tem-
peratures are commonly defined as the ignition temperature
(T10), the combustion temperature (T50), and the maximum
conversion temperature (T90), and are critical indicators for
assessing the catalytic efficiency in soot oxidation reactions. For
comparison, non-catalyzed soot oxidation was also examined
under identical conditions.

Fig. 7(a) and Fig. S2 present the soot conversion curves for
all samples, revealing that the Co-doped and undoped MnO2

nanowires catalysts significantly enhance the oxidation of soot
at lower temperatures compared to the non-catalyzed reaction.

Fig. 6 O2-TPD profiles of the pure MnO2, 10Co/Mn, and 20Co/Mn NWs
catalysts.

Fig. 7 Soot oxidation activities of the catalyst under tight contact condi-
tions (soot: catalyst ratio of 1 : 10) in terms of (a) soot conversion and (b)
T10, T50 and T90 values.
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This enhanced activity can be primarily attributed to the
nanowire morphology of MnO2, which offers a high specific
surface area, facilitating more effective contact between the
catalyst and soot particles. This improved contact promotes the
generation and mobility of reactive oxygen species that facil-
itate the conversion of soot.

The T10, T50, and T90 values for all catalysts are summarized
in Fig. 7(b) and Table S1. Among the tested samples, the T50

values followed the order: 10Co/Mn NWs (363 1C) o 5Co/MN
NWs (365 1C) o Co3O4 (366 1C) o MnO2 NWs (370 1C) o 20Co/
Mn NWs (383 1C) o uncatalyzed soot (519 1C). The 10 mol%
Co-doped MnO2 nanowires exhibited superior low-temperature
soot combustion performance compared to pure MnO2 and
Co3O4, indicating that cobalt incorporation significantly pro-
motes catalytic activity. This enhancement is attributed to the
synergistic effects between manganese and cobalt species,
which collectively improve oxygen mobility, structural defects
(e.g., oxygen vacancies), and the redox properties of the catalyst.
These features facilitate more efficient oxygen activation and
transfer during soot oxidation. However, the lower performance
at 5 mol% Co can be attributed to insufficient redox enhance-
ment, limited oxygen vacancy creation, and lower density of
active sites compared to the 10 mol% system.

Conversely, the 20 mol% Co-doped MnO2 nanowires showed
reduced catalytic activity, with soot oxidation occurring at
higher temperatures than pure MnO2 NWs and 10Co/Mn
NWs. This decline in activity is likely due to the excessive
cobalt loading, which leads to poor dispersion, smaller pore
size and weak interaction between Co and the MnO2 support, as
evidenced by XRD and N2 adsorption–desorption results. More-
over, excessive Co doping also reduces the generation of oxygen
vacancies, as discussed in the XPS and O2-TPD results. These
factors outweigh the potential benefits of cobalt doping, high-
lighting the importance of optimizing the dopant concentration
to maintain the structural and redox balance necessary for
effective soot oxidation. Therefore, moderate cobalt doping
(10 mol%) is optimal for promoting defect formation and enhan-
cing catalytic performance in soot oxidation. Table 3 provides a
comparative overview of soot oxidation performances reported in
the literature for various Mn-based catalysts. The T10, T50, and T90

values vary depending on the catalyst morphology and the nature
of metal doping, which together influence the surface area and
the availability of reactive oxygen species, ultimately determining
the catalytic efficiency.

3.3. Catalytic soot combustion mechanism

The mechanism underlying catalytic soot oxidation over the
prepared catalysts is proposed to follow the Mars–van Krevelen
(MvK) pathway, a well-established model for oxidation reac-
tions on metal oxide catalysts.49 In this mechanism, the avail-
ability and reactivity of lattice oxygen species are crucial
determinants of the overall catalytic performance, particularly
in oxidation reactions involving solid carbonaceous materials
like soot. The catalytic oxidation of soot involves a sequence of
elementary steps that occur both in the gas phase and on the
surface of the catalyst. Initially, soot particles are adsorbed onto
the catalyst surface, forming a surface-bound carbon species.
This is followed by a redox interaction between the adsorbed
soot and surface-active oxygen species (denoted as Osur), result-
ing in the formation of gaseous carbon oxides (CO or CO2) and
the concurrent generation of oxygen vacancies (Ov) on the
catalyst surface, as shown in the following simplified reactions:

Csoot + Osur - CO + Ov (2)

Csoot + 2Osur - CO2 + 2Ov (3)

Following the consumption of surface oxygen species in soot
oxidation, the lattice oxygen from the bulk of the catalyst
migrates to the surface to replenish the oxygen vacancies. This
oxygen migration restores catalytic activity by regenerating
surface-active oxygen species, thereby sustaining the oxidation
cycle. Additionally, the presence of oxygen vacancies provides
favorable adsorption sites for O2 molecules from the gas phase.
Once adsorbed, O2 molecules are activated and dissociated into
reactive oxygen species, which further contribute to soot oxida-
tion by reacting with carbonaceous species at the catalyst-soot
interface.

Therefore, the superior catalytic activity of the 10Co/Mn
NWs catalyst can be attributed to several synergistic factors:
(i) the 10Co/Mn NWs exhibited a highly dispersed of cobalt on
the MnO2 nanowire support with a smaller nanowire diameter
and larger pore size which facilitates improved contact between
the soot particles and catalyst surface, enhancing mass transfer
and the accessibility of active sites. (ii) The incorporation of Co
into the MnO2 nanowire structure promoted the generation of
oxygen vacancies and enhanced the reducibility of the catalyst.
These vacancies not only serve as active sites for O2 adsorption
and activation but also support a more efficient migration of
lattice oxygen, which is essential for sustaining the MvK redox

Table 3 Comparison of soot oxidation activities of Mn-based catalysts in literature and this work

Catalysts Morphologies Reactant T10 (1C) T50 (1C) T90 (1C) Ref.

10Co/Mn Nanowires 10% O2/Ar 348 363 378 This work
1% Co/MnOx Nanorods 10% O2/N2 345 396 447 52
Co–Mn-600 Nanocomposites 21% O2/N2 368 469 513 53
MnO2 Nanowires 10% O2/Air 480 528 575 27
5Co–MnO2 425 513 550
10Co–MnO2 420 475 530
20Co–MnO2 475 547 560
MnOx–CeO2 Nanorods O2/Air 391 442 542 54
Ag/a-MnO2 Nanoflower 10% O2/Ar 439 509 608 55

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 1

0:
25

:0
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00480b


6424 |  Mater. Adv., 2025, 6, 6416–6426 © 2025 The Author(s). Published by the Royal Society of Chemistry

cycle during soot oxidation. Collectively, these attributes result
in improved catalytic performance for the 10Co/Mn NWs,
enabling more efficient oxidation of soot at lower temperatures.

3.4. Stability of the catalyst after soot combustion test

To evaluate the structural and morphological stability of MnO2

nanowires under soot combustion conditions, both scanning
electron microscopy (SEM) and X-ray diffraction (XRD) were
conducted, as illustrated in Fig. 8. These characterizations
aimed to confirm the retention of the catalyst’s crystalline
structure and morphology before and after catalytic testing.
Fig. 8(a) shows the SEM image of a physical mixture of MnO2

NWs and carbon black, prepared at a catalyst:soot mass ratio of
1 : 10 under tight contact conditions, prior to the soot combus-
tion reaction. The image clearly displays the nanowire structure
of MnO2 entangled with spherical carbon black particles. This
intimate contact between soot and catalyst is favorable for
catalytic oxidation due to enhanced surface interactions. Fol-
lowing the soot oxidation reaction at temperature of 410 1C
(complete combustion), the morphology of the spent catalyst
was re-examined by SEM, as shown in Fig. 8(b). Remarkably,
the nanowire morphology of MnO2 was preserved, with the
diameters remaining close to their original dimensions. This
observation confirms the outstanding thermal and morpholo-
gical stability of MnO2 NWs under reaction conditions.

To further assess the crystallographic stability, XRD patterns
of both the fresh and spent catalysts were obtained, as pre-
sented in Fig. 8(c). The XRD pattern of the fresh MnO2 NWs

exhibited diffraction peaks corresponding to the MnO2 phase,
as previously discussed in the catalyst characterization section.
However, after soot combustion at 410 1C (complete combus-
tion), the diffraction pattern of the used catalyst showed new
peaks at 2y values of 18.01, 28.91, 31.01, 32.31, 36.11, 38.01,
44.41, 50.71, 58.51, 59.81, and 64.61, which can be indexed to the
(101), (112), (200), (103), (211), (004), (220), (105), (321), (224),
and (400) planes of the Mn3O4 crystalline phase (JCPDS no. 00-
071-0588). This phase transformation from MnO2 to Mn3O4 is
consistent with the high-temperature reductive environment
encountered during soot combustion.

To elucidate the catalytic role of Mn3O4 in soot oxidation, a
combustion activity test using pure Mn3O4 was carried out. As
shown in Fig. S2 and Table S1, pure Mn3O4 exhibits measurable
catalytic activity, indicating that the catalyst remains active
even after the phase transition from MnO2 to Mn3O4 during
the reaction. Mn3O4 is a mixed-valence oxide containing both
Mn2+ and Mn3+ species, and its spinel structure is characterized
by a higher concentration of oxygen vacancies and enhanced
oxygen mobility compared to MnO2, particularly under high-
temperature or reducing conditions. Although Mn3O4 pos-
sesses a lower intrinsic oxidation potential than MnO2, its
ability to generate and transport active oxygen species which
facilitated by the Mn3+/Mn2+ redox couple plays a crucial role in
sustaining catalytic activity. Similar to MnO2, soot oxidation
over Mn3O4 proceeds via the Mars–van Krevelen (MvK)
mechanism,50 as previously discussed. Wagloehner and co-
workers51 have also demonstrated that Mn3O4 possesses

Fig. 8 SEM images of carbon black (Vulcan, XC 72R) mixed with MnO2 NWs catalyst before (a) and after (b) soot combustion and (c) XRD of Fresh MnO2

NWs compare to spent catalyst.
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comparable catalytic performance to MnO2 in soot combustion
reactions due to its favorable redox properties and the ability to
generate and transport active oxygen species. Therefore, the
formation of the Mn3O4 phase does not compromise the long-
term functionality of the catalyst and may enable stable cata-
lytic performance over multiple reaction cycles.

4. Conclusions

In this study, Co-doped MnO2 nanowires were synthesized via a
hydrothermal method and systematically evaluated for their
structural, redox, and catalytic properties in soot oxidation.
XRD analysis revealed that Co incorporation promoted the
formation of mixed a-MnO2 and g-MnO2 phases and solid
solution structure, which induced the generation of structural
defects. SEM images confirmed that the nanowire morphology
was retained after Co doping, though partial fragmentation and
aggregation were observed with increasing Co content. Cataly-
tic activity tests demonstrated that 10Co/Mn NWs exhibited the
best soot oxidation performance, achieving the lowest T50

(363 1C). This enhancement is attributed to the optimized
balance of textural properties, increased surface oxygen vacancy
concentration, and superior oxygen mobility, as supported by
N2 adsorption–desorption, H2-TPR, O2-TPD, and XPS analysis.
Although further Co doping (20 mol%) improved reducibility,
the decline in soot oxidation performance was linked to exces-
sive cobalt loading, which likely induced structural saturation,
decreased average pore size, and limited soot-catalyst contact
due to Co agglomeration. Notably, the catalyst preserved its
nanowire morphology and remained catalytically active after
reaction, transitioning to Mn3O4. Overall, these findings
demonstrate that moderate Co doping (10 mol%) optimally
tunes the physicochemical properties of MnO2 nanowires,
enhancing their catalytic efficiency for soot oxidation. This
work also highlights the catalytic relevance of Mn3O4 as a
durable post-reaction phase, supporting the long-term applic-
ability of Mn-based nanostructures in environmental catalysis.
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