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A facile homogeneous precipitation method driven by synchronous reactions of urea hydrolysis and potassium
permanganate reduction is proposed for preparation of MnO; catalysts. Pure a-MnOy nanostructures with
different morphologies, including nanowires, nanorods and nanoparticles, were obtained by simply tuning the
precipitation conditions. The evolution of materials derived from different preparation conditions was investi-
gated via X-ray diffraction, transmission electron microscopy, Ny adsorption, X-ray photoelectron spectroscopy,
chemisorption and DFT calculations. The precipitation temperature and time significantly influenced the
physiochemical properties of as-prepared catalysts. With increasing precipitation temperature and time, the
degree of crystallinity, BET surface area and amount of surface-adsorbed oxygen of a-MnO, exhibited a sub-
stantial increase. The main exposed surface facets varied from (2 0 0), (31 0) to (2 1 1) as temperature and time
increased. The best precipitation temperature and time were 90 °C and 24 h respectively. The optimal a-MnO3
catalyst demonstrated 100% conversion of 1000 ppm ethyl acetate under the high space velocity of 78,000 h™*
during a 113-h test at 190 °C, outperforming other manganese oxide catalysts and many typical noble metal
catalysts in terms of activity and stability. Experimental results and DFT calculations were consistent and
indicated that surface oxygen species originating from the (2 1 1) surface of a-MnO, were most active. This study
provides important insights for manipulating the morphology of MnO, by a facile method and remarkably
promoting the performance for ethyl acetate VOC elimination.

1. Introduction materials are the most efficient catalysts for total oxidation of VOCs,

but with the disadvantages of low natural abundance and high cost. The

The increasing emissions of volatile organic compounds (VOCs)
linked with industrialization and urbanization severely threaten the
ecological environment [1-3]. For instance, anthropogenic NMVOC
emissions in China increased from 9.76 Tg in 1990 to 28.5 Tg in 2017
[4]. These vast VOCs emissions contribute to heavy haze and the for-
mation of tropospheric ozone (O3), which endanger human health.
Catalytic oxidation is considered as one of the most feasible technologies
for the removal of VOCs in comparison with other treatments (adsorp-
tion, plasma catalysis, photocatalytic oxidation, etc.) [3], due to its high
efficiency, energy savings, and environmental friendliness. The catalysts
for VOC oxidation include noble metals [5-11] and transition metal
oxides [12-15]. The noble metal catalysts such as Pt- and Pd-based

development of noble-metal-free metal oxides and eco-catalysts oper-
ating at low-temperatures is highly desirable.

Among these catalysts, manganese-based catalysts, including spinel-
type [16,17], binary oxides [18,19] and mixed-metal oxides [20,21] are
highly efficient and economical catalysts for VOC oxidation. Among
them, MnO; [21-24] has attracted more and more attention due to its
superior redox properites. In nature, MnO5 can form many kinds of
polymorphs, such as the a-, p-, y-, and 8- polytypes. The a-MnO; phase
has drawn considerable attention for its good catalytic performance in
the deep oxidation of VOCs because of its abundant lattice oxygen
species and good reducibility [25-27]. To obtain a-MnOj catalysts with
excellent catalytic performance in terms of activity and stability,
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Scheme 1. Illustration of the homogeneous precipitation reaction.

numerous synthesis techniques have been developed, including the
hydrothermal method, sol-gel method, co-precipitation method, etc.

The hydrothermal method has been the most common route to pre-
paring MnO, materials [28-31]. However, it requires expensive equip-
ment with high pressure resistance, and its high energy consumption
limits large-scale application. The sol-gel method [32] does not depend
on special reactors, but has poor atomic economy with easy loss of
valuable components, which eventually cause solvent pollution [33].
The co-precipitation method is a facile method and appropriate for mass
production [34]. However, some inactive heterogeneous components
coexist inevitably in the as-prepared catalysts [35,36]. Homogeneous
precipitation is optimal for co-precipitation synthesis, and massive
amounts of products can be produced. Meanwhile, highly pure active
phases [37] can be synthesized via tuning the preparation conditions. To
the best of our knowledge, there are few reports on the development of
nano a-MnO;, via facile homogeneous precipitation methods for appli-
cation in VOC oxidation.

In order to synthesize a-MnOy with good performance, some re-
searchers have been successful in tuning the morphologies via reflux,
solid-state reaction and hydrothermal methods [38-41]. Zhang et al
[42] demonstrated that nanofiber-like a-MnO, with more oxygen va-
cancies exhibits better activity than that of nanorod and nanotube
a-MnO». Li et al [43] manipulated the oxygen vacancy density of
a-MnO, with nanorod morphology, which demonstrated excellent
removal efficiency for benzene. Actually, different exposed facets
exhibited various surface coordination environments, which determined
the properties of oxygen defects [44]. For instance, Rong et.al [45] re-
ported that a-MnO> (3 1 0) facets possess more oxygen vacancies than (1
1 0) and (1 0 0) facets. Jia et al [42] found that the atomic configuration
of a-MnO> (2 1 1) facets contains more unsaturated manganese, which is
favorable to the formation of more oxygen vacancies. These results
indicate that tuning the morphologies and crystal facets are effective
means to improve the catalytic oxidation activity of MnO,. However,
few literatures are successful in synthesis of high index crystal faces such
as (21 1) faces.

In this study, a facile homogeneous precipitation method is intro-
duced. Different morphologies were obtained, including nanowires,
nanorods and nano-particles, which exposed different dominant high
index facets, such as (21 1), (31 0) and (2 0 0) crystal planes. The nano-
particulate a-MnO; exhibited high stability and the best activity ever
achieved in the oxidation of ethyl acetate, which is considered one of the
most difficult molecules to oxidize [46]. Numerous charaterization
methods were applied to reveal the relationship between structure and
activity. The highly reactive (2 1 1) plane contributed to the best activity
of the nano-particulate a-MnO,.With the aid of DFT calculation, the
surface oxygen species originating from different exposed surfaces were
compared, among which oxygen species derived from the high index (2
1 1) surface of a-MnO;, were found to be most active in VOC oxidation.

2. Experimental section
2.1. Illustration of the homogeneous precipitation process

We herein describe a chemical route to uniformly introduce NHj into
a KMnOy solution, in which the formed NH4MnO4 tends to decompose
easily as follows: 2NH4MnOy (s) = N3 (g) + 2MnOy (s) + 4H20 (1). The
homogeneous precipitation proceeds by consumption of NHZ ions. In
fact, NH4 ions can be released slowly by the following reactions: CO

(NHa)s (s) + Hz0 (1) 2% CO, () + 2NH; (8), NHs (8) + Ho0 (1) = NHJ

(aq) + OH™ (aq) (AG = — 210.16 kJ/mol) [47]. The combined reactions
lead to a spontaneous reaction as follows: 2MnOj (aq) + CO (NH3), () =
N3 (g) + 2MnO3 (s) + H20 (1) + 20H™ + CO3 (AG = — 647.56 kJ/mol).
The properties of the products are influenced by a combination of
several factors, including hydrolysis temperature, precipitation time and
calcination temperature, all of which were carefully examined. As stated
above, a homogenous MnO; catalyst could be obtained during syn-
chronous MnO», precipitation and NHs hydrolysis reactions, which are
illustrated in Scheme 1.

2.2. Catalyst preparation

The a-MnO, catalysts were prepared by the homogeneous precipi-
tation method. In a typical synthesis, 0.3 mol KMnO4 (XiLONG SCIEN-
TIFIC) as the Mn precursor was firstly dissolved in 372 mL deionized
water under stirring to form a solution. An excess of urea (Sinopharm
Chemical Reagent) to precipitate all precursors was then added into the
solution. The solution was magnetically stirred at room temperature for
3 h, then heated to 90 °C with a plastic film cover and held there for 24 h
under vigorous stirring. After filtering, washing and drying at 100 °C
overnight, the solids were calcined at 500 °C for 3 h in a muffle furnace
with a heating rate of 5 °C/min to obtain the final products. In order to
determine the optimal preparation conditions, we also prepared a-MnO5
with different water bath times, water bath temperatures and calcina-
tion temperatures. First, we evaluated the effect of the reaction tem-
perature (Y °C) on the catalytic activity of the corresponding a-MnO,
catalysts (MnO»-Y, Y = 70, 80 and 90), with the water bath time set to
24 h. Next, we varied the reaction time (X h) of the water bath to obtain
a series of a-MnOj, catalysts (MnOy-Xh, X = 6, 12, 24, 48) at the opti-
mum temperature. The calcination temperature was also considered,
and controlled from 400 °C to 600 °C in intervals of 100 °C, setting the
previous two parameters at 24 h and 90 °C. The weights of a-MnO,
products were recorded after different preparations as shown in
Table S1. One of the most attractive advantages of the homogeneous co-
precipitation method is that the utilization of the Mn source is relatively
high as to 100%. According to the yield rate calculation, all Mn ions
were effectively embedded into the lattice of a-MnO, under suitable
conditions.
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Fig. 1. Catalytic activities of a-MnO, prepared with various precipitation temperatures (A, D), precipitation periods (B, E) and calcination temperatures (C, F).
Reaction conditions: [Ethyl Acetate] = 1000 ppm, [O5] = 20 vol%, GHSV = 78000 h L

2.3. Catalyst characterization

The X-ray powder diffraction patterns of the catalysts were recorded
by an X’Pert Pro XRD diffractometer (PANalytical B.V., Netherlands)
with Cu Ka radiation (A = 1.5406 13;) at 40 kV and 40 mA. The
morphology of catalysts was characterized by a Hitachi S-4800 field
emission scanning electron microscope (FE-SEM). HRTEM was
employed using a JEOL 2100F instrument, with the Cs calibration probe
operated under 200 kV. N5 physisorption analysis was carried out at 77
K using an ASAP 2020 N autoscore surface analyzer. The specific surface
area and pore volume were calculated by the Brunauer-Emmett-Teller
(BET) method. X-ray photoelectron spectra (XPS) were measured on an
ESCALAB250 spectrometer using monochromatic Al Ka as the X-ray
source (1486.6 eV). The adventitious C 1 s peak at 284.6 eV was utilized
for calibration of the binding energies (BEs) of all the elements.
Elemental analysis was conducted using an inductively coupled plasma
emission spectrometer (ICP-OES, Agilent 700). All samples were dis-
solved using strong acid solution before testing. The continuum spectra
of the samples were fitted in accordance with Gaussian-Lorentzian line
shapes. Hy temperature-programmed reduction (Ha-TPR) experiments
were conducted on a Micromeritics Auto chem II 2920 adsorption in-
strument. The sample (60 mg) was pretreated at 150 °C for 1 h before
measurement. After cooling to 30 °C, it was reduced in a 50 mL-min?
flowing gas mixture of 5 vol% Hj and Ar while being gradually heated to
700 °C. The variation in Hy concentration was monitored with a thermal
conductivity detector (TCD). In situ diffuse reflectance infrared Fourier
transform spectra (in situ DRIFTS) were recorded on a Thermo Fisher
IS50 FTIR spectrometer, equipped with an in situ diffuse reflectance
chamber (Harrick) and high sensitivity MCT/A detector. The detailed
test steps are described in Text S1.

2.4. Catalytic evaluation

The complete oxidation of ethyl acetate was performed in a fixed-bed
continuous flow quartz reactor (8 mm i.d.), in which 0.2 g catalyst

(40-60 mesh) was loaded and held in place by quartz wool. The reactant
mixture was composed of 1000 ppm ethyl acetate, 20 vol% O in Ny
balance at a total flow rate of 300 mL/min, giving a gaseous hourly
space velocity (GHSV) of 78,000 h~! (SV = 120,000 mL/(g-h)). The
ethyl acetate vapor was produced by passing No through a bottle con-
taining pure ethyl acetate (A.R.), which was chilled in an isothermal
bath of ice water. To minimize the adsorption of ethyl acetate on tube
walls, all gas lines were kept at 80 °C. The VOC (ethyl acetate) con-
centration was analyzed online by a gas chromatograph (GC; Agilent
7890B, HP-5 capillary column) with a flame ionization detector. CO,
CO; and O concentrations were analyzed by the same GC with another
inlet channel, which was equipped with a flame ionization detector and
a thermal conductivity detector (Porapak Q and HayeSep Q columns).
The column oven was kept at 80 °C to separate all components. In all the
experiments, ethyl acetate conversion was calculated using the
following equation:

EthylAcetat
EthylAcetateConversion(%) = (1 _ [EthylAceta d"“’) x 100%

[EthylAcetate),,

The CO;, yield was defined as follows:

[COZ]uur % 100%

Yield(%) = i Acerate] < 4
CO,Yield(%) [EthylAcetate],, x 4

2.5. DFT calculation

Periodic DFT calculations were performed using the plane-wave
method (the Vienna Ab-initio Simulation Package). The exchan-
ge—correlation functional was treated within the GGA approximation
parameterized by PBE. The electron-ion interaction was described by
the projector augmented wave (PAW) approach. The inter-slab distance
was maintained at 15 A to avoid inter-slab interactions in the periodic
system. A tight convergence of the plane-wave expansion was obtained
with a kinetics energy cut-off of 400 eV. The electron configurations
2s5%2p*, 3d°4s2, 3p®4s! were considered for the valence electrons of O,
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Table 1
Comparison of ethyl acetate oxidation catalysts known to exhibit good
performance.

Catalysts Ethyl acetate GHSV(h ™) Too(°C) References
concentration(ppm)
Ce-Ni 466.7 53,050 230 [51]
Fe-Ti 1.21 mol% 100 397 [52]
Co/CeO, 466.7 60,000 260 [53]
Cu-Ce/SiO, 1.21 mol% 300 297 [54]
CuO/ZSM-5 1,500 15,000 235 [55]
Cuyo/ 1802 mg/m® 5,000 300 [56]
Al,03-M
MnOy-CeO, 500 60,000 mL 205 [20]
g h!
Pt-TiO,/Ti 1,000 2,000 290 [46]
Pt-Ti-Al/ 1,000 10,000 300 [57]
Aly03
Pd/CCY- 1,000 e 260 [58]
500
Pd/Aly03 1000 78,000 278 This work
a-MnOy 1,000 78,000 176 This work

Mn and K respectively. The optimized pristine crystal lattice parameters
of a-MnO5 (KMngO1¢) were as follows: a=b =9.71 10\, c=2.85 f\, and o
=B =7y =90, which is close to the values in many other reports [48-50].
Spin polarization was considered in all calculations. The convergence
criteria for the electronic and ionic relaxation were 10~ eV and 0.02 eV
A1 respectively.

In order to evaluate the reactivity of surface oxygen species stem-
ming from different exposed surfaces, three different surfaces (2 0 0), (3
1 0) and (2 1 1) were established on the basis of the former optimized
model of a-MnO,. The energy for the removal of surface oxygen (oxygen
vacancy formation energy) was calculated as follows:

Evo = E4y — Epux +1/2Eo,

where Ege is the total energy of the model with loss of one surface ox-
ygen, Ep, ik is the total energy of the intact system and Eg> is the energy of
an Oy molecule. Lower Eyp values indicate that the corresponding sur-
face oxygen species is more active.

3. Results and discussion
3.1. Catalytic performance

3.1.1. Activity measurement

The catalytic activities of all materials for the total oxidation of ethyl
acetate were evaluated to determine the optimal preparation parame-
ters. Fig. 1(A) shows that precipitation temperature is a vital factor
influencing the catalytic performance of the prepared MnOy. The
oxidation of ethyl acetate with MnO»-90 as catalyst was much better
than that with MnO,-80 and MnO5-70. As can be seen in Fig. 1(B), the
precipitation time also significantly affected the catalytic activity of
relevant samples. The ethyl acetate removal efficiency increased with
increasing crystallization time. Since the activity of MnOy-24 h was
similar to that of MnO,-48 h, the optimal bath time was fixed at 24 h to
save energy. Three different calcination temperatures (400 °C, 500 °C
and 600 °C) were also investigated as shown in Fig. 1(C). The sample
without calcination was also characterized and tested as shown in
Fig. S1. Activation of materials by calcination is indispensable because
the un-calcined sample was in an amorphous form and the catalytic
activity was very unstable. The activity sequence for different activation
temperatures was as follows: 500 °C > 400 °C > 600 °C > un-calcined.
Considering both the activity and thermal stability, 500 °C was the best
activation temperature. Actually, a much wider range of preparation
parameters, including precipitation temperature (70, 80, 90, and
100 °C), precipitation time (6, 12, 24, 36, 48 h) and calcination tem-
perature (300, 400, 500, 600 °C) were compared, with the results
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Fig. 2. Comparison of ethyl acetate conversion levels among a-MnO-, (test at
190 °C), commercial MnO, (test at 190 °C) and 1 wt% Pd/Al,O3 (test at
280 °C). Reaction conditions: [ethyl acetate] = 1000 ppm, [O2] = 20 vol%,
GHSV = 78,000 h™ L.

illustrated in Fig. S2-S5 and Text S2. On the basis of activity tests, the
optimal precipitation temperature, time and thermal activation tem-
perature were confirmed as 90 °C, 24 h, and 500 °C, respectively.

The as-obtained catalyst exhibited excellent activity in the oxidation
of ethyl acetate. The Tsg and Ty (corresponding to the respective re-
action temperatures at which 50% and 90% of ethyl acetate conversion
could be obtained) value was 150 °C and 176 °C respectively. The cor-
responding CO; yield profile was almost the same as the ethyl acetate
conversion (Fig. 1(D)-(F)). It should be noted that the CO; yield of
MnO,-70 and MnO»-80 in Fig. 1(D) is lower than the corresponding VOC
conversion (Fig. 1(A)). The carbon balance was checked, with the results
illustrated in Fig. S6. About 20% CO as byproduct decreased the CO5
selectivity over MnO2-70 and MnO3-80, while Mn0O5-90 exhibited good
CO4 selectivity without noteworthy formation of the byproduct CO in
the removal of ethyl acetate. A comparison between different catalysts
known to exhibit good performance is shown in Table 1 and Table S2. It
can be observed that our catalysts exhibited outstanding combined
performance in terms of low-temperature activity and GHSV value
compared to catalysts reported in the literature.

3.1.2. Stability test

Catalytic stability is an important criterion for catalysts in industrial
applications. Thus, a stability test was carried out over the selected
a-MnOs, catalyst. A noble metal catalyst (1 wt% Pd/Al;O3) prepared in
our previous study [59] and a commercial MnO; catalyst (Sinopharm
Chemical Reagent) were also applied in ethyl acetate oxidation for
comparison. As shown in Fig. 2, during a 113-h test, the selected a-MnO5
catalyst exhibited excellent stability, maintaining 100% ethyl acetate
conversion and nearly 100% COs yield. In contrast, the ethyl acetate
conversion and CO; yield dropped sharply from 95% and 85% to 77.6%
and 61.5% in 84 h, respectively, over Pd/Al;03. The commercial MnO4
catalyst exhibited the worst activity and stability in ethyl acetate
oxidation, with the activity dropping to 45% in 28 h. The reason was
further analyzed in Fig. S7, Table S3 and Text S3. The performance of
the optimal a-MnO,, catalyst in this work was far superior to that of Pd/
Al,O3 (Fig. S8) and commercial MnO,, demonstrating its promise as a
catalyst for low-temperature catalytic oxidation of ethyl acetate. Since
the homogeneous precipitation temperature and time influence the
catalyst profoundly, both preparation parameters are addressed in the
following discussion.
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Table 2
XPS peak fitting parameters, atomic ratios and textural parameters of MnO,, catalysts prepared at different precipitation temperatures.
Sample Mn 2p Mn3s Ols K/Mn N Physisorption
Mn>*(eV) Mn**(eV) Mn**/Mn®* AEs AOS Olare(%) 0,45(%) Oads/Olatt XPS ICP Sper(m?/g) Vi (mL/g)
MnO,-70 641.9 643.1 0.90 4.81 3.51 72.22 27.78 0.38 0.27 0.24 13.82 0.07
MnO,-80 641.8 642.9 0.95 4.76 3.57 73.24 26.76 0.37 0.21 0.16 16.93 0.04
MnO,-90 641.9 642.9 1.16 4.54 3.82 65.57 34.43 0.52 0.11 0.11 34.30 0.16

0,400\

500 4 Iy
MnO5-80

Mn04-90

Fig. 4. Images showing the morphology of MnO»-70, MnO»-80, and MnO,-90.
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3.2. Effect of homogeneous precipitation temperature

3.2.1. Structural properties

Fig. 3(A) shows the XRD patterns of samples synthesized in a water
bath at 70-90 °C; the precipitation time and calcination temperature
were fixed at 24 h and 500 °C, respectively. For all three samples, the
diffraction peaks could be attributed to pure a-MnOy (JCPDS card NO.
44-0141) [60,61], but the crystallinities were notably different. An in-
crease in crystallinity was observed with the increase in the homoge-
neous precipitation temperature, as evidenced by the appearance of
sharp peaks [45].

The N, isotherms and cumulative pore volume as a function of pore
width of the a-MnO;, samples are illustrated in Fig. S9(A) and (B)
respectively, which reveal their mesopore structures. The pore size
distributions and the textural parameters of the a-MnO, samples are
presented in Fig. 3(B) and Table 2, respectively. Among them, the
MnO,-90 sample had the largest BET surface area (34.30 m? g™1), fol-
lowed by MnO,-80 (16.93 m? g™!) and MnO,-70 (13.82 m? g™ 1).

According to previous reports [62,63], this can be attributed to the
gradual enhancement of the mesopore structure from 70 °C to 90 °C, as
shown in Fig. S9(B).

The effect of bath temperature on a-MnO; morphology was investi-
gated by SEM and TEM as shown in Fig. 4. Well-grown nanowires
(MnO»-70), nanorods (MnO,-80), and nanoparticles (MnO»-90) of
a-MnO; could be clearly observed. It should be noted that the wire-like
morphology can be differentiated from the rod-like morphology in terms
of the length. To be specific, the lengths of the wires, rods and particles
were ca. 0.5-1 pm, 65-162 nm and 20-40 nm, respectively. The HRTEM
images show well-resolved lattice fringes, with spacings of 0.49 nm,
0.31 nm and 0.24 nm, respectively, which were ascribed to the (2 0 0),
(310)and (21 1) crystal planes of a-MnO., respectively, consistent with
the XRD results.

3.2.2. Surface properties
The content and chemical states of the as-prepared materials were
characterized by XPS and ICP-OES, as shown in Fig. 5 and Table 2. The
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Table 3

XPS peak-fitting parameters, atomic ratios and textural parameters of MnO,, catalysts with different bath times.

Sample Mn 2p Mn3s O1ls K/Mn N, Physisorption
Mn®*(eV) Mn**(eV) Mn**/Mn3* AEs AOS Ojari(%) 0ads(%) Oads/Olart XPS ICP Sper(m?/g) Vin(mL/g)
MnO,-6 h 641.9 643.4 0.61 4.71 3.63 74.11 25.89 0.35 0.23 0.20 22.03 0.14
MnO,-12 h 641.8 642.9 0.97 4.65 3.70 69.25 30.75 0.44 0.19 0.15 20.54 0.05
MnO,-24 h 641.9 642.9 1.16 4.54 3.82 65.57 34.43 0.52 0.11 0.11 34.30 0.16
MnO,-48 h 641.8 642.9 1.14 4.55 3.81 66.25 33.75 0.51 0.13 0.14 36.80 0.20

asymmetrical Mn 2p 3/2 peak (Fig. 5(A)) had two components with
binding energies of 641.9 and 642.9 eV, which can be ascribed to the
surface Mn>* and Mn** ions, respectively [64]. A quantitative analysis
on the molar ratio of surface Mn**/Mn>* is summarized in Table 2. It
could be found that the molar ratio of surface Mn*"/Mn>" decreased in
the order of Mn0O5-90 (1.16) > MnO>-80 (0.95) > MnQO,-70 (0.90). The
average oxidation state (AOS) [65] of the surface Mn ions derived from
Mn 3 s was also calculated and listed in Table 2. The order of average
oxidation state can be listed as follows: MnO»-90 (3.82) > MnO,-80
(3.57) > MnO»-70 (3.51), which is consistent with the Mn 2p XPS re-
sults. The amount of K plays a critical role in influencing the chemical
state of Mn ions in «-MnO». The K/Mn ratios as shown in Table 2 derived
from both XPS and ICP follow the order Mn0»-90 < MnO»-80 < MnO5-
70. Suitable preparation conditions can remove excessive K ion in the as-
prepared materials. These results are consistent with many other reports
[48,66] which found that decreasing the charge balance ion K is bene-
ficial for increasing the oxidation state of skeleton Mn ions.

Surface active oxygen species were investigated from the O 1 s
spectra (Fig. 5(C)), which could be deconvoluted into two peaks at
529.6 eV and around 531.1 eV, corresponding to lattice oxygen (Ojat)
and surface adsorbed oxygen species (O,gs), respectively [67,68]. The
data presented in Table 2 show that MnO,-90 possessed more abundant
Oa,gs than Mn0,-80 and MnO»-70. The O,4s stemmed from oxygen va-
cancies and had higher mobility than lattice oxygen [18,69]. Thus, this
result indicates that a higher water bath temperature can effectively
improve the ratio of active surface oxygen species.

The Hy-TPR technique was used to study the reducibility of the three
a-MnO, samples, as depicted in Fig. 5(D). All of the a-MnO;, samples
show similar overlapping reduction peaks, which is ascribed to the
complete reduction of Mn** to Mn?" [45]. The overlapping of MnO,
reduction peaks is in accordance with many other reports [70-73]. The

reducibility increased with the water bath temperature and the general
order was as follows: MnO5-70 < MnO,-80 < Mn0»-90.

3.3. Effect of homogeneous precipitation time

3.3.1. Structural properties

The powder XRD patterns of samples prepared with different pre-
cipitation times are exhibited in Fig. 6(A). It can be seen that increasing
the bath time from 6 h to 48 h significantly enhanced the diffraction
intensity, while the crystal structure of a-MnO, remained intact. The
degree of crystallinity generally followed the trend: MnO»-24 h ~ MnO»-
48 h > MnO5-12 h > MnOy-6 h.

The Nj isotherms and cumulative pore volume as a function of pore
width are presented in Fig. S10(A) and (B), respectively. The BET sur-
face areas and pore volumes are listed in Table 3. It can be observed in
Fig. S10(B) that all samples exhibited a mesoporous structure. The
surface areas followed the order: MnO»-48 h (36.80 m? g_l) > MnO,-24
h (34.30 m? g 1) > MnO,-6 h (22.03 m? g 1) > MnO,-12 h (20.54 m?
g1, in accordance with the enhanced mesopore structure as shown in
Fig. 6(B) and Fig. S10(A). It was noted that the catalytic activity of
MnO,-12 h was superior to that of MnO»-6 h, although it had smaller
surface area and pore volume. This indicates that besides surface area,
there are other critical factors that determine the activity of the catalyst,
which will be discussed in the next section.

The evolution of morphology with precipitation time is illustrated in
Fig. 7. Sample MnO»-6 h demonstrated a typical nanowire morphology.
Increasing the water bath time from 6 h to 12 h resulted in the nano-
structure of MnO3-12 h converting into stacked nanoparticles. Further
increasing the bath time to 24 h led to a better morphology since the
nanoparticles became loose and evenly distributed. The morphology of
MnO,-48 h was similar to that of MnO5-24 h. The HRTEM images reveal
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Fig. 7. Images showing the morphology of MnO, catalysts prepared with different bath times.

that the exposed facet of MnO3-6 h can be identified as the (3 1 0) crystal
plane based on the lattice spacing of 0.31 nm, while the dominant
exposed facet for all the other samples was the (2 1 1) plane, with the
lattice fringe spacing of 0.24 nm.

3.3.2. Surface properties

The Mn 2p, Mn 3 s and O 1 s XPS spectra of MnO catalysts prepared
with different precipitation times (the fixed precipitation and calcina-
tion temperatures were 90 °C and 500 °C respectively) are illustrated in
Fig. 8 and the curve-fitting results are presented in Table 3. It was found
that the surface Mn**/Mn>* molar ratio decreased in the order MnO-
24 h ~ Mn0O3-48 h > MnO,-12 h > MnO5-6 h. The AOS values of Mn
followed the same sequence as the Mn**/Mn®" ratio, suggesting that
there were more Mn** cations on the surface of MnO,-24 h than on other
samples. As shown in Table 3, on prolonging the precipitation time from
6 h to 24 h, the K content in the crystal was decreased. The presence of
excess K ion decreased the oxidation state of Mn, which is detrimental to
VOC oxidation. The O,4s/Oa¢¢ molar ratios listed in Table 3 follow the
order MnO3-24 h ~ Mn03-48 h > MnO»-12 h > MnO5-6 h, which is
consistent with the activity of the catalysts, indicating that O,qs played
an important role in the oxidation of ethyl acetate.

The reducibility as measured by H,-TPR is illustrated in Fig. 8. Since
MnO,-24 h shows the lowest temperature reduction peak, it possessed
the most mobile oxygen species both at the surface and in the bulk
among the four catalysts. In addition, the total amount of H, consumed
for these a-MnO- samples decreased in the order MnO3-24 h ~ MnO,-48
h > MnO,-12 h > MnO»-6 h, which indicates that the MnO»-24 h sample
possessed most abundant active oxygen species.

3.4. Correlation of physicochemical properties and activity

The selected a-MnOy, catalysts exhibited the best performance in the

total oxidation of ethyl acetate compared to all previously reported
catalysts in the literature. According to the results of XRD, BET, SEM,
TEM and XPS, it was found that the preparation parameters (water bath
temperature and time) had remarkable influence on the properties of the
a-MnO;, catalysts.

Increasing the bath temperature and time significantly enhanced the
diffraction intensity of a-MnOs, as illustrated in Fig. 3(A) and Fig. 6(A).
It has been reported that sufficiently high crystallinity could lead to
excellent mechanical strength and stability [74,75]. Therefore, we
believe that the high crystallinity of our catalyst derived from suitable
preparation conditions contributed to the superior catalytic stability of
a-MnOs as shown in Fig. 2. With regard to the morphology, the evolu-
tion from nanowires to nanorods and nanoparticles originating from
adjusting the homogeneous precipitation conditions could lead to a
substantial increase in specific surface area (Sggt) (Figs. 4 and 7). Larger
Sger favors the catalytic performance of a material [19] due to efficient
diffusion and adsorption of the reactants [76]. However, surface area
was not the key factor influencing the VOC oxidation activity, since the
surface area of MnO»-12 h is smaller than that of MnO,-6 h as listed in
Table 3, whereas the VOC removal rate of MnO,-12 h is much better
than that of MnO»-6 h, as testified in Fig. 1. The crystal plane and surface
atomic configurations may play crucial roles in VOC oxidation.

VOC oxidation reactions over MnOy catalysts generally occur by the
Mars-van Krevelen mechanism [77], in which the reaction and replen-
ishment of surface oxygen species is critical; the ethyl acetate reaction
over MnO, is analyzed in more detail in Text S4 and Fig. S11. Low-
temperature reducibility is one of the key indicators for oxidation,
because better reducibility indicates that surface oxygen has stronger
mobility, so that more oxygen species can participate in the reaction
[78]. The results of activity measurements, Ho-TPR and XPS results
showed that the a-MnO, catalysts with better activity exhibited better
low-temperature reducibility and abundant adsorbed oxygen species, as
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Fig. 9. Optimized models for different surfaces of a-MnOs: (2 0 0) surface (A), (2 0 0) surface with oxygen vacancy (B), (3 1 0) surface (C), (3 1 0) surface with
oxygen vacancy (D), (2 1 1) surface (E), and (2 1 1) surface with oxygen vacancy (F).
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shown in Fig. S12. In brief, the nanoparticle sample performed better
than the nanorod and nanowire samples in VOC oxidation due to the
active surface oxygen species.

As stated above, surface oxygen species govern VOC oxidation, and
different exposed crystal planes may have different oxygen species. With
increased precipitation temperature and time, the predominant exposed
surfaces of (2 0 0) and (3 1 0) evolved into the (2 1 1) surface of a-MnO»,
as shown in Figs. 4 and 7. The three dominant crystalline planes mainly
differ in the Mn-O coordination number, which could influence the ac-
tivity (Text S5). However, it is difficult to distinguish the activity of
surface oxygen species originating from certain planes of a-MnO,
experimentally. Therefore, DFT calculations were carried out, and sur-
face models were constructed as displayed in Fig. S13. The optimized
surface lattice spacings of (2 0 0), (31 0) and (2 1 1) models were 0.49,
0.30, and 0.27 nm respectively as shown in Fig. 9, which are close to the
experimental results. After the depletion of one surface oxygen atom, the
atomic configurations of the (2 0 0) and (3 1 0) surfaces were almost the
same as that of the corresponding pristine surface, as shown in Fig. 9(B)
and (D), whereas a distinct surface re-construction took place on (21 1)
surface as shown in Fig. 9(F). The oxygen vacancy formation energy was
also calculated to reveal the reactivity of surface oxygen species, which
varied as follows: (21 1) < (200) < (31 0). The (21 1) surface had the
lowest E,, value, which indicates that an oxygen vacancy can readily
form on the surface and that the oxygen species are the most active,
which is in accordance with the experimental results for activity.
Another study also verified that the (2 1 1) facet of a-MnO3, is conducive
to the formation of oxygen vacancies due to the presence of unsaturated
manganese ions [42]. Therefore, the experimental and theoretical re-
sults were consistent with each other and confirmed that the oxygen
species originating from the (2 1 1) surface are the most active in the
combustion of VOCs.

4. Conclusion

A urea-aided homogeneous precipitation method was successfully
applied in preparing o-MnO, catalysts. Different morphologies of
nanowires, nanorods and nanoparticles were obtained simply by tuning
the precipitation conditions. With increasing precipitation temperature
and time, the evolution in morphology from nanowires to particles could
be clearly observed. The main exposed surface evolved from (2 0 0), (3 1
0) to (21 1) eventually. The degree of crystallinity, BET surface area and
amount of surface adsorbed oxygen of a-MnO, also exhibited a sub-
stantial increase. The optimal precipitation temperature and time were
90 °C and 24 h respectively. The as-obtained MnO, catalyst exhibited
excellent activity and stability in the oxidation of ethyl acetate. The Tsq
and Ty values were 150 °C and 176 °C respectively. In a 113-h long test,
the catalyst could maintain 100% ethyl acetate conversion and nearly
100% CO- yield at a temperature of 190 °C, which is far better than the
performance of a commercial Pd-based catalyst. With the aid of exper-
imental characterization and DFT calculation, oxygen species origi-
nating from different surfaces were compared, among which the surface
oxygen from the (2 1 1) surface was found to be most active. This study
provides a facile way to manipulate the exposed surfaces of MnOy to
enhance VOC oxidation.
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