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uction by using metal–organic
framework derived MnOx–ZnO†

Ling Zhao, *ab Ziang Chen,a Peng Zhanga and Yu Zhanga

Derivatives based on metal frameworks (MOFs) are attracting more and more attention in various research

fields. MOF-based derivatives x% MnOx–ZnO are easily synthesized by the thermal decomposition of Mn/

MOF-5 precursors. Multiple technological characterizations have been conducted to ascertain the

strengthening interaction between Mn species (Mn2+ or Mn3+) and Zn2+ (e.g., XRD, FTIR, TG, XPS, SEM,

H2-TPR and Py-FTIR). The 5% MnOx–ZnO exhibits the highest NO conversion of 75.5% under C3H6-SCR.

In situ FTIR and NO-TPD analysis showed that monodentate nitrates, bidentate nitrates, bridged

bidentate nitrates, nitrosyl groups and CxHyOz species were formed on the surface, and further

hydrocarbonates or carbonates were formed as intermediates, directly generating N2, CO2 and H2O.
1. Introduction

Among the many problems related to air pollution, nitrogen
oxides (NOx), as pollutants, have received more and more
attention from society owing to their increasing annual emis-
sions and increasing harm. The massive emission of nitrogen
oxides will not only cause acid rain and photochemical smog,
but also cause a series of environmental problems such as the
greenhouse effect and smog.1,2 One of the main sources of NOx

is automobile fuel combustion. The selective catalytic reduction
of NOx by hydrocarbons has proved to be a cost-effective NOx

removal technology due to reducing NOx and unburnt hydro-
carbons simultaneously.3,4 Many hydrocarbons have been used
to increase the activity of HC-SCR (such as propylene,5 ethanol,6

methane,7 ethylene,8 propane,9 etc.).
The term “metal–organic framework” (MOF) refers to an

emerging class of porous crystalline materials fabricated by
alternatively linking metal cations or metallic clusters to
organic ligands in a 3D porous structure, and it has become
a research hotspot due to their exible structures, high void
volume, large surface area, tailorable chemistry and for mani-
fold applications (e.g., catalysis, gas storage, adsorption and
separation).10–14 Nowadays, researchers have gradually shied
their focus from MOFs to MOFs derivatives.15,17 Through high-
temperature calcination, MOFs and their composite materials
are gradually transformed into metal oxides from outside to
inside. The resulting MOF-based derivatives not only inherit the
porosity and good morphology from MOFs, but also have better
er Mongolia University, China. E-mail:
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tion (ESI) available. See DOI:
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thermal stability, therefore they will be good candidates for
catalysts. Furthermore, the original MOFs doped or combined
with another metal centres have received extensive attention,
owing to their enhancing specic activity.18–20 For instance,
carbon-based catalyst for low temperature deoxygenation was
prepared by Cu-based MOFs as precursors.15 CeO2 catalyst for
toluene combustion was prepared by Ce-MOF.16

Mn had been demonstrated as a remarkable low-
temperature SCR component due to variable valence, excellent
redox capabilities and affluent Lewis acid sites, as well as less
expensive and easily-obtained.21,22 Manganese oxide contains
various types of unstable oxygen and manganese oxidation
states (Mn2+, Mn3+ andMn4+), which is necessary and important
for completing a catalytic cycle.23 Hence, the Mn-based SCR
catalyst has become a research hotspot. Kang et al. reviewed the
important effects of MnOx species and Mn valence state on the
SCR process.22 Deng et al. reported that the preferentially
exposed (001) surface MnOx/TiO2 catalyst had a high NO
conversion rate at 80–280 �C.21

In this work, a series of Mn/MOF-5 were successfully
synthesized via a direct solvothermal method. Subsequently,
ZnO and MnOx–ZnO catalysts were synthesized by thermal
decomposition of MOF-5 and Mn/MOF-5 precursors. Our main
purpose is to evaluate the performance of the prepared MnOx–

ZnO catalyst in HC-SCR. C3H6 was acted as reducing agent as for
it is the major hydrocarbons during the process of automobile
exhaust emissions. Multi-technology characterizations were
conducted to ascertain the properties of fabricated materials.
Moreover, the adsorption and activation abilities of NO were
carried out using xed-bed quartz tube reactor and
temperature-programmed desorption (TPD). On the basis of
this, the C3H6-SCR process of fabricated materials was investi-
gated and illuminated by dint of in situ Fourier transform
infrared spectroscopy (in situ FTIR).
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 NO conversion as a function of temperatures over ZnO and
MnOx–ZnO catalysts.
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2. Experimental
2.1. Catalyst preparation

MOF-5 was prepared from the classical solvothermal method. In
a typical procedure, Zn(NO3)2$6H2O (9.36 g) and H2BDC (2.54 g)
were dissolved in 190 mL DMF. The resulting mixture was
equably stirred and then scattered in ultrasonic for 30 min at
room temperature. Subsequently, the resulting mixture was
transformed into Teon-lined stainless steel sealed vessel (200
mL) and heated at 120 �C for 24 h. Then the product was cooled
down to room temperature, and the precipitate was obtained by
centrifugation and washed with DMF for three times and
CH2Cl2 for twice. Aerwards, the product was dried at 80 �C for
12 h, followed by calcination at 600 �C for 4 h under air to obtain
the catalyst of ZnO.

A wet impregnation technique was used to load Mn on
a sample of the MOF-5. The mixture was kept at room temper-
ature for over 24 h, then the Mn(NO3)3-loaded sample was cal-
cinated at 600 �C for 4 h to obtain the catalysts of MnOx–ZnO.
2.2. Catalysts characterization

Thermogravimetric (TG) curves were checked on SDT Q600
thermal analyzer under N2 ow, over the range from room
temperature to 800 �C. The X-ray diffraction (XRD) analysis for
crystallographic structures were obtained on D8/ADVANCE
diffractometer (Bruker) using Cu Ka radiation source (1.5406
�A) over the 2q range of 10–80. Scanning electron microscopy
(SEM) analysis was conducted on S-4800 eld emission scan-
ning electron microscope to study the surface morphology of
the catalysts. FTIR and pyridine chemisorption spectra were
obtained on a VERTEX 70 infrared spectrometer. The relative
atomic compositions and elementary oxidation states were
monitored by X-ray photoelectron spectroscopy (XPS) using
ESCALABXI photoelectron spectrometer. Hydrogen
temperature-programmed reduction (H2-TPR) and NO
temperature-programmed desorption (NO-TPD) data were con-
ducted on a chemisorption analyzer (ChemBET TPR/TPD). Prior
to the experiment, the sample (50 mg) was placed in a quartz U-
type reactor and ushed with N2 at 350 �C for 30 min to yield
a clean surface followed by decreasing to target temperature.
For TPR investigation, switching on 10 vol% H2/Ar mixture for
30 min at normal temperature, and then carried out with
a ramp of 10 �C min�1, to 1000 �C.
2.3. Catalytic performance test

The catalytic activity was evaluated in a xed-bed tubular reactor
system (7 mm i.d.). The experiment was implemented with
a steam contained 1000 ppm NO, 1000 ppm C3H6, 5 vol% O2,
and were balanced by He with a total ow rate was 150
mL min�1. Prior to performing the C3H6-SCR, each sample (200
mg) was pretreated in He ow at 350 �C for 1 h. Subsequently,
the reaction gas mixture was switched. Data was collected with
a ue gas analyzer (Kane, British) when the airstream was
stabled. The NO conversion percentage is calculated as follows:

NO conversion ¼ ([NO]in � [NO]out)/[NO]in �100%
This journal is © The Royal Society of Chemistry 2020
2.4. In situ FTIR measurements

In situ FTIR experiments were conducted at a FTIR spectrometer
(Bruker VERTEX 70). Before the measurements, the sample
wafers were mounted in the IR cell and activated at 400 �C for
30 min, then naturally cooled to 50 �C under high-purity He (50
mLmin�1) gas atmosphere. Collecting background spectrum of
the solid and automatically deducted from the sample spec-
trum. The test gas conditions are: [O2] ¼ 5 vol%, [NO] ¼ [C3H6]
¼ 1000 ppm, which He is a balance gas.
3. Results and discussion
3.1. Catalytic test

The ZnO and MnOx–ZnO samples derived from MOF-5 are
evaluated in the SCR reactor under the testing conditions of NO
and C3H6 (Fig. 1). For all research samples, it is noticed that the
NO conversion changed with the increasing of reaction
temperature (150–350 �C). The ZnO presented the maximum
NO conversion of 31.5% when the temperature getting 250 �C,
while a signicant increase in activity of Mn doped samples was
observed. Overall, 5% MnOx–ZnO exhibited rst-rank SCR
performance with NO conversion reaching nearly 75.5% at
270 �C. Other documents also expounded some similar
phenomena.24,25 Xie et al. found that various MnOx states played
diverse roles in the selective catalytic reduction (SCR) with the
temperature rising from 353 to 453 K.24 Andreoli proposed that
the Mn3O4 presence in the catalyst was the critical factor in
obtaining activity.25 On the other hand, the unsatisfactory
performance of 10% MnOx–ZnO (66.0%) may be due to the
agglomeration of excess Mn on the catalyst surface. Further-
more, the 5% MnOx–ZnO samples calcined with different times
are evaluated in the SCR reactor at 275 �C and the curves of the
catalytic activity are illustrated in Table 1. The results showed
that all the 5% MnOx–ZnO samples calcined at different times
exhibited the similar NO conversion, which means that the
calcination temperature has little inuence on the NO conver-
sion of the catalyst.
RSC Adv., 2020, 10, 31780–31787 | 31781
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Table 1 Activity of various catalysts for C3H6-SCR

Catalyst Calcination time
Reaction temperature
(�C)

NO conversion
(%) Ref.

5% MnOx–ZnO 600 �C for 2 h 275 72.1 This work
5% MnOx–ZnO 600 �C for 4 h 275 75.5 This work
5% MnOx–ZnO 600 �C for 6 h 275 75.1 This work
MA-MnOx/TiO2 600 �C in N2 380 53.2 24
MA-MnOx/TiO2 600 �C in O2 380 40.7 24
MA-MnOx/TiO2 600 �C in air 380 29.1 24
Mn3O4 400 �C for 1 h 275 70.3% 25

Fig. 3 XRD pattern of (a) MOF-5 and (b) ZnO and MnOx–ZnO.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
12

:4
4:

59
 P

M
. 

 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
3.2. Physical and texture characterizations

The thermogravimetric curve of MOF-5 is illustrated in Fig. 2. It
can be seen that the apparent loss of three weights. Between 50
and 100 �C, there is about 4% continuous weight loss resulting
from moisture evaporation from the sample surface. Secondly,
the evaporation and decomposition of residual organic
components (DMF) happened between 150–320 �C.26 The most
signicant weight loss occurred at temperatures above 420 �C,
and the weight loss reached nearly 60% at an extremely fast rate,
indicating that the skeleton of the MOF-5 has collapsed. Based
on previous studies, for MOF-5, the break of the carboxyl bridge
between the benzene ring and the Zn4O cluster causes the
organic ligand molecule to decompose into CO2 and benzene,11

and the material has been decomposed into the crystal ZnO.
Aer 550 �C, the decomposition process is completed. Thermal
weight analysis evidence proves that MOF-5 crystals can be
completely converted to ZnO above 550 �C. Hence, 600 �C was
determined as the calcination temperature.

According to the XRD diagram, we can conrm the trans-
formation. Fig. 3(a) shows the representative diffraction peaks
of MOF-5 material, of which 6.85�, 9.62�, 13.69�, 15.39�

consistent with (200), (220), (400) and (420) planes.11 The high
crystallinity of MOF-5 material can be identied by the sharp
peak at 6.85�.11 In the meantime, from Fig. 3(b) we found that
the initial framework structure collapsed in MOF-5 derived
composites, the reections locating at 31.7�(100), 34.4�(002),
36.3�(101), 47.4�(102), 56.6�(110), 62.8�(103), 67.9�(112) and
69.1�(201) were indexed to the characteristic peaks of wurtzite
Fig. 2 The TG profile for the MOF-5 precursor.

31782 | RSC Adv., 2020, 10, 31780–31787
ZnO structure (JCPDS No. 36-1451).26 Furthermore, no peaks of
MnOx phases were detected over 1% MnOx–ZnO, 3% MnOx–

ZnO and 5% MnOx–ZnO catalysts, which indicated that MnOx

species were highly dispersed over MOF-5 support or incorpo-
rated into MOF-5 lattice to form solid solution.27 However, 10%
MnOx–ZnO sample displayed an additional XRD peak corre-
sponded to the Mn3O4, indicating agglomeration of excess Mn
compounds.

The FTIR spectra of the ZnO and MnOx–ZnO catalysts
derived from the MOF-5 were shown in Fig. 4. They show strong
absorption peaks near 430 cm�1, which is a sign of lattice
vibrations of the Zn–O bond in ZnO.28 In addition, the absorp-
tion peak of 1620 cm�1 is attributed to the OH bond bending
vibration. The study of the absorption peak shows that the
addition of Mn causes its ions to exist in the structure of MnOx–

ZnO cooperates with the carboxyl group, which will enhance the
Fig. 4 FT-IR spectra of ZnO and MnOx–ZnO catalysts.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM images of (a) MOF-5, (b) ZnO and (c) MnOx–ZnO.

Fig. 7 H2-TPR spectra of ZnO and MnOx–ZnO catalysts.
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potential of the adsorption site. The interaction between these
adsorption sites and the gas molecules to be adsorbed is further
enhanced and the adsorption amount is increased. With the
increase of the Mn content, the larger shi in the absorption
peak at 614 cm�1 may be ascribed to the doping of Mn.

The scanning electron microscope photos of the catalysts are
shown in Fig. 5. The MOF-5 sample clearly showed a cubic
crystal shape with a smooth small surface, accompanied by
a particle size range of 200 nm to 500 nm (Fig. 5(a)). Upon
heating to 600 �C, the oxides (ZnO, MnOx–ZnO) maintain
a cubic structure, whereas the edges become smooth and the
surface appears porous (Fig. 5(b) and (c)). Moreover, the particle
size of the ZnO and MnOx–ZnO catalysts decreased slightly
compared to that of the MOF-5. As expected, when the MOF-5
and Mn/MOF-5 are heated, they gradually decompose over
time, leading to smaller, porous and cubic particles.

The XPS spectra of Mn 2p3/2 are illustrated in Fig. 6(a). Aer
a peak tting deconvolution, the signal of Mn2+ (640.2 eV) and
Mn4+ (645.5 eV) can be discovered. Previous literature reported
that the redox process of Mn4+ species of vital importance in
selective catalytic reaction with NH3 at low-temperature (NH3-
SCR).29 High Mn4+ concentration can promote the oxidation of
NO to NO2, thereby helping the NH3-SCR processes through the
“rapid SCR” approach.

Fig. 6(b) displayed the O 1s XPS spectra of ZnO and 5%
MnOx–ZnO samples, which were tted into two different peaks
representing surface lattice oxygen (O2�) (530 eV, denoted as
OA) and surface chemisorbed oxygen or surface hydroxyl species
(532.0 eV, denoted as OB).30,31 It is said that O2� is the most
active oxygen species and important for NO oxidation.31 As
shown in Fig. 6(b), for the 5% MnOx–ZnO catalyst, its total
supercial O surface concentration, especially OA concentration
is more than that of ZnO sample, which will promote the
oxidation of NO to NO2.

The H2-TPR technology was employed in evaluating the
reducibility of the catalysts. For all samples (Fig. 6), there are
Fig. 6 XPS spectra for (a) Mn 2p3/2 of the 5%MnOx–ZnO sample, (b) O
1s of the ZnO and 5% MnOx–ZnO samples.

This journal is © The Royal Society of Chemistry 2020
one obvious peak centered at 620 �C. With the increase of
manganese content, the redox performance of the MnOx–ZnO
catalysts have a clear transition to low temperatures, indicating
that the redox performance of the catalysts is improved due to
the interaction of ZnO and MnOx. Moreover, two new H2

desorption peaks could be observed over all MnOx–ZnO cata-
lysts. The rst reduction peak at about 450 �C is due to the
reduction of Mn2O3 to Mn3O4,29 and the second reduction peak
at 550 �C is attributed to the reduction of Mn3O4 to MnO.29 The
results reveal that the reduction performance of MnOx–ZnO
catalyst is stronger than that of ZnO. Following the enhanced
redox performance could promote more NO being transferred
and oxidated into NO2 (Fig. 7).
3.3. NO-TPD measurements

To address the adsorption process, TPD-mass spectroscopy
(MS) measurement were obtained. Fig. 8 shows the NO-TPD
experiments for as-prepared catalysts. There are overlapped
NO desorption peaks for all the samples, showing several NO
adsorption species. The lower NO desorption temperatures
between 176 and 208 �C could be attributed to physically
Fig. 8 NO-TPD profiles of ZnO and MnOx–ZnO catalysts.

RSC Adv., 2020, 10, 31780–31787 | 31783
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Table 2 Peak area of NO at ZnO and MnOx–ZnO catalysts

Sample
Physical desorption
peak area (a.u.)

Chemical desorption
peak area (a.u.)

Total desorption
peak area (a.u.)

ZnO 58.1 — 58.1
1% MnOx–ZnO 45.0 109.2 154.2
3% MnOx–ZnO 64.9 145.0 209.9
5% MnOx–ZnO 110.1 156.3 266.3
10% MnOx–ZnO 42.2 87.2 129.4
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adsorbed NO, whereas the higher desorption peaks recorded
between 219 and 260 �C could be assigned to strongly adsorbed
NO and chemically adsorbed species (nitrate or nitrite).32

Obviously, aer Mn was added to the catalysts, the desorption
peaks moved to a higher temperature, indicating that Mn can
greatly enhance the bonding between NO and the catalyst
surface. In addition, the desorption peak area of the manganese
containing catalysts are signicantly larger than that of the
MOF-5 derived ZnO (Table 2), which indicates that the addition
of Mn changes the chemical state of the catalyst surface,
redistribution of adsorbed NOx, thereby promoting the oxida-
tion of NO. It is worth noting that aer the Mn content reaches
more than 10%, the promotion effect increases very slowly. This
may be caused by excessive Mn agglomeration. On the whole,
Mn doping could promote high dispersion of active species and
further accelerate NO adsorptive and oxidative reaction. The
results are well consistent with the data for catalytic test (Fig. 1).
3.4. Py-FTIR

Pyridine is one of the most widely used basic probemolecules to
evaluate the nature and numbers of acidic centers. The FTIR
spectra of pyridine chemisorbed on the ZnO and 5%MnOx–ZnO
catalysts evacuated at 250 �C are presented in Fig. 9. The cata-
lysts displayed absorption peaks at wave numbers at 1464 and
1479 cm�1, corresponding to the pyridine coordinated on Lewis
acid sites.30 The band at 1546 cm�1 was assigned to pyridinium
cations formed aer pyridine adsorption on Brønsted acid sites.
Compared with ZnO catalyst, introduction of Mn led to the
formation of Brønsted acid sites. Previous studies proposed that
Fig. 9 In situ FTIR spectra of pyridine adsorbed on ZnO and 5%MnOx–
ZnO catalysts.

31784 | RSC Adv., 2020, 10, 31780–31787
Brønsted acid sites favor NO reduction and are important SCR
active sites as they can provide a reservoir of the reductant in the
vicinity of the reduction site.33 Therefore, the ZnO catalyst
exhibited relatively weak NO adsorption strength and NO
reduction ability, which agreed with the results of the catalytic
test and NO-TPD results.
3.5. In situ FTIR studies

3.5.1. Adsorption of NO followed by C3H6/O2 over time. In
situ FTIR spectra were illustrated in Fig. 10, which were ob-
tained by exposure to He of 1000 ppm NO and 5% O2 at 250 �C
Fig. 10 In situ FTIR of (a) ZnO, (b) 5% MnOx–ZnO exposed to the SCR
reaction at 250 �C for various times under NO/O2 adsorption and
during C3H6 interaction with the NO/O2 gas mixture.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04161k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
12

:4
4:

59
 P

M
. 

 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
followed by exposure to 1000 ppm C3H6 and 5% O2. For ZnO
catalyst derived from MOF-5, washing NO and O2 at a tempera-
ture of 250 �C produces multiple bands (Fig. 10(a)). The char-
acteristic peaks at 1122 cm�1 and 1582 cm�1 are assigned to the
bidentate nitrates,33,34 most probably they are formed when the
NO molecule is bridged with two adjacent oxygen atoms.33

Simultaneously, the bands related to nitrosyl (1845 cm�1 and
1900 cm�1),35,36 hydroxyl group (3705 cm�1 and 3738 cm�1)35,36

and gas phase CO2 (2355 cm�1)37 were also observed. Switching
the feed gas to C3H6/O2, a slight decrease in the intensity of
surface bidentate nitrates was appeared, while the other bands
kept relatively stable.

As for 5% MnOx–ZnO catalyst (Fig. 10(b)), monodentate
nitrate (1010, 1026 and 1280 cm�1), bidentate nitrate (1481 and
1517 cm�1), bridge bidentate nitrate (1215 cm�1), nitrosyl (at
1845 and 1910 cm�1) and gas-phase NO (1628 cm�1) species
were formed aer ushed by NO/O2 for 10 min, indicating 5%
MnOx–ZnO exhibited better adsorption performance compared
to MOF-5 derived ZnO sample. Introduction of C3H6/O2 led to
bridge bidentate nitrate (1215 cm�1) and nitrosyl
(1845 cm�1and 1910 cm�1) disappearance, and also resulted in
part monodentate nitrate species decreasing (1010 cm�1). In
addition, there was no signicant change in bidentate nitrates
(at 1481 and 1517 cm�1). The absorption peak of the bridged
bidentate nitrate (1215 cm�1) gradually increases to the
maximum aer 10 min, and then it was decreasing with the
appearance and enhancement of the monodentate nitrate
(1280 cm�1). The results show that monodentate nitrate is
converted from partially bridged bidentate nitrate.

Switching to C3H6/O2 mixture, several new bands centered at
2973 and 2881 cm�1 were due to the asymmetric (nas) and
symmetric (nsym) C–H stretching mode of CH3 group, which had
reported by Efstathiou' group to present –CH3 group produced
from the interplay between C3H6 and the catalyst surface.38

Furthermore, the new band recorded at the 1660 cm�1 is
correspond to the enolic species (RCH]CH–O–).38 Besides, the
bands with high intensity at 2343 cm�1 and 2358 cm�1 gener-
ated aer C3H6 admission were attributed to gas phase CO2.
The band at 3570 cm�1 was due to the n(OH) stretching of
Fig. 11 In situ FTIR of 5% MnOx–ZnO exposed to the SCR reaction at
250 �C for various times under C3H6/O2 adsorption and during NO/O2

interaction with the C3H6/O2 gas mixture.

This journal is © The Royal Society of Chemistry 2020
adsorbed H2O.30 The band at 3740 cm�1 was attributed to the
vibrational modes of the surface hydroxyl species (OH).39 It can
be seen that the intensities of these bands increase signicantly
over time, which means that considerable amounts of CO2 and
H2O are produced during the C3H6-SCR reaction. Actually, the
increase of the –CHx was seemed controlled by the rate of pro-
pene dissociative chemisorption. According to the previous
works,35 the interplay between adsorbed NO and –CHx adsorbed
species produced from C3H6 are key steps of C3H6-SCR. They
reacted with each other and gave rise to CO2, N2 and H2O.

3.5.2. Adsorption of C3H6/O2 followed by NO/O2 over time.
The in situ FTIR spectra obtained aer exposure to C3H6/O2,
followed by NO/O2 over catalysts at 250 �C were investigated and
the results were illustrated in Fig. 11. In this paper, 5% MnOx–

ZnO catalyst was taken as an example to analyze its ow spec-
trum. From Fig. 11 we can see the ushing of C3H6 + O2

produced gas-phase C3H6 (at 1666 cm�1) and –CH stretching
vibration from unsaturated hydrocarbon fragments with bands
centered at 3101 cm�1 and 2953 cm�1. Subsequently, the NO/O2

adsorption led to the gas-phase C3H6 and –CH stretching
vibration declining. In addition, the bidentate nitrate
(1481 cm�1), nitrosyl (1843 and 1903 cm�1) and gas-phase NO
(1628 cm�1) species were increased. Besides, a large amount for
gas phase CO2 was detected at 2358 and 2343 cm�1.30 The peaks
at 3616 and 3727 cm�1 were attributed to the n(OH) stretching
of adsorbed H2O.30

Previous study38 has investigated that species produced by
C3H6 adsorption on oxidic surfaces would further react with
oxygen, which results in partial oxidation and formation of
acrolein. Subsequently, acrolein is ulteriorly oxidized into –CHx

from the acrylate (CxHyOz) intermediate which is formed at the
beginning. Our DRIFTS spectra results (Fig. 11) are in harmony
with the above theory. The number of surface chemisorbed
–CHx species is decreased by reacting with NO though hydro-
carbonate species tend to decompose directly to CO2, N2 and
H2O.

3.5.3. Co-adsorption of NO + C3H6 over time. In order to
clarity the surface reactions and intermediates, the in situ FTIR
spectra of NO + C3H6 on catalysts in different time intervals at
250 �C are presented in Fig. 12. In the case of ZnO catalyst
(Fig. 12(a)), NO and C3H6 ushing produced adsorbed bidentate
nitrates (1582 and 1122 cm�1),33,34 nitrosyl (1845 cm�1 and
Fig. 12 In situ FTIR of (a) ZnO, (b) 5% MnOx–ZnO exposed to the SCR
reaction at 250 �C for various times under 1000 ppm NO + 1000 ppm
C3H6.
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1900 cm�1),35,36 and gas phase CO2 (2355 cm
�1).37 Along with the

time increasing, the other bands kept relatively stable.
In the case of 5% MnOx–ZnO catalyst (Fig. 12(b)), there are

more plenty and kinds surface intermediates. The main species
are bidentate nitrate (1443 cm�1), bridge bidentate nitrate
(1189 cm�1), nitrosyl (1845 and 1900 cm�1), enolic species
(1658 cm�1) and gas phase CO2 (2358 and 2343 cm�1). By
comparing the adsorption amount of intermediate species, it
can be concluded that the introduction of Mn promotes the
adsorptive and active ability of catalyst for NO and C3H6.
3.6. Reaction pathway

The reaction mechanism can reveal the catalytic process and
provide guidance for the improvement of catalyst perfor-
mance.39–42 Specically, the proper introduction of manganese
signicantly boosts the catalytic performance. The reaction
mechanism of the HC-SCR over MOF-5 derived MnOx–ZnO
catalysts conforms to the “reduction” mechanism scheme. It
can be understood through analysis of XPS, H2-TPR, NO-TPD
and in situ FTIR. First, NO was adsorbed and subsequently
oxidized with O2 to NO2 and stored in the form of bridged
bidentate nitrates, nitrosyls, monodentate nitrates and biden-
tate nitrates at the Mn species or Zn2+ active sites. At the same
time, a large number of CxHyOz (enolic species and acrylate) are
formed and activated at these Mn species or Zn2+ active sites.
Aerwards, the two kinds of intermediates above are active in
the interaction with each other towards oxidation production
(N2, CO2 and H2O) via generation of hydrocarbonate or
carbonate species. Combining with our present work, it is
demonstrated that addition of Mn improves the formation of
adsorbed NOx substances and contributes to the improvement
of C3H6-SCR activity due to increasing plenty of available active
sites.
4. Conclusions

It is easy to synthesize MOF-based derivative x% MnOx–ZnO (x
¼ 1, 3, 5, 10) catalysts though thermal decomposition of Mn/
MOF-5 precursor. The series of MnOx–ZnO (x ¼ 1, 3, 5, 10)
catalysts are obtained upon calcination form the Mn/MOF-5
precursor. The physical and chemical properties of these cata-
lysts were systematically studied with a series of comprehensive
characterization. It is concluded that as-prepared MnOx–ZnO
can accelerate the interaction between Mn species (Mn2+ or
Mn3+) and Zn2+. It was found that doping of manganese
signicantly improved the catalytic activity over catalysts. The
5% MnOx–ZnO exhibits the highest NO conversion of 75.5%
under C3H6-SCR. In situ FTIR and NO-TPD analysis showed that
monodentate nitrates, bidentate nitrates, bridged bidentate
nitrates, nitrosyl groups and CxHyOz species were formed on the
surface, and further hydrocarbonate or carbonates were formed
as intermediates.
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