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ABSTRACT

Binary nickel-manganese oxide catalysts were synthesized via a co-
precipitation method and evaluated for the complete oxidation of toluene, a
representative  volatile organic compound (VOCs). The structural,
morphological, textural, and redox properties of the catalysts were
systematically characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), nitrogen adsorption—desorption isotherms, and H,
temperature-programmed reduction (H,-TPR). The nickel manganese oxide
catalysts exhibit multiphase structures mainly composed of MnO,, NiMnQ;,
NiMn,O,, and Mn-doped NiO, along with a significantly higher specific surface
area and pore volume compared to MnO, and NiO. Catalytic tests
demonstrate that the NiMn,O, catalyst shows superior activity, achieving
complete oxidation of toluene at 273 °C and exhibiting the lowest Tsp and Teo
values (237 °C and 248 °C, respectively) among the tested catalysts. The enhanced
catalytic performance is attributed to the synergistic interaction between Ni and
Mn species, which induces lattice distortion and enhances reducibility. These
results highlight the potential of binary Ni-Mn oxide composite catalyst as an
efficient and cost-effective material for VOCs abatement.

Introduction

Over the past decades, various types of catalysts have
been developed for VOCs oxidation, including noble

Volatile organic compounds (VOCs), such as toluene,
xylene, and benzene, are hazardous air pollutants
emitted from numerous industrial activities including
painting, printing, petroleum refining, petrochemical
processing, and vehicle exhaust [1]. Their high toxicity,
persistence, and contribution to photochemical smog
necessitate the development of effective strategies for
their complete removal. Among available technologies,
catalytic total oxidation has been widely accepted as
one of the most efficient and environmentally friendly
methods, converting VOCs completely into CO, and
H,O at moderate temperatures [2, 3].
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metal-based catalysts (e.g., Pt, Pd, Au), which exhibit
excellent activity and low light-off temperatures [3].
However, their high cost and susceptibility to poisoning
by water or sulfur compounds have limited large-scale
applications. As an alternative, transition metal oxides
have emerged as cost-effective and thermally stable
catalysts. Among them, manganese oxides (MnQ,) are
extensively studied due to their multiple oxidation
states (Mn?*, Mn*®*, Mn**), abundant oxygen vacancies,
and strong redox properties [4—7] Nevertheless, the
standalone MnO, often suffers from poor low-
temperature activity and limited durability [3, 8].
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To enhance catalytic performance, binary metal oxides
have been investigated to harness synergistic effects
between different cations [9, 10]. In this context, the
binary oxide between manganese and other
transitional metal (Cu, Co..) have shown promising
activity for the total oxidation of toluene [11-14]. The
introduction of other metal into the MnO, lattice or the
synergistic effect between the two metal oxides can
modify the electronic structure, increase the number of
active oxygen species, and improve catalytic performance
[11,13,14]. Several studies have reported that Cu-MnQO,,
CuMn;04, Co-Mn, Ni-Mn catalysts exhibit high catalytic
activity and enhanced CO, selectivity compared to single-
component oxides [14-19].

Among the binary oxides, nickel-manganese oxide
catalysts have been shown to exhibit excellent catalytic
activity and stability in total oxidation of benzene [19].
As shown by Tang et al. [19], the catalytic performance
of the binary catalyst can be attributed to their higher
content of surface-adsorbed oxygen species and better
low-temperature reducibility. However, this kind of
catalyst has not been studied for toluene removal. As a
matter of fact, the catalytic performance of the
catalysts largely depends on the synthesis method and
type of VOCs. Hence, the study on the binary nickel-
manganese oxide for the complete oxidation of VOCs
is necessary.

In this study, we synthesized nickel manganese oxide
catalysts using a facile co-precipitation method
followed by thermal treatment. The catalysts were
thoroughly characterized by XRD, SEM, H>-TPR and N,
adsorption—desorption techniques to investigate their
phase composition, morphology, reducibility and
textural properties. The catalytic performance for the
complete oxidation of toluene was systematically
evaluated and compared with that of the individual
NiO and MnO; catalysts.

Experimental

Ni(NO3),.6H,O (297%) and Mn(NQOs), (>297%) were
purchased from Sigma Aldrich. NaOH (>96%) was
obtained from Xilong Chemical. Toluene (>99.5%) was
purchased from Merck. All chemicals were used as
received without further treatment.

Methods

Two  nickel-manganese  oxide catalysts  were
synthesized by a co-precipitation method with Ni/Mn
molar ratios of 1 and 2. Typically, 15 mL of 0.25 M
Mn(NQOs), and 15 mL of 0.25 M Ni(NOs), solutions were
mixed and stirred in a beaker. Subsequently, 65 mL of

0.5 M NaOH solution was added dropwise under
continuous stirring. The mixture was further stirred for
30 minutes, after which the resulting suspension was
transferred to a flask placed in an oil bath at 95 °C and
connected to a vacuum rotator. After complete
evaporation of water, the obtained solid was dried at
110 °C for 12 hours, followed by heat treatment at 220
°C for 2 hours to ensure complete decomposition of
nitrate species. Finally, the sample was calcined at 400
°C for 4 hours. The resulting catalyst was denoted as
NiMnQO,. The NiMn,O, sample was prepared using the
same procedure, except that the amount of Mn(NOs3),
was doubled. Single-component NiO and MnO,
catalysts were synthesized following the same
procedure, while omitting the manganese or nickel
precursor, respectively.

Several key physicochemical properties, including
phase composition, microstructural morphology, and
textural characteristics (such as specific surface area,
pore volume, and pore size distribution), were
determined using various techniques. X-ray diffraction
(XRD) analysis was performed using a SmartLab
diffractometer (Rigaku) to identify the crystalline
phases. Scanning electron microscopy (SEM) was
conducted on a JEOL JSM-6020LV instrument to
examine surface morphology. Nitrogen adsorption—
desorption isotherms were measured at 77 K using a
Micromeritics ASAP 2020 apparatus to evaluate the
textural properties.

The catalytic activity was evaluated in a fixed-bed
quartz microreactor with an inner diameter of 6 mm,
as previously reported [20]. In a typical experiment, 100
mg of catalyst was placed on a quartz wool plug inside
the reactor. A thermocouple inserted into the catalyst
bed was used to monitor the reaction temperature in
real time. The feed gas contained 1000 ppm of toluene
diluted in synthetic air, with a total flow rate of 100
mL-min”", resulting in a gas hourly space velocity
(GHSV) of approximately 60,000 mL/g/h. The toluene
vapor was generated by passing a nitrogen stream
through a saturator containing liquid toluene
maintained at 5 °C. The resulting toluene-containing
gas was then diluted with a stream of dry air to obtain
the desired toluene concentration and total flow rate.
The reactant and product gases were continuously
analyzed using an online gas chromatograph (Agilent
7890B) equipped with a flame ionization detector (FID)
for toluene detection and a thermal conductivity
detector (TCD) for CO, and other permanent gases.
Toluene conversion to CO, was calculated according to
the following equation.
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[COz]out
7><[C7H8]

in

Me,ng = x100

where [C7Hglin and [CO2]out signify the concentration of
toluene in feed and CO; in the outlet gas streams,
respectively.

Results and discussion

The crystalline phases of the nickel-manganese oxides
were identified by X-ray diffraction. As shown in Figure
1, all diffraction peaks of the MnO, and NiO samples
can be indexed to MnsOg (ICDD PDF No. 01-072-1427)
and the bunsenite phase of NiO, respectively. For the
NiO sample, the characteristic diffraction peaks at 26 =
37.3° and 43.3° correspond to the (111) and (200)
crystallographic planes of bunsenite NiO.

0 MnO, 4 NiMnO;  NiO
+Ni;,Mn,,05  FNa,Mn,0,
x Nag 5sMn,0, N

Intensity (a.u.)
o
—

2-theta (deg)

Fig. 1: XRD pattern of a) MnO,, b) NiMn,O, c) NiMnOy
and d) NiO catalysts

In contrast, the XRD pattern of the NiMn,O, sample
reveals the coexistence of several crystalline phases,
including  MnQO;, NiMnQO;, and Niz.oMne.4Os.  The
diffraction peaks observed at 20 = 24.7°, 33.8°, 36.6°,
41.9°, 50.6°, and 55.2° are assigned to the NiMnOs;
phase (ICDD PDF No. 01-075-2089). The presence of
MnQO; is confirmed by diffraction peaks at 26 = 36.7°
and 42.3° (ICDD PDF No. 00-030-0830). In addition,
the peaks at 26 = 37.3° and 43.5° can be attributed to
the Ni7.o2Mno.4Og phase (ICDD PDF No. 01-089-5879),
which originates from the incorporation of Mn ions into
the NiO lattice. Compared to the pure NiO sample, the
(200) diffraction peak shifts toward a higher 26 angle
(43.5°), indicating lattice contraction induced by the
substitution of Ni#* ions with Mn**/Mn* ions. This
lattice distortion can enhance the formation of defects
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and improve oxygen mobility in the nickel-manganese
oxide composite catalyst, which is beneficial for the
catalytic oxidation of toluene [2], 15].

Furthermore, the XRD pattern of the NiMnO, sample
also shows the formation of the NiMn,O, spinel phase,
along with sodium-containing manganese oxides such
as Nag.ssMn,O4 (ICDD PDF No. 01-073-9669) and
Na;Mn;O; (ICDD PDF No. 01-070-7202), likely
originating from residual sodium species introduced
during the synthesis process.

The morphology of MnOy, NiMn,O,, and NiO, catalysts
are examined by using SEM technique, as depicted in
Figure 2. The SEM images of MnOy and NiO (Figures
2A, B and E) reveal the formation of nanoparticles
ranging from several dozen to hundred nanometers in
size with some octahedra NiO particles. In contrast, the
morphology of NiMn,O, oxide consists of much
smaller nanoparticles (Figure 2C and D). The smaller
particle size of NiMn,Ox is expected to result in a larger
specific surface area, as the surface-to-volume ratio
increases with decreasing particle size. This provides
more accessible active sites for the catalytic oxidation
of toluene.

Wik + wend

Fig. 2: SEM images of a, b) MnOy, ¢,d) NiMn;Oy, and €)
NiO

The textural properties, including BET surface area,
pore volume, and pore size distribution, were
determined by nitrogen  adsorption—desorption
isotherms at 77 K. As shown in Figures 3A and B, all
catalysts exhibit type IV isotherms with hysteresis loops,
indicating the presence of mesoporous structures. The
width and shape of the hysteresis loops provide insight
into the pore size distribution of the samples. For the
MnO, sample, a narrow hysteresis loop observed in the
P/Po range of 0.9-1.0 suggests a relatively uniform
mesoporous  structure with a narrow pore size
distribution, mainly below 6 nm (Figures 3C). In
contrast, the NiO sample exhibits a broader hysteresis
loop spanning from P/Py = 0.84 to 1.0, indicating a
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wider pore size distribution that includes mesopores of
3-5 nm as well as macropores in the range of 100-400
nm. The NiIMnO, sample shows a hysteresis loop with a
similar shape but with a narrower pore size distribution
centered around approximately 200 nm (Figures 3D).
Meanwhile, the NiMn,O, sample displays a more
extended hysteresis loop over the P/Py range of 0.75-
1.0, indicating a more developed mesoporous
structure. Its pore size distribution ranges from 6 to 45
nm, with a prominent maximum at around 9 nm. The
BET surface area and pore volume of the NiMn,O,
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catalyst are 65 m? g7 and 0.34 cm® g7, respectively,
which are significantly higher than those of the NiMnO,
catalyst (40 m? g™ and 0.30 cm® g™") and the single
metal oxides (20 m? g~ and 0.07 cm® g™" for MnQ,,
and 59 m? g™" and 0.09 cm?® g™ for NiO). The presence
of internal porous structures within the nanoparticles
contributes to the enhanced BET surface area. The
increased surface area and pore volume of NiMn,O,
provide a greater number of accessible active sites,
which are largely located within the porous framework,
thereby favoring the complete oxidation of toluene.
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Fig. 3: (A, B) Adsorption-desorption isotherm; and (C, D) pore size distribution of a) MnOx, b) NiMnOy, ¢) NiMn,Ox
and d) NiO

The H,-TPR profiles of MnO,, NiMnQ,, and NiMn,O,
are presented in Figure 4, revealing distinct differences
in reducibility induced by nickel incorporation. The
MnO, sample exhibits two reduction peaks in the
temperature range of approximately 250-450 °C,
which are characteristic of stepwise reduction
processes involving Mn species [16]. The lower-
temperature peak is commonly attributed to the
reduction of surface or near-surface Mn*" species to
Mn**, while the higher-temperature peak corresponds
to the further reduction of bulk Mn®* to Mn*,
associated with the removal of lattice oxygen. In

contrast, the NiMnO, catalyst shows a noticeable shift
of the reduction peaks toward lower temperatures
along with peak broadening, indicating enhanced
reducibility compared to MnO,. This behavior suggests
a strong interaction between Ni and Mn species, which
weakens the metal-oxygen bonds and facilitates the
removal of lattice oxygen. The broadened reduction
feature also reflects the presence of multiple reducible
species and heterogeneous redox environments arising
from the formation of mixed Ni-Mn oxide phases and
interfacial regions.
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Table 1: Textural properties and catalytic performance
of the catalysts

Catalytic performances (°C)

Seer V n(Hz
Catalyst (m?/ 9 (cmg/ 9 (mr’r(10|} 9 Tro Tso Tso
MnOx 20 0.07 7.1 230 289 326
NiMn20Ox 65 0.34 8.7 212 237 248
NiMnOx 40 0.30 8.0 208 245 314
NiO 59 0.09 - 286 354 >400

n(Hz): hydrogen consumption

= c
8
Z
2
g b
£
d
100 300 500 700

Temperature (°C)

Fig. 4: H-TPR profiles a) MnOx, b) NiMn,O,, and ¢)
NiMnOy

The NiMn,O, sample exhibits the most pronounced
low-temperature reduction feature among the three
catalysts, with a dominant peak appearing at lower
temperatures and an extended reduction profile (Fig. 4,
line b). This indicates a higher proportion of readily
reducible oxygen species and improved redox
capability. In addition to the peak shift, the total
hydrogen consumption further confirms the enhanced
redox properties of the Ni-containing catalysts. The H,
uptake increases from 7.11 mmol/g for MnO, to 7.99
mmol/g for NiMnO, and 8.70 mmol/g for NiMn,O,,
corresponding to approximately 12% and 22%
increases,  respectively.  The  higher  hydrogen
consumption indicates a greater amount of reducible
oxygen species and improved redox capacity [21]. The
NiMn,O, catalyst, exhibiting both the lowest reduction
temperature and the highest H, uptake, demonstrates
the strongest reducibility among the samples. Such
enhanced reducibility and oxygen mobility are highly
favorable for catalytic oxidation reactions following a
Mars—van Krevelen mechanism [2, 3].
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The catalytic performance of the nickel-manganese
oxide catalysts for the complete oxidation of toluene to
CO, was evaluated in a gas-phase fixed-bed reactor
using a feed stream containing 1000 ppm toluene at a
gas hourly space velocity (GHSV) of 60,000 mL/g/h.
The conversion of toluene over the nickel-manganese
mixed oxides and the single metal oxide catalysts was
plotted as a function of catalyst temperature, yielding
the so-called light-off curves, as shown in Figure 5. At
temperatures below 190 °C, the conversion of toluene
was negligible for all catalysts. From 220 °C onward, the
conversion over the NiMn,O, catalyst increased sharply,
reaching 90% at 248 °C and gradually approaching
complete conversion at 273 °C. No other organic by-
products or CO were detected throughout the reaction,
indicating high selectivity toward CO, formation.

=
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o

80

60

40

20

Conversion of toluene into CO, (%)

150 250 350
Temperature (°C)
Fig. 5: Catalytic performance of a) MnO,, b) NiMnOy, ¢)
NiMn2Oy and d) NiO catalysts with an inlet toluene
concentration of 1000 ppm

The light-off curves of the NiMnO, and NiMn,O,
catalysts were significantly shifted toward lower
temperatures compared with those of the MnO, and
NiO catalysts, demonstrating their superior low-

temperature  catalytic  activity.  The  catalytic
performance was further quantified using the
characteristic  temperatures  Tyo, Tso, and  Too,

corresponding to 10%, 50%, and 90% conversion of
toluene to COs, respectively, as summarized in Table 1.
Among all tested catalysts, NiMn,O, exhibited the
lowest Tso and Tgo values, at 237 °C and 248 °C,
respectively, further confirming its superior catalytic
efficiency for the complete oxidation of toluene.

As summarized in Table 2 and compared with the data
reported in litterature, the NiMn,O, catalyst exhibits
catalytic performance comparable to several transition-
metal oxide systems for toluene oxidation. Although
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some MnQO; polymorphs or noble metal catalysts
exhibit slightly lower light-off temperatures, these
performances are generally achieved under much lower
space velocities or lower inlet toluene concentrations. In
contrast, the NiMn,O, catalyst developed in this work
reaches Tgo at 248 °C under a relatively high GHSV of
60,000 h™', demonstrating competitive activity under
more demanding reaction conditions.

Table 2: Comparison of catalytic performance for the
complete oxidation of toluene.

Too Toluene GHSV

Catalyst 0) (opm) mL/g/h) Ref
NiMnO, 248 1000 60,000 ;@fk
MnO, 290 5000 10,000 [9]
a-MnO; 238 1000 20,000 [22]
a-MnO; 255 1000 60,000 [23]
B-MnO; 295 1000 60,000 [24]
1wt % Pt/ALOs 235 600 80,000 [25]
1Twt.% Pd/AlLO; 190 °C 1000 15,000 [26]
C0o304 260 1000 20,000 [27]
CuMnO, 240 5000 15,000 [10]
The enhanced catalytic activity of the nickel-

manganese oxide catalysts can be well correlated with
their structural, textural, and redox properties revealed
by XRD, N, adsorption—desorption, and H,-TPR
analyses. XRD analysis reveals lattice distortion and the
formation of mixed Ni-Mn oxide phases, which favor
the generation of catalytic defects. BET results show
that NiMn,O, possesses a higher surface area and pore
volume, providing more accessible active sites and
improved mass transfer. Although NiMnQO, exhibits a
lower BET surface area than NiO, its superior catalytic
activity indicates that surface area is not the dominant
factor controlling the reaction rate. Instead, the
enhanced performance of NiMnO, can be attributed to
strong Ni-Mn synergistic interactions arising from the
formation of mixed oxide phases and interfacial
structures [28]. These interactions promote oxygen
vacancy generation and improve lattice oxygen
mobility, as evidenced by the shift of reduction peaks
toward lower temperatures and the increased
hydrogen consumption observed in the H,-TPR
analysis. The combination of these features promotes
efficient lattice oxygen participation in the reaction,
accounting for the lower light-off temperatures and
enhanced activity of NiMn,O, in the complete
oxidation of toluene.

Conclusion

In summary, the binary nickel-manganese catalysts
consisting of multi oxides including MnO,, NiMnQOs,
NiMn,Q4, and Mn-doped NiO phases were successfully
synthesized by co-precipitation method. These
catalysts exhibited superior catalytic performance for
the complete oxidation of toluene compared with the
single-component MnO, and NiO catalysts. The
NiMn,O, catalyst reached complete conversion of 1000
ppm of toluene at 273 °C, with the lowest Tsq (237 °C)
and Te (248 °C) among the tested catalysts. The
remarkable activity enhancement may be attributed to
the synergistic interaction between Ni and Mn species.
These findings suggest that NiMn;O, is a promising
catalyst for the abatement of VOCs such as toluene
through catalytic total oxidation.
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