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A B S T R A C T

A series of MnOx/Cr2O3 composites have been prepared via the combination methods of impregnation, in situ
redox precipitation and pyrolysis based on MIL-101-Cr. The physicochemical properties of catalysts have been
investigated by using XRD, Raman, BET, SEM, TEM, XPS, H2-TPD and O2-TPD, and their catalytic performance
has been evaluated by toluene combustion. With introduction of MnOx into Cr2O3, the MnOx/Cr2O3-M exhibits
the obviously enhanced catalytic activity for toluene oxidation compared to commercial Cr2O3 or pure Cr2O3

pyrolyzed by MIL-101-Cr. The 14.6 wt% MnOx/Cr2O3-M (named as 15Mn/Cr2O3-M) shows the highest efficiency
and lowest Ea values under different SV and toluene concentrations. The catalytic durability test for toluene
oxidation on 15Mn/Cr2O3-M presents a solid stability, where the toluene conversion maintains at ca. 85% for at
least 240 h without obvious inactivation (270 °C, 1000 ppm of toluene, 20,000mL/(g h), with 10 vol% of water
vapor) and it can also maintain at conversions of 90% and 50% for at least 50 h with higher space velocity
(1000 ppm of toluene, 60,000mL/(g h)). The good durability and tolerance of 15Mn/Cr2O3-M are probably
associated with better stability for crystal structure, oxygen vacancies, and reducibility. More MnOx addition
amount (25Mn/Cr2O3-M) cannot further promote catalytic performance, possibly due to excessive MnOx existed
as isolated phase with lack of strong interaction between two metal oxides. The investigation of in situ DRIFTS on
15Mn/Cr2O3-M confirms that surface lattice oxygen OLatt plays a crucial role in toluene combustion and the
pathway for toluene combustion is via rapid transformation to aldehydic and then benzoate species and finally
form CO2 and H2O.

1. Introduction

Volatile organic compounds (VOCs) have become a severe trouble
to environment and public health, which mainly emit from industrial
processes and human activities [1,2]. And various techniques have been
applied to the abatement of VOCs. Among them, catalytic combustion is
considered as the most efficient and practical technology for the re-
moval of a majority of VOCs due to no harmful byproducts in the
process and its relatively low temperature in actual application [3–5].
The key issue of such a technology is the development of catalysts with
high performance. Considering the economic cost, non-noble metal
catalysts such as transition metal oxides have gained much attention for

the characteristics of lower cost and less secondary pollution [6,7]. A
large of metal oxide catalysts have been successfully used for de-
gradation of different VOCs [5,8–15]. Among the alternative transition
metal oxides, MnOx exhibited a comparable activity to noble-metal
catalysts in the removal of gaseous pollutants due to the abundant
oxygen species and good reducibility derived from its polymorphism
and polyvalence [16–18]. Even so, the sole MnOx is still hard to satisfy
the catalytic performance in terms of structural thermostability and
activity to some kind of VOCs. Additionally, Cr2O3 is often chosen as
catalyst for the better thermostability and anti-poisoning to oxidation of
organics [19–23], but weak oxygen mobility inhibits its developments
of practical applications for VOCs catalytic removal [24–27]. Thus, an
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effective strategy is to develop mixed metal oxides (MMOs) catalysts by
multi-metal combination for VOCs catalytic combustion, which pro-
vides possibly complementary advantages of different metals to make
up the deficiency of catalytic performance for single metal oxide [2,25].
For example, the introduction of the second metal ions (Ce, Fe, Co, Cu,
etc.) into Mn-based oxides has shown obvious influence on catalytic
performance of VOCs combustion [2,25,28,29]. Chen, et al. reported
Mn-Cr mixed oxides were more active than individual manganese and
chromium oxides in catalytic removal of NOx, which benefited from the
properties of two metal oxides and unique synergistic effect [30]. On
the other hand, the catalytic performance of catalysts is tightly related
to the intrinsic nature such as structure and physicochemical properties,
which can be probably improved by various preparation methods (co-
precipitation, sol-gel, template and impregnation method) [28,31,32].
Recently, a new effective method to synthesize metal oxides via pyr-
olysis of metal-organic frameworks (MOFs) has exhibited enhanced
physicochemical properties, which is believed to be beneficial to pro-
mote catalytic efficiency for VOCs oxidation [33–35]. Notably, it has
been verified by us to be an effective preparation method for pure metal
oxides or noble metal supported catalysts with enhanced catalytic
performance of VOCs degradation [5,36].

Inspired by the above mentioned, the binary oxides MnOx/Cr2O3

composites with different mass ratio of MnOx and Cr2O3 were suc-
cessfully synthesized using MOF (MIL-101-Cr) as the template. With the
help of several characterization analysis, the catalysts labeled 15Mn/
Cr2O3-M presented the best catalytic activities, improved stability and
water vapor resistant, which provided a promising synthetic route for
high-efficient catalyst of VOCs degradation based on MOF-template.
The better catalytic performance and thermostability is mainly due to
the synergistic effect of MnOx and Cr2O3.

2. Experimental section

2.1. Chemicals and materials

All the reagents (A.R. grade) were used directly without further
purification. 1,4-dicarboxybenzene (99%) was purchased from Aladin
(China, Shanghai). Commercial Cr2O3 (Cr2O3-C), HF (40 wt% in H2O),
Cr(NO3)3·9H2O (99%), KMnO4, H2O2 (30 wt% in H2O), and ethanol
were purchased from Sinopharm Chemical Reagent Co., Ltd (China,
Shanghai).

2.2. Preparation of MIL-101-Cr

MIL-101-Cr was prepared by a hydrothermal process as described in
our previous report with modification [5]. Typically, a mixture con-
taining 4 g of Cr(NO3)3·9H2O, 1.66 g of 1,4-dicarboxybenzene, 0.5 mL
of HF and 70mL of H2O was treated under ultrasonication for 1 h and
then stirred for 2 h. Subsequently, the resulting solution was transferred
into a Teflon-lined stainless-steel autoclave and heated at 220 °C for 8 h.
After hydrothermal process, the precipitates were collected and washed
with ethanol and water for several times. The obtained powders were
re-dispersed in 100mL of ethanol in an autoclave and heated at 100 °C
for 24 h to further purify. Finally, the product was collected, dried in an
oven at 100 °C overnight.

2.3. Preparation of x MnOx/Cr2O3-M

500mg of MIL-101-Cr was dispersed in 100mL H2O under ultra-
sonication and a solution containing desired amount of KMnO4 (theo-
retical addition amounts are determined by 10, 20, and 30wt% loading
weights of MnOx produced from KMnO4, which is calculated based on
the obtained Cr2O3 derived from MIL-101-Cr) was added dropwise to
the above suspension with vigorous stirring. After stirring for the other
2 h, 3mL H2O2 diluted in 50mL H2O was added dropwise to the mix-
ture and was continuously stirred for 1 h. The sample was filtered off,

washed with water, and dried at 80 °C for 2 h. Finally, the precursors
were calcined at 500 °C for 2 h under air with the heating rate of 2 °C/
min. Determined by ICP-OES analysis (actual contents of Mn: 4.8 wt%,
14.6 wt%, 25.4 wt%), the products were donated as the 5Mn/Cr2O3-M,
15Mn/Cr2O3-M, 25Mn/Cr2O3-M, respectively, and the corresponding
precursors of the catalysts were named as 5Mn/MIL-101-Cr, 15Mn/
MIL-101-Cr, and 25Mn/MIL-101-Cr, respectively.

2.4. Preparation of Cr2O3-M

As a reference catalyst, Cr2O3-M was synthesized under the same
conditions with x MnOx/Cr2O3-M except no addition of Mn source.
500mg of MIL-101-Cr was dispersed in 100mL H2O under ultra-
sonication and 3mL H2O2 diluted in 50mL H2O was added dropwise to
the suspension with continuous stirring for 1 h. It was accordance with
the preparation process of MnOx/Cr2O3-M, which guaranteed the cat-
alytic activities of samples were not influenced by any other factors.
The sample was filtered off, washed with water, and dried at 80 °C for
2 h. Then, the obtained samples were treated under air at 500 °C for 2 h
with the heating rate of 2 °C/min to finally form Cr2O3-M.

2.5. Catalytic test

Catalytic activity was carried out on fixed bed reactor with a quartz
tube of 6mm of inner diameter at atmospheric pressure. 0.1 g of the
obtained catalysts without any further treatment (40–60 mesh) were
loaded on the reaction bed. The feed flow rates were set at 33.3, 100, or
200mL/min and gave the SV of 20,000, 60,000 or 120,000mL/(g h),
respectively. Air flow containing 1000 ppm of toluene was passed
through the reactor from top to bottom, where toluene vapor was
controlled by blowing dry air into a liquid toluene saturator. Reaction
temperatures were measured at the bottom of bed layer. Toluene con-
versions were calculated based on CO2 yield. The influence of water
vapor to catalytic activity over catalysts was investigated by introdu-
cing 5 vol% or 10 vol% H2O into the feed flow using a water saturator at
certain temperature. The outlet gas stream was analyzed online by a gas
chromatograph equipped with a nickel catalysis transition furnace and
two flame ionization detectors (FID). The catalytic performance of
catalyst was conducted, where T10%, T50%, T90% of reaction tempera-
tures were referred to 10, 50, 90% of toluene conversions. In catalytic
test process, only CO2 was detected, which indicates the complete de-
composition of toluene over these catalysts.

2.6. Durability tests

The catalytic durability was performed on 15Mn/Cr2O3-M under the
following conditions: (1) toluene conversions were retained at around
50 and 90% at corresponding temperatures for 50 h, respectively (to-
luene concentration= 1000 ppm and SV=60,000mL/(g h)); (2)
Water tolerance on catalytic activity was tested by 5 and 10 vol% of
water vapor for 12 h, respectively (toluene concentration=1000 ppm
and SV=60,000mL/(g h)); (3) For potential practical application,
10 vol% of water vapor was introduced at 270 °C for 240 h (toluene
concentration=1000 ppm and SV=20,000mL/(g h)).

2.7. Characterization

Thermal stability test for MIL-101-Cr was performed by a Netzsch
TG 209 F3 thermogravimetric analysis (TGA) under air with a ramp
rate of 2 °C/min. Element contents analysis was determined by in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES).
Powder X-ray diffraction (XRD) was recorded on a Panalytical X’ Pert
Pro diffractometer using Cu Kα radiation with a speed rate of 12°/min
and step size of 0.02° in the range of 5°≤ 2θ≤ 90°. Raman spectra
were carried out with a LabRAM Aramis Laser Raman Spectrometer
employing the laser source of 532 nm with 65% of light intensity
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attenuation. Transmission electron microscopy (TEM) was conducted
on a JEM 2100F transmission electronic microscopy equipped with an
energy dispersive spectroscopy (EDS) instruments for elemental dis-
tribution collection. The specific surface area and pore size distribution
were measured by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods using an automated gas sorption analyzer
(Quantachrome; America). X-ray photoelectron spectroscopy (XPS)
measurements were recorded on a Perkin-Elmer model PHI 5600 XPS
system with a monochromatic aluminum anode X-ray source
(hv=1486.6 eV). Hydrogen temperature-programmed reduction (H2-
TPR), oxygen temperature-programmed desorption analysis (O2-TPD),
and oxygen storage capacity (OSC) were determined using a chemi-
sorption analyzer (Quantachrome; America) equipped with a TPx
system. For H2-TPR experiments, 40mg of samples was pretreated
under argon at 300 °C for 1 h and cooled to room temperature, then it
was heated from 50 to 900 °C with a rate of 10 °C/min in the 5% H2/Ar
flow (30mL/min). And the detailed procedure for calculation of de-
rived initial H2 consumption rate was presented in ESI. During the O2-
TPD operation, 5% O2/He gas mixture (30mL/min) was introduced to
samples (40mg) from room temperature to 300 °C and maintained for
1 h; After samples being cooled down to 100 °C below, He flow (30mL/
min) was passed through the sample cell for 1 h to remove all oxygen;
At last, the signals of oxygen molecule were collected by heating the
samples to 900 °C under He flow with a ramp rate of 10 °C/min using a
spectrometer analysis instrument (Quantachrome; America). OSC
measurement was executed as follows: samples were firstly reduced by
5% H2/Ar from room temperature to 350 °C with a rate of 10 °C/min for
1 h and then He was introduced for 1 h at this temperature. When the
samples cooled down to 200 °C, 5% O2/He mixture with a flow rate of
30mL/min was introduced for the oxygen pulse adsorption experiment:
50 pulses were designed for oxygen adsorption. The amounts of ad-
sorbed oxygen were calculated according to the difference between
areas of pulse and calibration peaks based on the oxygen adsorption of
quantitative loop of chemisorption analyzer. Because of the poor signals
of H2-TPR, O2-TPD, and OSC, 200mg of Cr2O3-C was used for signals
collection. The components of fresh and used catalysts were analyzed
by means of X-ray fluorescence spectrometer (XRF, AxiosmAX,
PANalytical). In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS, Thermo Fisher Nicolet is 50, America) was used
to assess the mechanism of toluene degradation. And mass spectrometer
(MS, LC-D200M, TILON) was used along with the infrared spectrometer
for detection of CO2 and H2O generated during the in situ DRIFTS
analysis.

3. Results and discussion

3.1. Structure analysis

The XRD patterns of all samples are presented in Fig. 1(a). It is
observed that the XRD diffraction peaks exhibit similar positions and
are well matched with that of the standard Cr2O3 mode (ICSD PDF 01-
070-3765), which confirm the formation of Cr2O3 by the pyrolysis
process of precursors (see TGA curve of MIL-101-Cr, shown in Fig. S1).
Compered to Cr2O3-C, the broader and weaker peaks are observed in
XRD patterns of Cr2O3-M and xMn/Cr2O3-M (Fig. 1(b)), which suggest
more nano-scaled crystallites exist in the crystal [5,37]. It more easily
leads to the formation of disordered structure, the occurrence of lattice
defects, the exposure of inner atoms and the improvement of surface
area, which are advantageous to catalytic oxidation process. It is also
noted that no obvious characteristic diffraction peaks of MnOx are ob-
tained in all XRD patterns of xMn/Cr2O3-M, which is possibly ascribed
to MnOx species being incorporated in the as-prepared catalysts existed
as amorphous or the diffraction peaks of MnOx being covered by the
peaks of Cr2O3 [38]. Actually, no MnOx phase are detected from XRD
patterns of 5, 15, 25Mn/MIL-101-Cr precursors as well (Fig. S2), where
have been confirmed that MnOx species can be produced from the

reaction of KMnO4 and H2O2.
For Raman analysis, typical peaks of Cr2O3-C at about 301, 340, 540

and 595 cm−1 are observed (Fig. 2(a)) corresponding to Eg symmetry
and A1g symmetry [39,40]. Notably, the most intense peak of A1g occurs
shift to the low wavenumber after introduction of Mn species and this
shift is gradually enlarged with increasing of MnOx amount (Fig. 2(b)),
which indicates that incorporated MnOx facilitates more lattice defects
in the pyrolysis process of the precursors. Furthermore, not only posi-
tion but also the intensity of peak can be strongly affected by con-
finement effect, defects and lattice strain [41]. It is easy to observe that
all peak intensities of Cr2O3 become weaker especially for sample with
high content of MnOx, which imply that more lattice defects and oxygen
vacancies result in the long-range disordered accumulation in the
structure [25]. When the content of MnOx is up to 25 wt%, all Raman
peaks from Cr2O3 are nearly vanished and a new weak peak appears at
636 cm−1 corresponding to some vibration models of MnOx, which
possibly indicates that the excess MnOx covers the surface of Cr2O3

nanocrystals.
The TEM and HRTEM images were applied to intuitively investigate

the morphology of Cr2O3-C, Cr2O3-M, xMn/Cr2O3-M and precursors. As
shown in Fig. 3(a)–(e) for TEM images, the samples derived from pyr-
olysis of MOF are composed of aggregation of vast small-size nano-
particles compared to Cr2O3-C with large-size particles, which is in
accord with the XRD results of Cr2O3-M and xMn/Cr2O3-M with the
broader and weaker peaks. HRTEM images of Cr2O3-M based samples
obviously display the well-resolved lattice fringe of the d-spacing values
at around 0.275 nm, which is confirmed from the (1 0 4) crystal plane of
Cr2O3. The other lattice spacing (d) value at around 0.492 nm exists in
15 and 25Mn/Cr2O3-M, confirming the incorporation of MnOx into
samples as tetragonal α-MnO2 (ICSD PDF 00-044-0141). As shown in
Fig. 3(h) and (i), MnO2 nanoparticles are tightly located on Cr2O3 to
generate strong interaction between MnOx and Cr2O3 particles, which
usually enhance the synergistic effect to catalytic oxidation of VOCs
[42,43]. It is more difficult to observe the existence of MnOx in the
HRTEM image of 5Mn/Cr2O3-M, possibly due to highly-dispersed and
low loading MnOx is embedded in Cr2O3 particles. When the loading
content of MnOx was up to 25%, the excess MnOx species adhere to the
surface of Cr2O3 (TEM image in Fig. 3(e)). It is also detected by TEM
images of Mn/MIL-101-Cr precursors (Fig. S3), where MnOx species are
filled in MIL-101-Cr matrix in 5 and 15Mn/MIL-101-Cr and the isolated
MnOx species are covered on the surface of MIL-101-Cr in 25Mn/MIL-
101-Cr. Element distribution images corresponding to Mn, Cr and O
have been studied by high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and EDS. As depicted in
Fig. 3(j)–(l), the overlapping of element mapping demonstrates that Mn
and Cr in 5 and 15Mn/Cr2O3-M are uniformly distributed and it is
nonuniformly distributed in 25Mn/Cr2O3-M. EDS results further con-
firm that the Mn mass fractions of 5 and 15Mn/Cr2O3-M are only 0.25
and 2.41 wt%, respectively (Fig. S4(a) and (b)), which are much lower
than that of ICP analysis. And the Mn mass fraction of 25Mn/Cr2O3-M is
up to 43.8% in some spots (Fig. S4(d)), which is much higher than that
of ICP result. This phenomenon reveals that moderate addition of Mn
species leads to uniform mutual-distribution of binary oxides with
strong interaction, and excess addition results in the formation of iso-
lated Mn-rich oxide phase after reaching to maximum mutual-dis-
tribution.

The nitrogen adsorption-desorption isotherms and pore size dis-
tributions of catalysts are shown in Fig. 4. All curves display the same
type III isotherm with obvious H3 hysteresis loop, implying the ex-
istence of irregular mesoporous structure [5,44]. For Cr2O3-C, it is al-
most no adsorption/desorption occurred (see Fig. 4(a)), and it certainly
give a very lower SBET value (2m2/g) and zero pore volume value (see
Table 1). The obviously improved performance of adsorption-deso-
rption for Cr2O3-M derived by pyrolysis of MOF can be observed for the
larger BET surface area (32m2/g) and pore volume (0.2 cm3/g), which
is advantageous for the diffusion of VOCs molecules and the contact
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between VOCs molecules and active sites [45,46]. After introduction of
MnOx, the specific area and pore volume of Cr2O3-based composites are
further enlarged and show a positively-correlated tendency with in-
creasing of the MnOx amount. The largest BET surface area (51.8m2/g)
and pore volume (0.4 cm3/g) are obtained for 25Mn/Cr2O3-M. This
phenomenon can be reasonably explained that the Mn species enter in
the matrix of MIL-101-Cr in the catalyst precursors (x Mn/MIL-101-Cr),
which has been confirmed by investigating BET surface areas and pore
volumes of x Mn/MIL-101-Cr precursors (Fig. S5 and Table S1), then
the existed MnOx partly sustains the Cr2O3-M structure to avoid the
excessive shrinkage in the pyrolysis. Distribution of pore diameter
shown in Fig. 4(b) indicates that the mesoporous mainly exist in Cr2O3-
M. And with increasing of MnOx, the pore structure tends to be enlarged
and irregular and the quantity of the larger pores appears to be more
and obvious. It has been reported that larger porous materials are ad-
vantageous for oxidation of VOCs [17,47,48].

From Cr 2p3/2 spectra in Fig. 5(a), it can be clearly seen that the
spectra of samples can be decomposed into three peaks at the binding
energies of 575.7, 577, and 578.6 eV, which can be assigned to Cr2+,
Cr3+, and Cr5+, respectively [49–51]. For Mn 2p5/2 XPS spectra of 15
and 25Mn/Cr2O3-M in Fig. 5(b), three components at the binding en-
ergies of 640.6, 642.1, and 643.6 eV are attributed to the surface Mn2+,
Mn3+, and Mn4+ in Mn-2p5/2 orbital, respectively [25]. However, it is
unconspicuous to observe Mn 2p5/2 XPS signals of 5Mn/Cr2O3-M, in-
dicating the content of surface Mn species is very low. Combined with
TEM analysis, it probably owes to incorporation of low-content MnOx

into the inner of Cr2O3 crystal and it is hard to detect inner Mn species

by XPS. For comparison, the valence state of chromium ions was con-
sidered. As shown in Table 1, the higher valent Cr species of Cr2O3-C
and Cr2O3-M are close to each other with about of 30% Cr5+ species in
the samples. It is interesting that there is an obviously lower con-
centration of Cr ions in higher oxidation states (Cr5+) for Mn-contained
samples. And the quantity of Cr5+ is decreased with increasing of
MnOx. According to literature [52–54], MnOx can be functionalized by
the redox loop of oxidation states of manganese ions, which leads to
reversible electron transfer and rapid cation diffusion. Considering the
Mn 2p5/2 spectra in Fig. 5(b) and the values of Mn3+/Mn4+ shown in
Table 1, it can be concluded that the decreased quantities of Cr5+ is
probably due to electron transfer between Cr and Mn ions caused by the
strong interaction effect between MnOx and Cr2O3, where electron
transfer occurs from Mn to Cr ions. And it has been reported that the
formation of oxygen vacancies indicates a changing of the symmetry
and electronic distribution for the metallic oxide atoms [55]. Therefore,
the introduction of MnOx modifies the electronic distribution of the
Cr2O3, which is thought to be advantageous to form oxygen vacancies
and weaken the Cr-O strength [56]. Moreover, as reported before, the
co-existence of virous oxidation states of chromium is favorable to the
redox process which results in a better catalytic performance [57,58].
From Table 1, it can be seen that the value of Mn3+/Mn4+ for 15Mn/
Cr2O3-M (1.6) is higher than that of 25Mn/Cr2O3-M (1.4). Considering
the TEM images shown in Fig. 3, where almost all of MnOx were in-
corporated into the Cr2O3-M for 15Mn/Cr2O3-M, and much more iso-
lated MnOx particles existed in 25 Mn/Cr2O3-M, so the higher quantity
of Mn3+ in 15Mn/Cr2O3-M is attributed to the protective effects of

Fig. 1. Integrated (a) and enlarged region (b) of XRD patterns of the catalysts.

Fig. 2. Integrated (a) and partial enlarged (b) Raman patterns of catalysts.

X. Chen et al. Applied Surface Science 475 (2019) 312–324

315



Cr2O3 to prevent activated Mn3+ against being oxidized into higher
valence state of Mn4+ in the pyrolysis process. And the high molar ratio
of Mn3+/Mn4+ is believed favorable to the formation of oxygen va-
cancies [31,59]. The intensity of Mn 2p5/2 spectrum for 5Mn/Cr2O3-M
is too weak to obtain accurate quantity, thus the value of Mn3+/Mn4+

is hardly to be confirmed, that is in accordance with analysis of TEM
images.

As presented in Fig. 5(c), the O 1s XPS spectra of samples can be
divided into three components with binding energies around at 530.2,
531.8, and 533.4 eV, ascribable to the surface lattice oxygen (OLatt),

adsorbed oxygen (OAds), and molecular water (OH2O), respectively
[49,60]. It is worth to consider that the ratio of OLatt/OAds for the cat-
alysts increased as follows: Cr2O3-C < Cr2O3-M < 5Mn/Cr2O3-
M < 25Mn/Cr2O3-M < 15Mn/Cr2O3-M, which clearly shows that
more surface lattice oxygen existed on Mn-contained catalysts. From
element mapping analysis and HRTEM images in Fig. 3, we can con-
clude that the increased ratio of OLatt/OAds determined by XPS is at-
tributed to the formation of MnOx nanoparticles in Cr2O3 crystal.
Considering that Mn-contained catalysts have the higher catalytic ac-
tivity in Fig. 8, as compared with pure Cr2O3 catalysts, the XPS results

Fig. 3. TEM images of Cr2O3-C (a), Cr2O3-M (b), 5Mn/Cr2O3-M (c), 15Mn/Cr2O3-M (d), 25Mn/Cr2O3-M (e); HRTEM images and element mapping of catalysts: Cr2O3-
M (f), 5Mn/Cr2O3-M (g) and (j), 15Mn/Cr2O3-M (h) and (k), 25Mn/Cr2O3-M (i), and (l).

Fig. 4. Nitrogen adsorption-desorption isotherms (a) and pore size distribution (b) of catalysts.
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in the O 1s region indicate that surface lattice oxygen could be the most
crucial factor in oxidation of toluene. The ratio of OLatt/OAds for 25Mn/
Cr2O3-M (4.1) is lower than that of 15Mn/Cr2O3-M (5.9). The possible
explanation is that excessive crystallized MnOx nanoparticles (Fig. 3(i))
isolated from surface of Cr2O3 grains when the content of MnOx is more
than 15%, therefore resulting in an improvement of adsorbed oxygen

on its surface.
Fig. 6 illustrates the H2-TPR profiles of catalysts. Two broad peaks in

the range of 150–500 °C present in the reduction process of xMn/Cr2O3-
M, implying the reduction of Cr2O3 and MnOx, respectively. By ana-
lyzing H2-TPR profile of Cr2O3-M, the peak centered at 257 °C is un-
doubtedly from the reduction of Cr2O3 (Cr5+ to Cr3+ and Cr3+ to Cr2+)
[61,62], thus the peak appeared at around 380 °C in H2-TPR profiles of
xMn/Cr2O3-M is ascribed to the reduction of MnOx (MnO2 to Mn2O3

and Mn2O3 to Mn3O4) [18,59] and its intensity is gradually enhanced
with increasing of MnOx loading. The corresponding temperature of
reduction peak for Cr2O3 is decreased with the amount of Mn species
loading and gives the lowest temperature at around 240 °C for 15Mn/
Cr2O3-M, which manifests that the appropriate addition of Mn species is
favorable to facilitate the low-temperature reducibility of Cr2O3 sup-
port. However, as for 25Mn/Cr2O3-M, its reducibility was not promoted
with more addition of Mn species, which indicated that excess MnOx

could suppress the reducibility of catalysts. The total H2 consumption

Table 1
BET surface areas, pore volumes, average pore sizes, and surface elements composition of samples.

Samples BET (m2/g) Pore volume (cm3/g) Average pore size (nm) XPS

Cr5+/Total Mn3+/Mn4+ OLatt/OAds

Cr2O3-C 2.0 0.0 18.1 0.3 1.2
Cr2O3-M 32.0 0.2 22.4 0.3 1.6
5Mn/Cr2O3-M 40.1 0.3 34.2 0.2 –a 2.4
15Mn/Cr2O3-M 43.1 0.3 31.7 0.2 1.6 5.9
25Mn/Cr2O3-M 51.8 0.4 31.9 0.1 1.4 4.1

a The intensity of XPS spectrum for 5Mn/Cr2O3-M is too weak to obtain accurate quantity, thus the value of Mn3+/Mn4+ is hardly to be confirmed.

Fig. 5. XPS spectra of samples: (a) Cr 2p3/2, (b) Mn 2p5/2, and (c) O 1s.

Fig. 6. H2-TPR (a) and initial H2 consumption rate profiles (b) of catalysts.

Table 2
Quantitative results of H2-TPR, OSC, and O2-TPD.

Samples Total H2 consumption
(H2 μmol/g)

OSC (O2

μmol/g)
Amount of desorbed
OLatt in O2-TPD (O2

μmol/g)

Cr2O3-C 32.1 1.1 0
Cr2O3-M 475.1 40.3 0
5Mn/Cr2O3-M 735.7 87.1 790
15Mn/Cr2O3-M 849.7 169.7 864
25Mn/Cr2O3-M 1041.5 259.1 310
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from 50 to 900 °C for catalysts are summarized in Table 2 and the
amount of hydrogen consumed implies the reducible components of
catalysts. Compared to Cr2O3-C (32.1 μmol/g) and Cr2O3-M
(475.1 μmol/g), the total consumption of hydrogen for xMn/Cr2O3-M is
extremely increased, where 25Mn/Cr2O3-M shows the maximum value
of 1041.5 μmol/g owing to higher content of MnOx. As we know,
usually, the temperature of complete catalytic oxidation of VOCs occurs
below 300 °C, so initial H2 consumption rate at low temperature is
applied to evaluate the reducibility of catalysts. As shown in Fig. 6(b),
the initial H2 consumption rate of catalysts follows the sequence of
Cr2O3-C < Cr2O3-M < 25Mn/Cr2O3-M < 5Mn/Cr2O3-M < 15Mn/
Cr2O3-M. The higher initial H2 consumption rate, the better low-tem-
perature reducibility that normally results in higher catalytic activity
[36]. OSC was performed to study the chemical absorption ability of
oxygen. As shown in Table 2, the oxygen consumption of Cr2O3-M
(40.3 μmol/g) is much more than that of Cr2O3-C (1.1 μmol/g), in-
dicating more defects or oxygen vacancies exist in sample Cr2O3-M,
which is advantageous for activated oxygen being absorbed on the
surface of catalysts [36]. As for Mn-contained Cr2O3 catalysts (5Mn/
Cr2O3-M and 15Mn/Cr2O3-M), more defects or oxygen vacancies were
produced because of Cr2O3 crystal with disordered structure caused by
incorporated MnOx. Moreover, as the intrinsical characteristic of Mn
oxide species [25], OCS of catalyst with more MnOx can be enhanced as
observed for 25Mn/Cr2O3-M.

O2-TPD is an effective method to evaluate the mobility of oxygen
species. As shown in Fig. 7, no obvious desorption signals appear for
Cr2O3-C and Cr2O3-M in temperature range of 50–900 °C. After

introduction of MnOx, two obvious broad peaks located at ca. 130 °C
and 450 °C can be seen for xMn/Cr2O3-M samples, which imply the
enhanced mobility of oxygen species. Generally, the peaks between 150
and 350 °C are assigned to the desorption of surface chemical oxygen,
the peaks between 350 and 600 °C are from surface/subsurface lattice
oxygen and the peaks above 600 °C are ascribed to bulk lattice oxygen
[62–64]. Therefore, the peak centered at ca. 130 °C could be considered
as physically adsorbed oxygen with impurity of surface chemical
oxygen and the peak centered at ca. 450 °C is corresponding to surface/
subsurface lattice oxygen. The amount of desorbed OLatt in O2-TPD was
calculated and shown in Table 2. It can be seen that much more acti-
vated lattice oxygen is desorbed from 15Mn/Cr2O3-M than other cata-
lysts, where this kind of lattice oxygen (surface/subsurface lattice
oxygen) usually plays a crucial role in catalytic oxidation of VOCs
[65,66].

3.2. Catalytic performance of catalysts

To get insights into the optimal content of MnOx in Cr2O3-M, cat-
alytic activities of catalysts for toluene oxidation were investigated
under conditions of SV=20,000mL/(g h) and toluene concentra-
tion= 1000 ppm. As shown in Fig. 8(a), compared to Cr2O3-C, Cr2O3-M
has an obviously promotion in catalytic efficiency of toluene oxidation.
And the catalytic activity is further elevated by introduction of MnOx

into Cr2O3-M and the best catalytic activity for toluene oxidation is
achieved for 15Mn/Cr2O3-M, which is probably attributed to the better
reducibility and oxygen mobility caused by appropriate MnOx doping.
However, with further increasing of MnOx addition, the activity is no
longer extra enhanced as observed for 25Mn/Cr2O3-M, and actually it is
slightly affected especially for high temperature (more than 270 °C).
Considering characterizations such as TEM, EDS, TPR and TPD analysis,
more isolated MnOx existed in 25Mn/Cr2O3-M should be of no help to
catalytic activity with lack of the strong interaction between MnOx and
Cr2O3. The temperatures of T10%, T50%, and T90% for the corresponding

Fig. 7. O2-TPD of catalysts.

Fig. 8. Toluene conversion (A), toluene consumption rate per gram of catalyst (B), and Arrhenius plots (C) of samples with toluene concentration= 1000 ppm and
SV=20,000mL/(g h) (Cr2O3-C: black line; Cr2O3-M: red line; 5Mn/Cr2O3-M: blue line; 15Mn/Cr2O3-M: green line; 25Mn/Cr2O3-M: purple line).

Table 3
Catalytic activities and apparent activation energies (Ea) of samples with space
velocity of 20,000mL/(g h) and toluene concentration=1000 ppm.

Samples Space
velocity

Toluene conversion and apparent activation
energy

mL/(g h) T10% (°C) T50% (°C) T90% (°C) Ea (kJ/mol)

Cr2O3-C 20,000 328 354 373 144.2
Cr2O3-M 272 300 310 138.9
5Mn/Cr2O3-M 268 291 297 132.3
15Mn/Cr2O3-M 248 266 268 109.7
25Mn/Cr2O3-M 248 264 269 110.8
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conversions are listed in Table 3, exhibiting an approximate order of the
catalytic activity as follows: Cr2O3-C < Cr2O3-M < 5Mn/Cr2O3-
M < 15Mn/Cr2O3-M≈ 25Mn/Cr2O3-M. The toluene consumption rate
of catalysts was studied, as shown in Fig. 8(b), where Cr2O3-M clearly
displays much better performance of toluene oxidation than that of
Cr2O3-C and it is further promoted by doping MnOx as observed for
catalytic performance of 15 and 25Mn/Cr2O3-M. For kinetics studies,
the combustion oxidation of toluene obeys to the first-order kinetics
mechanism in presence of excess oxygen, which is closely related to
toluene concentration and oxygen concentration, respectively [5,36]:

= − = − −r kc Aexp E RT c[ ( / )]a (1)

where r, k, A, and Ea refer to reaction rate (μmol/(g s)), rate constant

(s−1), pre-exponential factor, and apparent activation energy (kJ/mol),
respectively. According to the formula, Arrhenius plots can be applied
to calculate activation energy (Ea) at the conversion of< 20%, which is
not influenced by phase change or materials migration. As shown in
Fig. 8(c) and Table 3, the Ea values decrease as follows: Cr2O3-C >
Cr2O3-M > 5Mn/Cr2O3-M > 15Mn/Cr2O3-M≈ 25Mn/Cr2O3-M.
15Mn/Cr2O3-M with the lowest Ea value exhibits the best catalytic ac-
tivity for toluene oxidation.

Generally, the physicochemical properties of metal oxides caused by
preparation method can result in different catalytic efficiency for VOCs
degradation. Compared with Cr2O3-C, Cr2O3-M is composed of small
size Cr2O3 nanocrystallites and exhibits three-dimensional penetrating
channels, irregular mesoporosity and enhanced surface area, which are
advantageous for diffusion of VOCs molecules and contact with active
sites. More defects and oxygen vacancies formed in the pyrolysis pro-
cess are beneficial to the catalytic activity. The introduction of MnOx

weakens the strength of Cr-O bond and facilitates the dissociation of
lattice oxygen from the crystal, which provide more active oxygen and
oxygen vacancies to participate catalytic reaction. Correspondingly, it
causes the promotion of OSC for xMn/Cr2O3-M. Moreover, the en-
hancement of H2 reduction capacity and initial H2 consumption rate
also confirm the efficiency to physicochemical properties via this
method. However, it is worth noting that the appropriate addition
amount of MnOx is helpful to catalytic performance of toluene removal
due to the strong interactions between MnOx and Cr2O3, and the ex-
cessive isolated MnOx with lack of strong interaction effect is no further
promotion to catalytic activity.

Fig. 9. Toluene conversion and Arrhenius plots of 15Mn/Cr2O3-M with toluene concentration=1000 ppm (a, b) or 150 ppm (c, d), respectively at different SV.

Table 4
Catalytic activities and activation energies (Ea) of 15Mn/Cr2O3-M with different
space velocities (20,000, 60,000, 120,000mL/(g h)) and toluene concentrations
(150 and 1000 ppm).

Concentration Space velocity
mL/(g h)

Toluene conversion and apparent activation
energy

T10% (°C) T50% (°C) T90% (°C) Ea (kJ/
mol)

20,000 249 265 269 109.7
1000 ppm 60,000 255 270 274 135.7

120,000 264 277 281 156.1
20,000 221 241 247 71.9

150 ppm 60,000 231 252 259 108.2
120,000 242 262 271 136.1
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3.3. Effect of SV and concentration

The variation of space velocity and toluene concentration was per-
formed to investigate the influence on catalytic activity of toluene de-
gradation over 15Mn/Cr2O3-M. As shown in Fig. 9(a) and Table 4, with
1000 ppm of concentration, the catalytic oxidation of toluene on 15Mn/
Cr2O3-M displays a tendency of deterioration accompanying the in-
creasing of SV from 20,000 to 120,000mL/(g h). The similar behavior
was also presented for low-concentration toluene (150 ppm) with
varying of SV from 20,000 to 120,000mL/(g h) (Fig. 9(c)). Further-
more, it is obviously observed that catalytic degradation of low-con-
centration toluene on 15Mn/Cr2O3-M is easier than that of high-con-
centration toluene under the same conditions. The apparent activation
energies (Ea) calculated by Arrhenius plots (Fig. 9(b) and (d)) indicate a
positive correlation of Ea values with space velocities and toluene
concentrations, which are in accordance with catalytic activities of
catalyst.

3.4. Stability and durability test

To simulate realistic conditions, 10 vol% water vapor was in-
troduced into reaction system to study catalytic stability of toluene
degradation on 15Mn/Cr2O3-M. As shown in Fig. 10(a), toluene con-
version is held on 100% at 270 °C without water vapor (toluene con-
centration= 1000 ppm and SV=20,000mL/(g h)). After introduction
of 10 vol% water vapor, toluene conversion was decreased to about

85%, which indicates an inhibiting effect of water for toluene oxidation
on catalyst because of the competitive adsorption of H2O and toluene
molecules on active sites. Even so, the conversion still can remain at
around 85% at least for 10 days without indication of inactivation or
deterioration. After turning off water vapor, the conversion can be
slowly recovered within several hours to reach at around 96%. These
phenomena imply that 15Mn/Cr2O3-M has a good stability and toler-
ance in the existence of water vapor and is potential for practical ap-
plication. Finally, the concentrations of Cr species in fresh and used
catalysts were analyzed by XRF characterization and showed the close
values of 40.3 wt% and 39.8 wt% respectively, indicating the better
stability of the as-prepared catalysts.

Stability test with different SV and water vapor content was also
investigated on 15Mn/Cr2O3-M. With high SV (60,000mL/(g h)), the
conversions of toluene can be maintained at around 90% and 50%
no<50 h at 274 and 270 °C, respectively (Fig. 10(b)). The effect of
water vapor under high SV (60,000mL/(g h)) to catalytic activity over
15Mn/Cr2O3-M in Fig. 10(c) shows dramatically decreasing from 100%
to 40% at 280 °C, which is due to high SV brings more H2O molecules to
take part in competitive adsorption on active sites of catalyst. More or
less water vapor cannot further reduce toluene conversion, where it can
be kept for 12 h with 5 and 10 vol% water vapor, respectively. After
switching the gas flow to dry air, the conversion quickly returns to
around 100%.

These results confirmed 15Mn/Cr2O3-M owns the excellent catalytic
stability and durability with or without water vapor. It is probably

Fig. 10. Catalytic stability and durability tests. Effect of water vapor (10 vol%) on catalytic activity with toluene concentration=1000 ppm and SV=20,000mL/(g
h) (a), catalytic stability test with around 90% and 50% conversions (b) and effect of water vapor (5 and 10 vol%) (c) with toluene concentration= 1000 ppm and
SV=60,000mL/(g h) over 15Mn/Cr2O3-M.
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attributed to more defects and oxygen vacancies as well irregular pe-
netrating channels, which provide high activity and fast diffusion of
reactant and product to ensure the superior coke resistance property of
catalyst.

3.5. Comparison of fresh and used 15Mn/Cr2O3-M

To thoroughly comprehend the good tolerance and stability of
15Mn/Cr2O3-M, the used catalyst (240 h in 10 vol% of water vapor
shown in Fig. 10(a)) was characterized by XRD, XPS, and H2-TPR. The
XRD analysis of fresh and used 15Mn/Cr2O3-M shows almost the same

patterns, suggesting the good thermal stability of crystal structure in
catalytic process (Fig. 11(a)). XPS analysis (Fig. 11(b), (c) and Table S2)
exhibits that the used catalyst gives a slight decreasing of ratios for
Cr5+/Total and Mn3+/Mn4+, which could be important factors for the
catalytic stability of on-stream reaction to toluene combustion [58].
Compared to fresh catalyst, O 1s XPS spectra of used 15Mn/Cr2O3-M
give the reducing molar ratio of OLatt/OAds ((Fig. 11(d) and Table S2),
which is probably because some surface oxygen vacancies and defects
are occupied by O2 and H2O to form more adsorbed oxygen during
catalytic stability test. From H2-TPR profiles in Fig. 11(e), it can be
clearly seen that the first reduction peak of Cr2O3 is decreased and shifts

Fig. 11. XRD patterns (a), XPS spectra of Cr 2p3/2 (b), Mn 2p5/2 (c), O 1s (d), and H2-TPR results of fresh and used 15Mn/Cr2O3-M.
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to lower temperature (227 °C) after being used, that is because some
amount of high-valent Cr5+ is reduced during catalytic test. Corre-
spondingly, the total H2 consumption shown in Table S2 shows a re-
ducing value for used catalyst, which derives from the variation of
Cr5+/Total and Mn3+/Mn4+. According to the characterizations,
15Mn/Cr2O3-M displays the better stability for crystal structure, oxygen
vacancies, and reducibility in catalytic process, thus ensuring the good
activity and stability for long-time catalytic evaluation of toluene oxi-
dation.

3.6. Mechanism for degradation of toluene over 15Mn/Cr2O3-M

The reaction pathway for toluene oxidation on 15Mn/Cr2O3-M was
studied by in situ DRIFTS analysis. To investigate the catalytic behavior
of lattice oxygen, the catalyst was pre-treated in a N2 flow at 300 °C for
2.5 h to remove absorbed oxygen and then cooled down to room tem-
perature. Toluene was introduced using N2 as balance gas to study
transformation mechanism on the catalyst. As shown in Fig. 12(a), the
characteristic absorbance bands of toluene appear at 3073 cm−1 for C-
H stretching vibrations of the aromatic ring or methyl group and 1600,
1495, 1447 cm−1 for typical aromatic vibrations at low temperature
[5,36]. And the bands at around 1408, 1512, and 1548 cm−1 are
characteristics of typical carboxylate group, indicating the formation of
benzoate species on the surface of catalyst. When the temperature is
raised from 26 °C to 100 °C, the characteristic band of carbonate species
at 1562 cm−1 are observed, indicating the benzoate can be transformed

into carbonate species at higher temperature [67]. Further raise the
temperature to 290 °C, the intensity of intermediates is enhanced con-
tinuously and finally reach to saturation. It is worth noting that N2 was
continuously introduced into the reaction system until analysis was
finished. The results proved that surface lattice oxygen on catalyst can
participate in oxidation of adsorbed toluene to form intermediate spe-
cies but it is not enough to deeply mineralize intermediate species due
to the lack of sustainable supply of activated oxygen. As a comparison,
the similar reaction was carried out in air flow to investigate transfor-
mation mechanism with gas-phase oxygen. As shown in Fig. 12(b) for
DRIFTS analysis, the band intensity of benzoate species is gradually
strengthened with temperature increasing from 26 to 200 °C, indicating
that introduction of gas-phase oxygen cannot facilitate the transfor-
mation of toluene below 200 °C. When the temperature is above 200 °C,
the intensities of all bands are gradually decreased to finally almost
vanish at 290 °C. It indicates that O2 can effectively promote decom-
position of intermediates by converting gas-phase oxygen into surface
activated lattice oxygen. Further, MS was used to monitor CO2 and H2O
generated during the in situ DRIFTS analysis at 26 and 290 °C, respec-
tively. Based on in situ DRIFTS and MS results, the pathway for catalytic
oxidation of toluene on 15Mn/Cr2O3-M is possibly via rapid transfor-
mation to benzoate species and finally form CO2 and H2O (see MS re-
sults in Fig. S6), as shown in Fig. 13, where the corresponding bands of
aldehydic species cannot be obviously observed, implying rapidly
transformation from aldehydic species to benzoate species [68].

4. Conclusion

In summary, the xMn/Cr2O3-M catalysts were synthesized by com-
bination methods of impregnation and in situ redox precipitation and
then pyrolysis. The introduction of MnOx into Cr2O3 can enhance the
reducibility, oxygen storage capacity and oxygen mobility due to the
generated more oxygen vacancies and defects as well strong interaction
between two metal oxides, which are favorable to oxidation of VOCs.
The 15Mn/Cr2O3-M catalyst is observed to present the best catalytic
performance under different SV and concentrations. Under on-stream
test with 10 vol% water vapor, 15Mn/Cr2O3-M displays the good cat-
alytic stability with 85% of toluene conversion at least for 240 h, which
could be ascribed to more stable physicochemical properties during
catalytic test. These results highlight the achievement of MOFs-deriving
mixed metal oxides as the efficient and stable catalyst for VOCs cata-
lytic degradation.
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