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Abstract
A series of MnOx samples synthesized by hydrothermal methods at different temperatures were investigated as catalysts for 
the oxidation of toluene. The optimum oxidation performance was achieved with the catalyst prepared at 120 °C (Mn-120), 
for which complete conversion of toluene was attained at 250 °C. The Mn-120 sample possessed the highest concentration of 
Mn3+ and the highest initial H2 consumption rate, which are indicative of abundant crystal defects and superior reducibility. 
In addition, Mn-120 exhibited excellent oxidation ability due to the abundance of lattice oxygen species and excellent oxygen 
mobility. Therefore, the superior catalytic performance of Mn-120 could be attributed mainly to its redox performance and 
abundant crystal defects, both of which are determined by the temperature of the hydrothermal synthesis of MnOx.

Introduction

In recent years, volatile organic compounds (VOCs) such as 
toluene and benzene have been identified as major air pol-
lutants which are hazardous for the environment and human 
health [1, 2]. Various technologies have been explored for 
the control of VOCs. Among these, physical absorption 
technology suffers from low efficiency, while photocatalytic 
oxidation is associated with higher cost due to the need for 
ultraviolet light. Meanwhile, thermal incineration technol-
ogy requires high operating temperatures. Therefore, cata-
lytic oxidation is regarded as a promising approach because 
of its low cost, high efficiency and low environmental impact 

[3–5]. The research and development of high efficiency cata-
lysts are the current focus of this technology. Noble metal 
catalysts (such as Pt and Pd) with high catalytic activities 
have been widely adopted; however, high cost, easy sinter-
ing and sensitivity to poisons all limit their application [6, 
7]. In contrast, transition metal and lanthanide oxides (Co, 
Mn, Ce, etc.) have attracted much effort to identify catalysts 
with high activity, superior stability, low cost and environ-
mentally friendly nature.

Among the transition metal oxides, manganese oxides 
(MnOx) have been considered as an outstanding alternative 
to noble metal catalysts for the catalytic oxidation of VOCs 
because of their low-temperature catalytic activity and good 
redox performance [8]. The methodology for catalyst synthe-
sis is an important factor that can affect the surface proper-
ties, morphology, redox performance and catalytic activity 
of MnOx materials [9, 10]. Wang et al. [11] observed that a 
rod-like MnO2 catalyst prepared by hydrothermal methods 
exhibited superior catalytic activity for combustion of tolu-
ene. During the preparation of catalysts by hydrothermal 
methods, different conditions (including reaction time and 
temperature) will lead to obvious changes in catalytic per-
formance of the catalyst. Cheng et al. [12] reported that vari-
ous well-defined morphologies of α-MnO2 were obtained 
under different hydrothermal conditions, giving a variety 
of catalytic activities in the combustion of dimethyl ether. 
Likewise, Liao et al. [13] obtained a similar result for MnOx 
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catalysts with different hydrothermal synthesis times, which 
showed significant differences in catalytic oxidation of tolu-
ene. It has been reported that redox properties are key fac-
tors that influence the oxidation activity of manganese oxide 
catalysts [14]. Sun et al. [15] revealed that strong oxidation 
capacity can offer high catalytic performance. In addition, 
Piumetti et al. [16] found that variation in the method of 
synthesis had obvious effects on the performance of MnOx 
catalysts, while Tang et al. [17] reported that MnOx-based 
catalysts with different calcination temperatures exhibited 
various microstructures and oxidation abilities. Likewise, 
Li et al. [5] observed that doping with other metals could 
significantly improve the catalytic oxidation of toluene by 
MnOx-based catalysts. Therefore, many research groups have 
adopted the method of varying the preparation conditions to 
optimize the performance of MnOx catalysts. However, rela-
tively few studies have explored the effect of hydrothermal 
synthesis temperature on MnOx catalysts.

Based on the above considerations, we have investigated 
the effects of different hydrothermal synthesis temperatures 
on the redox properties, morphology and texture of MnOx 
catalysts. The structure–activity relationships between the 
microproperties and the catalytic activities were further 
elaborated by means of several characterization methods, 
which can guide the further development and elucidation 
of the mechanism of catalytic oxidation of VOCs such as 
toluene.

Experimental

Chemicals and materials

All the reagents for the preparation of catalysts were 
A.R. grade and used as received without any purification. 
Manganese(II) nitrate, glucose, ammonium carbonate and 
acrylic acid were purchased from Shenyang Lab Science and 
Trade Co., Ltd. (Shenyang, China).

Catalyst preparation

In a typical synthesis, glucose (1.81 g, 10 mmol) was dis-
solved in deionized water (25 mL). Acrylic acid (1.08 g, 
15  mmol) was then added, while vigorously stirring for 
30 min. Mn(NO3)2 (8.23 g, 23 mmol) was then dissolved in 
the mixture. Saturated aqueous (NH4)2CO3 was slowly added 
until the pH of the solution reached 9.0. After stirring at room 
temperature for 5 h, the solution was transferred to a 100-mL 
Teflon-lined stainless steel autoclave and kept at different tem-
peratures (100 °C, 120 °C, 140 °C and 180 °C) for 12 h. In 
each case, the resulting precipitate was washed with deionized 
water and ethanol and then dried overnight at 105 °C. Finally, 

the product was calcinated at 550 °C in air for 5 h. The sam-
ples were denoted as Mn-X, where X was the hydrothermal 
synthesis temperature.

Catalyst characterization

Powder X-ray diffraction (XRD) patterns were obtained 
within the 2θ range of 10°–70° with a constant step of 0.02° 
2θ and a counting time of 3 s per step, using a Bruker D8 
Advance diffractometer equipped with a Cu Kα X-ray source 
(λ = 1.54184 Å).

Raman spectroscopy was carried out with a Renishaw inVia 
2000 Raman microscope (Renishaw plc, UK) equipped with 
an Ar+ ion laser at 532 nm to assess the graphitic structures 
of the samples.

Scanning electron microscopy (SEM) experiments were 
carried out with a cold field emission scanning electron micro-
scope (Hitachi-SU8010).

An ESCALAB 250 photoelectron spectrometer (Thermo 
Fisher Scientific, USA) with a monochromatized micro-
focused Al Kα X-ray source (λ = 1.54184 Å) was used for X-ray 
photoelectron spectroscopy (XPS) measurements. Charge 
effects of the samples were corrected by setting the binding 
energy of adventitious carbon (C1 s) at 284.6 eV.

H2 temperature-programmed reduction (H2-TPR) tempera-
ture experiments were carried out on a chemisorption instru-
ment (Beijing Builder Electronic Technology Company, PCA-
1200). A measured amount of sample (20 mg) was placed in 
a U-type quartz tube and pretreated in a pure N2 stream. The 
temperature was increased to 300 °C at a rate of 10 °C/min 
for 60 min and then cooled down to 100 °C. The sample was 
then reduced with an Ar gas mixture containing 5 vol% H2 at 
a flow rate of 30 mL/min. Simultaneously, H2 consumption 
was recorded by a thermal conductivity detector, while the 
temperature was gradually elevated to 900 °C. In a typical 
calculation, the differential area of the thermal conductivity 
detector (TCD) signal (ai) was calculated with Eq. (1), where 
Ii and Δt represent the intensity of the TCD signal and the 
time interval, respectively. The accumulated area (Ai) was 
obtained from Eq. (2) where ti is the accumulated time. The 
coefficient (f) between the peak area and the amount of H2 
consumption was obtained from the relationship between the 
H2 amount in the pulse loop and average area value. There-
fore, the total amount of H2 consumption (Xi) at a certain time 
was calculated by Eq. (3), and the rate of H2 consumption (ri) 
was obtained by differentiation of Xi as in Eq. (4). Finally, 
the portion of the H2 consumption data less than 20% was 
selected to avoid the influence of structure transformation 
during reduction.

(1)ai =
1

2
×
(

Ii + Ii+1
)

× Δt
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In order to certify the binding capacity of the sam-
ples for oxygen, O2 temperature-programmed desorption 
(O2-TPD) was performed with a chemisorption instru-
ment (Beijing Builder Electronic Technology Company, 
PCA-1200). A 200-mg sample was pretreated with pure 
He gas at 300 °C for 60 min. The sample was then cooled 
down to 50 °C, and an He gas mixture with 20 vol% O2 
blown through the sample at a rate of 30 mL/min for 
60 min. Finally, the sample was heated under pure He 
to 900 °C.

Catalytic activity evaluation

The catalytic activity for oxidation of toluene was 
determined using a fixed-bed reactor (i.d. = 8  mm, 
o.d. = 10 mm), in which 0.1 mL of catalyst (40–60 mesh) 
was loaded. Catalytic activity was measured over the tem-
perature of 180–300 °C, and the temperature was obtained 
with a K-type thermocouple in the quartz tube. In the tests, 
the feed was set with a toluene concentration of 500 ppm, 
using a flowing N2 mixture containing 20 vol% O2 with a 
total flow rate of 100 mL/min. The concentration of toluene 
in the inlet and outlet gases was measured with an online 
FULI 9790 II gas chromatograph equipped with FID detec-
tors. In order to avoid deviations caused by gas adsorp-
tion, all the tests were started after running the reaction 
for 30 min. The toluene conversion was calculated using 
Eq. (5):

In this equation, C*Toluene refers to the inlet concentration of 
toluene and CToluene is the outlet concentration.

The toluene oxidation was also characterized by CO2 gen-
eration, Eq. (6):

where C∗CO2
 is the concentration of CO2 in the effluent when 

toluene is oxidized completely and CCO2
 is the value at dif-

ferent temperatures.

(2)Ai =

t=i
∑

t=0

ai

(3)Xi = Ai × f

(4)ri =
dXi

dt

(5)Toluene conversion =
C∗Toluene − CToluene

C∗Toluene

× 100%

(6)CO2 generation =
CCO2

C∗CO2

× 100%

Results and discussion

Material textural properties

The XRD patterns of the prepared catalysts are depicted 
in Fig. 1. All of the samples showed the reflections typi-
cal of Mn2O3 [16] at 23.1, 32.9, 38.2, 45.2, 49.3, 55.2 and 
65.8° (PDF-# 41-1442). Peaks corresponding to Mn5O8 
[18] were also apparent for the Mn-120 sample. Qi et al. 
[18] have previously suggested that the presence of Mn5O8 
would facilitate redox reactions. The intensities of the dif-
fraction peaks for the Mn-140 and Mn-180 samples were 
stronger than the others, probably resulting from the growth 
of crystals at the relatively high hydrothermal synthesis 
temperatures used to prepare these samples. The crystallite 
sizes of the different samples were calculated and ranked as 
follows: Mn-120 (26.9 nm) < Mn-100 (28.2 nm) < Mn-140 
(32.8 nm) < Mn-180 (34.2 nm). As reported by Hu [19], 
smaller particle size is conducive to reduction reactions on 
the catalyst, which can contribute to the catalytic perfor-
mance [20].

The Mn-X catalysts were examined by Raman spec-
troscopy to explore their microstructures. Figure 2 shows 
the Raman spectra of these Mn-X catalysts in the range 
of 300–900 cm−1. For all four samples, a main band was 
observed at 619 cm−1. This can be assigned to the asymmet-
ric stretching mode of bridging oxygen species (Mn–O–Mn), 
arising from Mn2O3 moieties [21, 22]. The Raman spectrum 
of Mn-120 was clearly broader, with dramatically decreased 
peak intensities, compared to the other samples. These 
observations can be attributed to more lattice defects, prob-
ably due to the exposure of high-energy surfaces [1]. Hence, 

Fig. 1   XRD patterns of the Mn-100, Mn-120, Mn-140 and Mn-180 
catalysts
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the degree of crystallization depended on the hydrothermal 
synthesis temperature.

The morphologies of the different MnOx catalysts were 
investigated by SEM techniques, and the resulting images 
are shown in Fig. 3. The microstructures of all four samples 
were relatively regular, and the overall shape of the nano-
particles was spherical. When the hydrothermal synthesis 
temperature was lower (Mn-100 and Mn-120), the result-
ing microspheres were smaller. At higher synthesis tem-
peratures, the aggregation of MnOx particles was observed. 
Hence, the agglomeration of the spherical structure in 
Mn-140 was more pronounced and the microspheres were 
larger, which was not conducive to exposure of the active 
sites. When the hydrothermal synthesis temperature reached 
180 °C, the distance between nanoparticles increased and the 
microspheres became loose. Therefore, the microstructure 
of the catalysts would deteriorate at higher hydrothermal 
synthesis temperatures.Fig. 2   Raman spectra of the Mn-100, Mn-120, Mn-140 and Mn-180 

catalysts

Fig. 3   SEM images of the Mn-100, Mn-120, Mn-140 and Mn-180 catalysts
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Spectroscopic characterization

In order to further investigate the surface composition 
of the catalysts, XPS experiments were performed and 
the results are shown in Fig. 4 and Table 1. As shown in 
Fig. 4a, a main peak was observed and assigned to Mn 2p3/2 
at 636–650 eV. The peak could be further resolved into 
three components with binding energies (BE) centered at 

642.4–643.6, 641.8–642.2 and 640.7–641.0 eV, which are 
assigned to Mn4+, Mn3+ and Mn2+, respectively [10, 16, 
23]. As reported in Table 1, the highest Mn3+/Mnn+ ratio 
(0.56) was attained for the Mn-120 sample. Conversely, the 
ratios for Mn-100 (0.34), Mn-140 (0.36) and Mn-180 (0.30) 
were much lower than for Mn-120. According to the find-
ings of Santos [24], Mn3+ has a weak binding capacity for 
oxygen. Likewise, Yu et al. [25] reported that higher Mn3+/
Mnn+ ratios lead to an increase in both oxygen vacancies and 
crystal defects, with associated enhancement of the redox 
properties. Hence, Mn-120 would be expected to have the 
best catalytic activity.

Figure 4b illustrates the oxygen 1s profiles of these Mn-X 
catalysts. The spectra show different features, depending 
on both the adsorbed oxygen (Oads) and the lattice oxygen 
(Olatt). Thus, the peaks at 529.5–529.8 eV correspond to 
Olatt, while the signals at 531.2–531.5 eV can be attributed 
to Oads [26]. The surface element molar ratios Oads/Olatt were 
calculated and are given in Table 1. Generally speaking, oxi-
dation reactions on MnOx catalysts proceed by the Mars-Van 
Krevelen (MvK) mechanism, in which the oxidation ability 
of the catalyst is very important [27]. Lee et al. [28] deter-
mined that MnO2 samples with greater amounts of lattice 
oxygen species exhibit better oxidation ability than Mn2O3 
in the oxidation of NO to NO2. Hence, in the present case, 
the Mn-120 sample with the highest concentration of lattice 
oxygen should possess the strongest oxidation ability.

Temperature‑programmed studies

In order to further characterize the redox properties of the 
four catalysts, a series of temperature-programmed stud-
ies were performed. H2-TPR experiments were conducted 
in order to investigate the reducibility of the four samples, 
and the results are presented in Fig. 5. All of the curves 
show two main peaks around 310 and 410 °C, correspond-
ing to the reduction in MnO2 to Mn2O3 and Mn2O3 to MnO, 
respectively [29]. In addition, there is an obscure peak below 
200 °C, which can be assigned to the reduction in the oxygen 
species at the catalyst’s surface. Compared to the other three 
samples Mn-100 (313 °C), Mn-140 (313 °C) and Mn-180 
(315  °C), the initial reduction temperature of Mn-120 
(308  °C) is lower. Furthermore, the curve for Mn-120 
showed an obvious shoulder around 267 °C, indicating that 

Fig. 4   Mn 2p3/2 XPS (a) and O 1s XPS (b) spectra of the Mn-100, 
Mn-120, Mn-140 and Mn-180 catalysts

Table 1   Binding energies and 
surface atomic ratios from 
XPS of the Mn-100, Mn-120, 
Mn-140 and Mn-180 catalysts

Catalysts Mn4+

Be (eV)
Mn3+

Be (eV)
Mn2+

Be (eV)
Oads
Be (eV)

Olatt
Be (eV)

Mn3+/Mnn+ Oads/Olatt

Mn-100 643.0 642.2 641.0 531.3 529.8 0.34 0.41
Mn-120 643.6 641.8 640.8 531.5 529.6 0.56 0.27
Mn-140 643.0 642.0 640.7 531.2 529.5 0.36 0.42
Mn-180 642.4 641.8 640.8 531.2 529.6 0.30 0.44
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the Mn-120 started to reduce at a lower temperature. In fact, 
the reaction of oxygen species with H2 at low temperature 
(below 400 °C) is related to catalytic performance, which 
is reflected in the low-temperature reducibility [30]. There-
fore, the total amount of H2 consumption and the initial H2 
consumption rate (rInitial) at low temperature were calculated 
for each catalyst. The order of total H2 consumption was: 
Mn-120 (8.19 mmol/g) > Mn-140 (7.44 mmol/g) > Mn-100 
(7.42 mmol/g) = Mn-180 (7.42 mmol/g), indicating that 
Mn-120 possessed the highest content of reducible oxygen 
species. As shown in Fig. 6, Mn-120 exhibited the high-
est initial H2 consumption rate at the same temperature. 

These phenomena are all indications of the superior redox 
properties of Mn-120. Clearly, the hydrothermal synthesis 
temperature has an important effect on the properties of the 
catalyst (Table 2).   

The type and mobility of the oxygen species were further 
investigated by O2-TPD. As shown in Fig. 7, all four cata-
lysts exhibited a minor peak below 400 °C and a stronger 
peak around 800 °C, which can be assigned to the desorption 
of surface chemisorbed oxygen and bulk lattice oxygen spe-
cies [1], respectively. It is worth noting that Mn-120 showed 
an additional peak corresponding to the desorption of the 
surface lattice oxygen species at 535 °C [1]. Comparing the 
desorption curves, Mn-120 exhibited the best mobility of 
the lattice oxygen. According to the XPS results, the abun-
dant Mn3+ sites on the surface of Mn-120 are most likely 
responsible for its high oxygen mobility, due to the weak 
binding capacity to oxygen. Oxygen mobility is one of the 

Fig. 5   H2-TPR patterns of the Mn-100, Mn-120, Mn-140 and Mn-180 
catalysts

Fig. 6   Initial H2 consumption rates at low temperature of the Mn-100, 
Mn-120, Mn-140 and Mn-180 catalysts

Table 2   Catalytic activities of the Mn-100, Mn-120, Mn-140 and 
Mn-180 catalysts

a T50 means the temperature of conversion of toluene reached 50%, 
and T*50 means the temperature of yield of CO2 reached 50%
b T90 means the temperature of conversion of toluene reached 90%, 
and T*90 means the temperature of yield of CO2 reached 90%

Catalyst Activity (°C)

T50/Ta
*50 T90/Tb

*90

Mn-100 241/242 248/251
Mn-120 235/236 247/248
Mn-140 239/241 249/253
Mn-180 243/244 250/255

Fig. 7   O2-TPD patterns of the Mn-100, Mn-120, Mn-140 and 
Mn-180 catalysts
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main considerations in oxidation reactions which follow the 
MvK mechanism.

Catalytic activity tests

The performance of these catalysts in the oxidation of tolu-
ene is shown in Fig. 8, and the selectivity to CO2 is pre-
sented in Fig. 9. As expected, the hydrothermal synthesis 
temperature has an important effect on the performance of 
MnOx catalysts. Thus, Mn-120 showed the best catalytic 

activity. The values of T50 and T90 for Mn-120 were 235 
and 247 °C, respectively, which are lower than those of the 
other three catalysts. As shown in Fig. 9, the CO2 yields 
of all four samples reached over 90% at 255 °C, showing 
that these catalysts all possess excellent CO2 selectivity. In 
addition, the yields of CO2 showed an obvious relationship 
to the conversion of toluene. As previously found, the cata-
lytic combustion of toluene proceeds in two steps [31]. This 
lag phenomenon arises mainly from the initial oxidation of 
toluene to intermediates such as benzoic acid, maleic acid 
and benzoic formaldehyde [31]. As the temperature was 
increased, the catalytic performance of the samples was 
enhanced, such that further oxidation occurred on the inter-
mediates, giving CO2 [31]. 

Generally, MnOx catalysts follow the MvK mechanism in 
the oxidation of toluene [32]. According to this mechanism, 
the VOC molecules initially react with the lattice oxygen 
in the catalyst. The lattice oxygen is then supplemented by 
gaseous oxygen. Therefore, the oxygen mobility and the 
redox ability of the catalyst are two main factors that influ-
ence its performance. Wu et al. [33] reported that the manu-
facturing process can affect the catalyst’s performance by 
modifying its morphology, oxidation state and lattice oxygen 
concentration. In the present case, our XRD, Raman and 
H2-TPR experiments, all indicate that the Mn-120 should 
have the best reducibility. Besides, compared with the other 
three samples, a high concentration of Mn3+ on the surface 
provides more oxygen vacancies for Mn-120. Both of these 
considerations are essential factors for optimization of the 
catalytic activity. As reported by Sun [15], abundant lattice 
oxygen species which offer powerful oxidation ability are 
the main driver of increased CO2 selectivity. Therefore, the 
excellent redox performance and oxygen mobility contribute 
to the preeminent catalytic performance of Mn-120.

Conclusions

A series of MnOx catalysts were synthesized via hydro-
thermal methods at different temperatures and used for the 
catalytic oxidation of toluene. The different synthesis tem-
peratures lead to changes in the microproperties and redox 
ability of the catalysts. Mn-120 exhibited the best catalytic 
activity, with 90% conversion of toluene at 247 °C. Further-
more, Mn-120 exhibited superior redox properties which 
can be related to smaller crystallites, higher ratios of Mn3+ 
and more lattice oxygen species, together with outstanding 
oxygen mobility.
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Science Foundation of China (No. 21872096).

Fig. 8   Toluene conversion as a function of reaction temperature 
over the Mn-100, Mn-120, Mn-140 and Mn-180 catalysts under the 
conditions of toluene concentration = 500  ppm, 20  vol% O2, and 
GHSV = 60,000 h−1

Fig. 9   CO2 yield as a function of reaction temperature over the 
Mn-100, Mn-120, Mn-140 and Mn-180 catalysts under the con-
ditions of toluene concentration = 500  ppm, 20  vol% O2, and 
GHSV = 60,000 h−1
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