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ARTICLE

Nanoflower-like Weak Crystallization Manganese
Oxide for Efficient Removal of Low-concentration
NO at Room Temperature
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The efficient removal of low-concentration nitric oxide at room temperature in the
semi-closed space is becoming a crucial but challenging issue in the context of increasingly
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Accepted 00th January 2012 serious air pollution. A novel nanoflower-like weak crystallization manganese oxide (WMO)

has been synthesized via a facile and scalable strategy for low-concentration nitric oxide
DOI: 10.1039/x0xx00000x oxidation at room temperature. The prepared WMO shows the nanoflower-like morphology
www.rsc.org/ with abundant water molecules and Mn vacancies inside. Such WMO could easily adsorb
NO and quickly convert it into NO, via catalytic oxidization. Herein, the weak
crystallization structure and the presence of Mn vacancies are identified to be mainly
responsible for the adsorption and catalytic oxidation of NO. More importantly, it shows
much longer lifetime in a moist stream of simulated feed gas than that in a dry condition,
which can be attributed to relative stability of catalyst with hydrated surfaces. Comparative
DFT-calculations are performed to reveal catalytic effect of Mn-vacancy and hydrated
surfaces in reducing the reaction barriers of rate-determining steps.
Introduction enough amounts due to the low standard molar reaction
enthalpy of NO, (=57.0 kI'mol ', Eq. (1)). However, when the
NO concentration drops to 10 ppm, such as under parking
garages and road tunnels conditions, the NO molecules become

much more stable due to greatly down-slowed oxidation at such

There are more and more parking lots and road tunnels being
constructed accompanying the expansion and development of
big cities. However, the low ventilated efficiency of these

semi-closed spaces tends to the accumulation of vehicle
exhausts, causing the risk of health problem. For example,
about several to tens of ppm nitrogen oxide (NO,) (generally
90% nitric oxide and the rest is nitrogen dioxide) has been
detected, owing to the incomplete removal and enrichment of
NO,,'* which is much higher than the ambient air quality
standard in China (less than 0.05 ppm NO,, GB3095-2012).
Thus, in situ removal of NO, at room temperature from
semi-closed spaces is in urgent demand. NO, storage/reduction
(NSR)* ° and selective catalytic reduction (SCR)®, which

N,
However,

reduces high-concentration NO, into are the most
these two

methods inevitably need high temperature, which are not

developed NO, removal techniques.

suitable for NO, removal at room temperature in semi-closed
spaces. Hence, a new approach for de-NO, at room temperature
is of great demands. Very different from nitrogen dioxide
(NO,), which can be easily removed by alkali absorption, nitric
oxide (NO) in ambient temperature and pressure is a kind of
supercritical gas (Tc = 180 k), which is difficult to simply use
physical adsorption removal.”” When exposed to oxygen, NO
will rapidly convert into reddish brown nitrogen dioxide at high

This journal is © The Royal Society of Chemistry 2013

low concentrations. According to the NO oxidation kinetics
equation, the NO oxidation rate is inversely proportional to the
square of the concentration of NO (Eq. (2)), therefore, one of
the most important issues is to find a suitable catalyst that can
effectively adsorb NO and accelerate its catalytic oxidation to
NO,, then absorbed by alkali to achieve the purpose of
complete removal and purifying.
NO(g) + 1/2 O5(g) — NOx(g)
ArH,© =-57.0 kJemol™' (1)
"No=—k1PnoPor (2

Platinum/platinum-based catalysts'*'* have been found to be
especially active for nitric oxide oxidation and are widely used
for mobile applications through fast SCR process. Nevertheless,
they suffer from issues of such as weak thermal durability and
high cost. Variously reported catalysts, such as Co;04",
Co-based catalystsl6’ 7 MnO/TiO,'* v, perovskitezo'zz, Ru?,
2426 eolites?”?
NO oxidation under hundreds of ppm (the case for fuel exhaust
gases) and manifested their highest NO conversion (less than
100%) around 300 °C. However, very low NO conversion

activated carbon etc. have also been studied for
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efficiency has been found when they used in the oxidation of
low-concentration NO with tens or lower ppm.?* Therefore, it is
still a great challenge to seek for a suitable catalyst in the
catalytic process of low-concentration (e.g., 10 ppm) NO
oxidation at room temperature, and few reports can be found till
present. Recently, our group reported that many kinds of
mesoporous Mn-based composite oxides could be used as
outstanding  heterogeneous catalysts for removal of
low-concentration NO at room temperature.’® *' Nevertheless,
such materials still have the drawbacks of short duration and
weak water resistance, which limits the further practical
application. Therefore, much interest and urgent demands are
required for the development of low-cost, high water-resistant,
and more durable NO oxidation catalysts.

Manganese oxides naturally occur in at least 30 different
crystal structures’’, exhibiting different morphologies, and
possess a variety of applications.***® Therein, amorphous
manganese oxide has been reported to have high catalytic

10,3944 \which can be ascribed to

activity for various reactions,
the ease of lattice oxygen mobility and excess surface oxygen.*®
In spite of numerous studies on the catalytic performance of
manganese oxide, reports on the exploration of manganese
oxide as the high-efficiency catalyst for low-concentration NO
removal at room temperature has not been found.

Herein, a novel week crystallization manganese oxide
(WMO) with nanoflower morphology has been designed and
synthesized via a facile redox-precipitation method for room
temperature removal of low-concentration NO. NO removal
activity measurements were conducted under both dry and 60%
relative humidity inlet conditions. It was found that large
numbers of manganese vacancies existed in WMO and the
adsorbed water molecules on the Mn active sites, as well as
week crystalline structure play a crucial role in determining the
performance of catalyst. This prepared novel MO demonstrates
a longer lifetime for low-concentration NO removal at room
temperature, both in dry and moist stream of simulated feed
gas.
performed to reveal catalytic mechanism of different surface

DFT-based first-principles calculations were firstly
status. Their kinetic enhancement for NO catalytic oxidation
and catalysis duration are understood based on the calculated

potential energy profiles and thermodynamics.

Experimental

Synthesis details

WMO powder sample. WMO was synthesized by a facile
redox-precipitation method.'> *° In brief, 0.732 g of
MnSO,4 H,0 was initially dissolved in 3 mL distilled water.
Then, 0.485 g of KMnO, was dissolved in 8 mL distilled water
and added to the above solution dropwise following by
vigorous stirring. After adding 0.5 mL of nitric acid solution to
the above solution and stirring for 12 hours under 40 °C. The
product was filtered, washed several times with deionized water
and dried at 80 °C. After 14 hours, week crystallization
manganese oxide was obtained.

This journal is © The Royal Society of Chemistry 2012

Monolithic catalyst. A honeycomb ceramic was immersed in
Al,Oj5 slurry for 10 minutes and then dried in an oven, repeated
three times and then calcined under 600 °C for 4 hours. The
as-prepared WMO was dispersed in water, the Al,O3-coated
honeycomb ceramic was immersed in the solution for 10
minutes and dried at 80 °C for 14 hours.

Characterization

XRD patterns were recorded on a Rigaku D/Max 2200PC
diffractometer using Cu Ko radiation at 40 kV/40 maA,
measured with a rate of 4°/min. The field emission scanning
electron microscopy (SEM) analysis was performed on a JEOL
JSM6700F electron microscope. Field emission transmission
electron microscopy (TEM) analysis was conducted on a JEOL
200CX electron microscope operated at 200 KV. Nitrogen
adsorption-desorption isotherms at 77 K were measured on a
Micromeritics TriStar 3000 porosimeter. All samples were
outgassed at 150 °C for 6 h under flowing nitrogen before
measurements. The specific surface areas were calculated with
the (BET)
Thermogravimetric/differential ~ thermal

Brunauer-Emmet-Teller methods.

analyzer = mass
spectrometry (TG-DTA-MS) measurements were performed
using a Netzsch STA 449C apparatus with airflow of 20
mL/min and a heating rate of 10 K/min. The Fourier transform
infrared (FTIR) spectra were performed on a Nicolet iS10 FTIR
spectrometer with a resolution of 4 cm™'. X-ray photoelectron
spectroscopy (XPS) signals were collected on a Thermo
Scientific ESCALAB 250 instrument using monochromated Al
X-ray resource at 1486.6 eV operated at 15 kW. All the
elemental binding energies were referenced to the C (1s) line
situated at 285 eV. Potassium content were collected on an
Agilent 710 Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) by dissolved a certain amount of
WMO in aqua regia.

NO removal activity measurements.

Simulated gas measurement. The catalytic properties of NO
oxidation for samples were conducted in a quartz-tube plug
flow reactor using 100 mg catalyst in a mixed gas of 10 ppm
NO (similar to the level in the air of road tunnels and parking
garages) and 21% O, balanced with N, at a flow rate of 200
mL-min~' corresponding to a gas hourly space velocity of
40,000 h™! under ambient condition. Then, the concentration of
NO, NO, and NO, in the inlet and outlet gas were online
monitored by a NO, analyzer (Thermo Fisher 42i-LS). The NO
removal ratio was calculated as follows:
[NOJ,, ~[NO]
[NO e
where [NOJiec and [NO]ouier are the NO concentrations in the
inlet and outlet gas, respectively. The inlet gas was humidified
by passing through a bottle of deionized water and a relative
humidity of 40% - 60% (changed with outer circumstance

temperature) was achieved in the reactant gas.

Real engine exhausts measurement. The exhaust was
produced by a diesel engine with going through an electrostatic
precipitation equipment before measurement. The exhaust

NO removal ratio (%) = autet_ 100 (3)
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contains not only NO,, but also CO, CO,, HC and water vapor.
The tested relative humidity was 69%.

Computational details

The first principle calculations were performed with the Vienna
ab initio simulation package (VASP). The exchange-correlation
energy has been calculated with the PBE functional. The
structures have been relaxed until a maximum force of
<0.02eV/A and the energy convergence criterion is 10°° eV.
The electron-ion interactions were described by projector
augmented wave (PAW) potential and the valence electrons
were treated explicitly with a plane-wave basis set at a cutoff
energy of 450 eV. As WMO possesses weak crystallinity and
transition structure, will expose several active facets to an
extent. Our calculations were performed on (211) surface of
a-MnO,, since (211) surface is more likely to absorb water than
(2-2-1) surface and exhibits steps of the surface due to the
reported results.*® The models were calculated with a 4x5x1
k-points grid. A supercell with a vacuum space larger than 15 A
along z direction was used to simulate the surface. The +U
correction term was not used in the present studies because the
scheme correcting for the self-interaction of TM d-orbitals does
not obviously improve molecular adsorption energies on the
MnO, surfaces. Our test calculations using U = 4.5 eV *’ for
Mn*" indicates that NO adsorption energy on MnO, clean
surface only has the energy difference of 0.01 eV compared
with the corresponding calculation without +U correction.

For reducing the computational cost, surface
calculations in the present paper were performed by using
4-layer MnQO,. Test calculations for NO adsorbed on clean
MnO, (211) surface show that adsorption energy using a
6-layer surface model with fixed 3 bottom layers presents
almost equivalence to the 4-layer one. The NO adsorption
energy on the 4-layer MnO, is 0.07 eV lower than that on the
6-layer MnO,. Furthermore, the difference between two
corresponding Mn—O bond lengths in the 4-layer and 6-layer
structures is less than 0.06 A. Therefore, the energy and
structure changes almost are negligible due to the different
layer models. The adsorption energies of NO and O, are
calculated by the following equation:

Eads(X) = Esurf(X) + Egas - Esurf+gas(x) (4)
where E,q(X) represents the adsorption energy, and E,,, is the
energy of NO or O,. Eg,:((X) and Egpig0(X) are the energy of
the surface without and with adsorbent, respectively.

our

Results and discussion

Characteristics of catalyst

The basic structural unit of all the manganese oxides
corresponds to [MnOg] octahedron. Different crystalline can be
obtained through diverse packing manners of octahedra.** **
The scanning electron microscopy (SEM) reveals that the
prepared WMO consists of aggregated nanoparticles (Fig. 1a),
which appears nanoflowers morphology observed by amplified
image (Fig. 1b). Also, those nanoflowers are constituted by

This journal is © The Royal Society of Chemistry 2012
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plate-like nanopetals with small number of randomly stacked
octahedral sheets formed by edge-sharing [MnOg] octahedra.
The clearly detected lattice fringe shown in the high resolution
transmission electron microscopy (HRTEM) image (Fig. 1c)
and its corresponding selected area of electronic diffraction
(SAED, inset of Fig. 1c) confirm the weak crystallinity of
WMO. The XRD pattern of WMO (Fig. 2) compares well with
previously reported manganese oxides.* **°° WMO contains
only two broad peaks appearing at d-spacing 2.4 A (37°) and
1.4 A (67°), corresponding to (211) and (112) indicating that O
is structurally related to hexagonal symmetry birnessite since
the resulting d-spacing quotient (1.71) is close to V3. Compared
to the diffraction patterns of MnO,, the absence of 7.18 A
(12.3°) and 3.6 A (24.8°) reflection peaks, indicates MO is a
kind of vernadite, which is a random-stacked birnessite, i.e.,
there are a very small number of randomly stacked octahedral
sheets per diffracting particle.* In addition, the coarse XRD
pattern suggests the weak crystallinity of WMO. Moreover, the
o-MnO, by increasing reaction temperature from 40 °C to 70
°C or higher (Fig. 2) could be obtained, accompanying with
morphology change from nanoflower-like to rod-like (Fig. S1).
The BET surface area of WMO shows as high as 346 m*/g (N,
adsorption—desorption isotherms see Supplementary Fig. S2),
which is beneficial for the exposure of actives sites, and

promoting the oxidation of NO at room temperature.

Fig. 1 SEM images (a), (b) and HRTEM image (c) of WMO (The inset
is the corresponding selected area of electronic diffraction).

a~-MnO2

~
=
—
—
°
o

- @211)

WMO

Intensity (a.u.)

- (112)

10 20 3I0 40 50 60 70
2 Theta (Degree)

Fig. 2 XRD patterns of WMO and a-MnO,.
XPS spectra were measured on the prepared WMO, and the

references pure MnO,, Mn,O; and MnO for comparison to
distinguish the different Mn valence states, and the binding
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energies are summarized in Supplementary Table S1 and Fig.
S3a. Compared with the references pure MnO,, Mn,O; and
MnO, the Mn 2p binding energy of the prepared WMO is very
close to that of MnO,, indicating that tetravalent Mn accounts
for the vast majority. The calculated water content of the
prepared WMO is around 14 wt% from the TG-DTA-MS
curves (Table 1), since H,O (18) signal could be detected
during the test (see Supplementary Fig. S4). FT-IR data (see
Supplementary Fig. S5a) were also collected to confirm that
there were large amount of water molecules and/or hydroxyl
groups within WMO. The peak at 1630 cm™' is ascribed to the
O-H bending vibration of water molecules adsorbed by the
surface of WMO. The peaks between 1040 cm ™' and 1400 cm™'
are attributed to the bending stretching of H-O—H of the crystal
water within the sample. According to the ICP results, the
prepared sample has a lower potassium content (2.6%, Table 1)
compared to 8-MnO, or “c-disordered” H'-Birnessite.*> The
existence of potassium ions is indicative of negative structural
charge, arising from the presence of Mn vacancies, where Mn
atoms are absent in the octahedral sheets.*” Thus, negative
charges will be generated per vacant site, where hydrated
interlayer cations can balance the negative charge, and hold the
octahedral sheets together. The different O/Mn ratios obtained
from XPS are summarized in Table 2. The distinctive deviation
from stoichiometric ratio for the etched surface of the prepared
WMO, i.e., O/Mn equals to 2.21, confirms the presence of Mn
vacancies. While, the much higher surface O/Mn ratio of 3.19
not only indicates the presence of Mn vacancies, but also the
existence of large number of adsorbed oxygen species, which is
also confirmed by the O 1s spectrum of XPS results in Fig. S2b.
The missing of manganese atoms could induce the formation of
oxygen dangling bonds, which may beneficial to the adsorption
and catalytic oxidation of NO. Meanwhile, manganese atoms
on the surface can also absorb water molecules to form
H,O—Mn structure. Therefore, it is believed that the calculated
14 wt% water content of the prepared WMO exists in both
between the layers and the surface Mn sites of WMO via
adsorption.

The removal performance of NO

Fig. 3 shows the results of low-concentration NO catalytic
removal property of WMO at room temperature, by detecting
the in situ time history of outlet gas concentration. The whole
NO removal process can be divided into four steps. At first, no
NO signals could be detected within the outlet gas,
demonstrating NO could be completely adsorbed by WMO.
Conversely, the NO, concentration is about 1 ppm, confirming
that WMO can catalytic oxidize NO into NO, to some extent.
The generated NO, outlet gradually declines to the minimum
concentration of 0.3 ppm in the first hour, suggesting that the
NO, product can be gradually adsorbed by WMO during the
first stage of catalytic process. Next, the outlet NO,
concentration increases with time going on while there’s still no
NO can be detected, indicating that WMO could adsorb NO
and thoroughly convert it to NO, via catalytic oxidization.

This journal is © The Royal Society of Chemistry 2012

However, the capability of WMO for NO, adsorption gradually
weakened owing to the cover of activity sites. Afterwards, NO
could be detected from the outlet gas and its concentration
gradually increases, accompanying with continuing increases of
NO, concentration, indicating that the prepared WMO has lost
the adsorptive activity for NO, but can still catalyze it into NO,.
Finally, NO, concentration decreases, accompanying with the
concentration of NO gradually increases, indicating that WMO
has gradually lost both the adsorptive capability for NO, and
catalytic activity. The detailed results of NO removal ratio can
be found in Fig. 3. In brief, this novel WMO possesses 100%
NO removal capability under dry inlet condition and lasts for
about 20 hours, which is 5 folds duration time of that reported
before.>* For comparison, the reference of well-crystallized
o-MnO, shows no capability for NO removal (Fig. S6),
suggesting that the weak crystallization of manganese oxide is
one of the main reasons for the NO removal.

10 > 100
E —e— NO removal ratio =
g 8F_o— NO outlet concentration 1 95&
= [ —2—NO2 outlet concentration £
S or 1908
- —
S Iy g
%’ 4 .I 1T 11 \IV]gs g
: 1 <
o 21 E 80%
0 75

0 5 10 15 20 25
Time on-stream (h)

Fig. 3 Time course of outlet NO and NO, concentrations and NO
removal ratios during NO removal test for WMO. Reaction conditions:
[NO] = 10 ppm, [O,] = 21%, balance = N,, temperature = 25 °C, and
GHSV =40,000h™".

10 100
8t 1958
g g
D N
g 6 190 =
& g
£ 4—— NO removal ratio 185 &
§ —=— NO outlet concentration QE)
g 2 — NO:2 outlet concentration 30 5
] Z
0 1 1 1 75
0 20 40 60 80

Time on-stream (h)

Fig. 4 Time course of outlet NO and NO, concentrations and NO
removal ratios during NO removal test for WMO. Reaction conditions:
[NO] = 10 ppm, [O,] = 20%, balance = N,, temperature = 25 °C, and
GHSV = 40,000 h™!, 60% relative humidity.

Furthermore, the water-resisting property of the prepared
WMO was also tested with 60% relative humidity. Generally,
water was found to be harmful in the NO removal process on
Fe-Mn oxide catalyst*® Very interesting, this WMO shows
much more excellent performance in the removal of NO under
60% relative humidity inlet condition (Fig. 4) than that in the
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dry inlet condition. Though it doesn’t reach 100% of NO

removal, it presents much longer duration of more than 70hrs 5.36 des_NO32
for >80% NO removal ratio than that of only 25hrs in dry ~ 5 rwMo' ;‘
condition. However, during the whole NO removal test process, § “.4-05/’ "\
nitrite and nitrate are also observed according to FT-IR B S ads_NO(1)
measurement, as shown in Fig. S5. The enhanced peak intensity 2 3+ "‘
at 1384 cm™! compared to 1400 cm™' can be attributed to the = \ WMO
formation of nitrate species.’” ' Their gradual accumulations .E ey "ﬁ‘oz 1_95
on catalytic surfaces could lead to gradual deactivation of active % 1t L \‘.\ /
sites. = ads_NO(2)
On the basis of these experimental results, a possible model e .00
has been proposed to explore the atomic-level insight into the Reaction Coordinate
fundamental catalytic mechanism. Since the prepared WMO v WMO
has a weak crystallinity and high surface area with = e E‘\
nanoflower-like morphology, it could possess large amount of 3 \ Vi.gg'
structural defects and expose much more active facets, such as ) 3r \‘2'_-"4/_‘.2?5 NO2
(211) surface, as shown in the XRD pattern (Fig. 2), to a certain g ¥ade NROC 2'73“\
extent. The previously fundamental studies have revealed® *** L: i \E‘ds-ozv s
> that high-index surfaces exhibit much higher catalytic E e —_
activity than low-index surfaces, since high-index surfaces have 2 i \ ;'1'32 ‘lﬁs
a h}gher density of unsa.turat?d atomic step.s, ledges,.and kinks, ol (b) PES on v-Mn surface -‘0‘._00'; v_WMO
which can serve as active sites for breaking chemical bonds. v_ads_NO(2)
Therefore, the (211) surface was used as the active surface to Reaction Coordinate
catalyze 2NO + O,— 2NO,. The DFT-based first-principles
calculations were performed to obtain reaction paths of 2NO + 4 -“ﬂMo w_cENoz
O, — 2NO, on clean, Mn-vacancy, hydrated surfaces o 3877 329 /393
respectively, in order to reveal the influence of both iB L w_ads NO(1) 266
Mn-vacancy and water on reaction mechanism and kinetics. g w_aTﬁDz
The NEB method is used to locate the transition states ﬁ 2 X
connecting with two intermediates. The calculated reaction £ \‘.
paths on three different surfaces are presented in Fig. 5a, b and § 1+ “.
¢, respectively. Their corresponding reaction paths are listed in = l'\ WTW—MO
Fig. S7. 0 | (¢) PES on hydrated surface ‘H,’ 0.48
w_ads_NO(2)

Reaction Coordinate

Fig. 5 DFT-calculated reaction paths of 2NO+0,—2NO, on (a) clean
MnO;, (211), (b) Mn-vacancy surface, and (c) hydrated MnO, surface.

For the case of clean surface (Fig. S6A), NO is firstly
adsorbed on four-coordinated Mn site by forming Mn—O bond.
The adsorption energy is -1.31 eV (Fig. 5a) indicating that N-O
bond can be strongly activated. Subsequently, the activated NO
easily reacts with low-coordinated lattice oxygen (Oy, Fig.
S7A) to form NO,. Thus it can generate an oxygen vacancy
accompanying with NO, desorption. Afterwards, O, are easily
adsorbed to form adsorbed oxygen (O,q4s), Which can be further
activated on O-vacancy surface. Finally, the second NO, is
desorbed followed by next NO adsorption. In terms of our
calculated potential energy profiles (Fig. 5a-c), desorption of
NO, requires surmounting higher energy barriers and are
rate-determining in the catalytic processes. Therefore, it is very
important to reduce reaction barriers of NO, desorption to
enhance reaction kinetics. From XPS results of surface O 1s
(see Supplementary Fig. S3b and Table 2), it can be found that
before and after tests, the ratio of Oy, to O,y decreases from
1.74 to 0.78, confirming that Oy, species were consumed during

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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NO removal process. Further test was performed in a dry inlet
condition but without using any oxygen within the inlet gas (see
Supplementary Fig. S8), WMO also can last for about 2 hours
of 100% NO removal, confirming the role of lattice oxygen
cycle during the test.

In the case of the existence of Mn-vacancies (V ) in (211)
surface (Fig. S7B), much more active O atoms with dangling
bonds (Og,,) were formed around Mn vacancies. NO molecules
were firstly adsorbed in the sites of Og,,, then the adsorbed NO
(designated as NO,q) can be activated to NO" (Eq. (5)) through
electron transfer to the surface Mn*" site (Eq. (6)). Meanwhile,
Ogan Was activated by an electron from V Mo resulting in the
formation of O™ (Eq. (7)), accompanying with V', turning into
V'wn by losing an electron (Eq. (8)). Afterwards, the reaction
between the activated NO' and O™ can quickly produce NO,.
V'wn can seize an electron from Mn®" to form V 'y, (Eq. (9)),
and Mn®" turns into Mn** (Eq. (10)) at the same time. As shown
in Fig. 5b, the first and second desorption energies of NO, can
greatly decrease from 1.12 and 1.95 eV (clean surface) to 0.26
and 1.32 eV (Mn-vacancy surface), indicating that NO, can
desorb easily in Mn-vacancy surface, thus produces an oxygen
vacancy (i.e, an Og,, vacancy). Comparing with reaction
mechanism on clean surface, it can be found that the presence
of Mn vacancies can significantly reduce reaction barriers of
NO, desorption, which is favourable to enhance reaction
kinetics of NO conversion into NO,.

NO -e - NO' (5
Mn*'+e— Mn*"  (6)
O+e—> 0O 7
V”Mn —c— V’Mn (8)
Vimte>Viyn (9
Mn** - e— Mn*"  (10)

Furthermore, it is worth exploring the distinctive
water-assisted mechanism for 2NO + O,— 2NO, in the
presence of moisture. On the hydrated surface (Fig. S7C), OH
group is adsorbed on the four-coordinated Mn site by forming
Mn—-O bond. Both Mn and OH are exposed as possible active
Nevertheless, NO
approaching into OH is relatively unstable according to the
calculation, which leads to NO adsorbed on the neighboured
Mn site. In addition, the calculation results indicate that the
hydrated surface of MnO,
desorption barrier to 0.64 and 0.48 eV in comparison with

sites to interact with NO molecule.

can effectively reduce NO,

reaction path on the clean surface (1.12 and 1.95 eV), as shown
in Fig. 5a and c. It means that NO, molecules can easily
desorbed from the active sites, promoting NO adsorption on the
refreshed surface Oy, sites. However, the active Mn sites
occupied by OH may lead to the reduction of catalytic sites,
which is consistent with the results in Fig. 4 (NO removal ratio
cannot reach 100% with 60% relative humidity test condition).
In order to reveal the thermodynamic stability of different
catalytic structures WMO, v. WMO, w_WMO, and v.w_WMO,
we further calculated the formation energies of these structures,
as shown in Table 3. Herein, the formation energy is defined as
Ecatalyst - EMn-bulk - EOZ'
1/2(1/2Eoy+Ep0), where the last term (1/2(1/2Eg,+Ewy0)) is

AEf = Ecatalyst - EMn-bulk - EOZ - EOH =

This journal is © The Royal Society of Chemistry 2012

included only in the hydrated surfaces. Based on Table 3, it can
be found that the surfaces (w_WMO and v.w_WMO) with
water-coverage have the larger stability in thermodynamics
than dry ones (WMO and v_WMO). The calculated results
could give a possible explanation for the longer water-assisted
duration of catalysis. Humidity could keep the outlet NO,
concentration balance and present much longer duration (it can
last for more than 60 hrs at above 90% NO removal ratio) in a
moist stream of simulated feed gas than that in the dry
condition, which is much important for the practical
application.

The NO removal capability of WMO under real engine
exhaust condition was further measured by a monolithic
catalyst, which was prepared by the as-synthesized WMO
coated onto the honeycomb ceramic carrier, as shown in Fig.
S9. The tested relative humidity was 69% and the results were
summarized in Fig. 6. With the start of diesel engine, the NO
concentration could reach highest value of about 7 ppm, while
the NO outlet concentration was about 3 ppm at first and
decreased as time went on. With the stable working status of
engine, the released exhausts gradually decreased and finally
achieved the complete removal of NO and lasted for the last
during the whole test process, suggesting WMO could be used

as a potential good catalyst in the actual application.
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Fig. 6 Monolithic catalyst test. Inlet gas = diesel exhaust, velocity =
0.35 mes !, temperature = 14 °C, relative humidity = 69%.

Table 1 Physicochemical properties of the prepared WMO.

BET Surface Area K+/Mn ratio (mol %) Water content (%)
(m’/g)
346 2.6 14

Table 2 XPS results of the O 1s and O/Mn ratio of WMO before and after NO
removal test under dry inlet condition.

WMO Fresh After dry inlet test
O1at/Oags’ 1.74 0.78
Surface O/Mn 3.19 3.28
Etched surface O/Mn 2.21 2.16

“Oyqe: lattice oxygen, O,qs: adsorbed oxygen.
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Table 3 DFT-calculated formation energies (¢V) of various catalytic
structures including clean WMO, Mn-vacancy (v), hydrated (w) surfaces. The
calculated values are based on one Mn atom.

WMO v_WMO w WMO v w WMO
AE; -4.015 -4.066 -4.245 -4.193
Conclusions

In conclusion, a facile redox-precipitation method has been
proposed to synthesize a novel week crystallization manganese
oxide (WMO) with high surface area (>300 m?/g), which can
be used as an excellent adsorbent/catalyst for the removal of
low-concentration NO at room temperature. The small amount
of K ions indicates the presence of Mn vacancies and oxygen
dangling bonds, which is great beneficial to the adsorption and
catalytic oxidation of NO molecules. A detailed catalytic
mechanism is proposed based on the results of XPS analysis
and the reference NO removal test without any oxygen in the
inlet gas. The first-principles calculations indicate that both
water and Mn-vacancy on WMO surface significantly reduce
the barriers of NO, desorption which is determined as the
rate-determining step in 2NO + O,— 2NO, reaction. The
calculated formation energies for the various catalytic structures
suggest that the hydrated WMO surfaces are more stable than
dry surfaces, which is the possible cause for longer duration of
catalytic activity in a moist stream. However, these active Mn
on hydrated surfaces may be occupied by OH so than
interaction between NO/O, and Mn is hindered. Therefore,
around 14 wt% water molecules existed in the prepared WMO
calculated by TG-DTA-MS is considered to benefit the release
of NO, More
importantly, the prepared sample shows effective purification

and reducing the catalyst deactivation.
capability using a monolithic catalyst, indicating the potential
application of such non-precious catalyst for the adsorption and
catalytic oxidation of low-concentration nitric oxide at room

temperature.
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