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ABSTRACT: Here, we prepare a MnO,/CeO, hollow sphere catalyst using the -~~~ a7 .
carbon sphere as a self-sacrificing template for formaldehyde (HCHO) removal. In ,/' H_\C:O' K
the feed gas of 20 ppm of HCHO (balanced by N,) + 20 vol % O,, a HCHO | ., s ° 3 H i
removal efficiency of 70% was achieved at 20 °C and full conversion was reached at | =77%u_ /, £%) ;;":,‘;J; \\, HL/ : !
around 47 °C at GHSV = 50,000 mL (g, h)™' for MnO,/CeO, hollow spheres. E (:"_’:4. . 51 T . _@64' T :
The catalytic performance and structural and chemical properties of MnO,/CeQ, | “iq %% e i
hollow spheres for the removal of core carbon spheres were explored, and the i A O !
influence of using the carbon sphere as a self-sacrificing template was proved by \, “gu~ ; \/ :
comparing with carbon@MnO,/CeO, (a core carbon sphere with a MnO,/CeO, ! 043\09' 02Csg i
shell) and nonmorphologic MnO,/CeQ,. The properties of the MnO,/CeO, | om0~ - 5 oH “5 !
hollow spheres are significantly improved compared to carbon@MnO,/CeO, | P < ,o,-l'zJ_. |
(removal efficiency of 45% at 150 °C) and MnO,/CeO, (removal efficiency of '\_ R R e S

46% at 20 °C) as a result of an evolution in the interaction between Mn/Ce and
carbon. This increase in the interaction strength seems to (i) increase the oxygen
vacancy, (ii) promote the oxygen species mobility, and (iii) improve the chemical stability of the MnO,/CeQO, hollow spheres. We
believe that these results are beneficial to the fabrication of binary transition metal oxides and applications of them in HCHO
removal.

1. INTRODUCTION HCHO removal because of its excellent redox property
associated with the switch of Mn®"/Mn*" states and varieties
of crystal structures and morphologies.'”

It is widely accepted that the interaction between mixed
metal oxides makes their HCHO catalytic performance better
than that of single metal oxides. Among them, the Mn/Ce
binary oxides exhibit more superior activity than the other
catalysts, which are one of the most promising “noble free”
materials.”> The catalytic performance of Mn/Ce oxide is
related to its morphology. Therefore, we decided to study the
morphology of the Mn/Ce oxide catalyst to explore the high-
quality catalyst for HCHO removal.

Recently, a lot of efforts have been made to prepare hollow
spherical metal oxides due to their superior properties over
bulk materials as catalysts and fascinating structure features
(e.g., tunable architecture and low density). For instance, Ma
et al.'* prepared Fe-Mn mixed oxide hollow microspheres
using carbon spheres as sacrificial templates and used for

As the most abundant carbonyl-containing VOCs in the
atmosphere,' formaldehyde (HCHO) is a dominant indoor air
pollutant released from furniture and decorating materials,
building, and so on and can cause respiratory diseases, immune
system disorders, and central nervous system damage.” Also,
the excess rate of HCHO in Shanghai and Hangzhou
respectively reached 24.2 and 38.9%.”* Thus, the treatment
of formaldehyde removal needs to be developed. In the past
two decades, several categories of methods including physical
adsorption, chemical adsorption, photocatalytic degradation,
and thermal catalytic oxidation were proposed for the
formaldehyde decontamination.”~” Among these methods,
catalytic oxidation was regarded as a promising technology
because it can completely oxidize gaseous formaldehyde into
harmless H,O and CO,, only if a suitable catalyst is developed.
The barriers of formaldehyde degradation technology are the
difficulty in the design of cost-effective and highly active
catalysts® and the enhancement of the synergistic effects of
composite transition metal oxides.” Because the addition of Received: August 31, 2021
noble-metal nanoparticles would hamper the practical Accepted: December 8, 2021
application, Mn-, Co-, and Cu-based oxides'”'' and their Published: December 14, 2021
mixed oxides as non-precious-metal catalysts have been

extensively studied. Among various transition metal oxides,

Mn has been reported as one of the most active species for
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oxidation of 1,2-dichlorobenzene (DCB). The wonderful
catalytic performance of FeMnO, is attributed to the
combined effects of several factors, e.g., hierarchical porous
structure and high surface active oxygen concentration. Meng
et al."> prepared hollow MnO,/CeO, oxides through the
solvothermal method for catalytic oxidation of NO, which
shows the NO conversion of 90.6% at 270 °C (GHSV =
120,000 mL (g, h)™"). It is believed that the hollow porous
structure is beneficial. Zeng et al.'® developed a solvothermal
process followed by heat treatment for the preparation of
murdochite-type NigMnOy hollow spheres. The catalyst shows
a remarkable long-term stability, which reduces 0.7% after 10 h
of continuous testing. One of the factors leading to its excellent
performance is its special morphologic structure.

Although the hollow structure could improve the perform-
ance of the catalysts, there have been a few studies in searching
how the carbon sphere templates could affect the MnO,/CeO,
binary oxide and the mechanism for the enhanced form-
aldehyde removal performance. In this contribution, we
investigated the effect of using carbon spheres as a sacrificial
template for MnO,/CeO, hollow spheres in formaldehyde
removal. Through correlation between characterizations and
catalytic performance, the electronic environment of MnO,/
CeO,, reaction mechanism, and carbon sphere sacrificial
template effect would be revealed. As will be discussed later,
the sacrificial carbon sphere template played a very important
role in expanding the size of adsorption sites, increasing the
oxygen vacancy and improving the chemical stability of the
MnO,/CeO, hollow spheres. The effects of these variables on
the HCHO removal were examined in detail with the MnO,/
CeO, hollow spheres, carbon@MnO,/CeO, (a core carbon
spheres with MnO,/CeO, shell) nanospheres without air
calcination to remove the carbon sphere template, and MnO,/
CeO, without carbon sphere templates. In addition, it was
shown that HCHO can be effectively and permanently
removed by the MnO,/CeO, hollow spheres at low temper-
atures.

2. EXPERIMENTAL SECTION

2.1. Carbon Sphere Template Preparation. Typically,
70 mL of 0.5 M glucose aqueous (6.3 g) solution was placed in
an 80 mL Teflon-sealed autoclave and kept at 180 °C (heating
rate, S °C/min) for S h. After natural cooling, the black
precipitates and puce suspension were isolated by centrifuga-

tion at a rate of 10,000 r/min and then washed with pure
water. Several washing/centrifugation/redispersion cycles were
conducted until the supernatant became transparent. The
obtained products were calcined at 500 °C (heating rate, S °C/
min) for $ h in an Ar atmosphere.'”

2.2. Mn0O,/Ce0, Hollow Sphere Preparation. First, 0.24
g of C nanospheres was dispersed in 80 mL of KMnO, (10
mM) aqueous solution. Ce(NO;);-6H,0 (0.18 g) was added
at the same time under ultrasonication for 1 h. Then, the
suspension liquid was added into a Teflon-sealed autoclave and
kept at 180 °C for 60 min. Then, the autoclave was picked up
and cooled down to room temperature. Finally, the products
were centrifuged at a rate of 10,000 r/min, then cleaned by
three washing/centrifugation/redispersion cycles in water, and
dried at 180 °C for S h in air. Carbon@MnO,/CeQO, was
obtained by calcining the precursor in N, at 450 °C (heating
rate, 5 °C/min) for 2 h. The MnO,/CeO, hollow spheres were
obtained by calcining the as-prepared carbon@MnO,/CeO, in
air at 450 °C (heating rate, S °C/min) for 2 h to remove the
carbon core.

2.3. Mn0O,/Ce0, without the Carbon Nanosphere
Preparation. The reference catalyst, MnO,/CeO,, was
prepared using the same procedure as for the MnO,/CeO,
hollow spheres, except that no carbon spheres were added.

2.4. Characterization. X-ray diffraction was carried out on
a Smartlab type XRD-meter (Japan) utilizing the Cu Ka
radiation source with 40 kV tube voltage, 40 mA tube current,
and 0.05° min™' scanning speed. The SEM analysis was carried
out on an XL-30ESEM apparatus (FEI Electronics Optics
Corporation) at 30 and 5.0 kV voltages. The sample was
prepared by ultrasonication in ethanol for S min and then
placed on a carbon film. The 20 of wide-angle XRD ranged
from 20° to 80°. The N, desorption/adsorption experiment
was carried out on an Autosorb-Tristar II 3020 M apparatus
(Micromeritics Inc.). The sample was degassed at 300 °C for 4
h before measurement under vacuum. The N, desorption/
adsorption isotherm was tested using the BJH method. The
TEM image was obtained on a JEM-2100F apparatus (JEOL)
at 200 kV voltage. The sample was also dispersed by
ultrasonication in ethanol for S min and then put on the
copper grid.

The Fourier-transform infrared spectra were carried out on a
Nicolet 8700 FTIR spectrometer (American Thermo Nicolet
Instrument Co.) at a resolution of 4 cm™ in the range of 400—
4000 cm™. Inductively coupled plasma atomic emission
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Figure 1. SEM patterns of (a) carbon nanospheres, (b) carbon@MnO,/Ce0,, (c) MnO,/CeO, hollow spheres, and (d) MnO,/CeO, samples.

spectrometry (ICP-AES) was performed on an Optima 7300
DV instrument (PerkinElmer). In this work, temperature-
programmed measurement includes temperature-programmed
oxidation (TPO) and temperature-programmed reduction
(TPR) experiments. The H,-TPR was measured on a
Quantachrome 1900 instrument. The samples were placed in
a U tube and pretreated in a N, flow at 300 °C for 1 h. Then,
the sample was cooled and reduced using a range of 30—900
°C at 10 °C/min in a 10% H,—90% argon flow (S0 mL/min).
The H, consumption was calibrated by CuO (99.998%) and
calculated by the integrated TPR peak areas. TPO was also
carried out on this instrument. The sample was pretreated in a
helium flow at 300 °C and oxidized in a 4% O,/He flow in the
range of 50—700 °C with a rate of 10 °C/min. The Raman
spectra were measured on a LabRam-HR spectrometer (JY,
France). XPS was carried out on an ESCALAB 250 (Thermo-
VG Scientific) operating at 300 W, with an Mg Ka X-ray
source. The C 1s at 284.6 eV was used to correct the effect of
electric charge as the reference. The ratio of elements with
different chemical valencies was computed using XPS-PEAK
software through the peak area. In situ DRIFTS was performed
on a Thermo Nicolet iS50 FTIR spectrometer in the 1100—
4000 cm™! range.

2.5. HCHO Oxidation. The catalytic activity was carried
out by a fixed bed flow reactor at atmospheric pressure. The
catalyst (60 mg) was loaded into a quartz tube and then put
into a tube furnace (Scheme 1). Formaldehyde (20 ppm,

balanced by N,) and 20 vol % O, were passed through the
reaction bed at a flow rate of 50—120 mL/min (relative
humidity, ~50%). The concentration of formaldehyde in the
outlet gas was measured online by an online Kexiao 1690 gas
chromatograph with the PQ column (AT.SE-30 (30 mm X
0.32 mm X 1.00 U)) and an flame ionization detector (FID)
(set at 150 °C). The low-noise air pump model is MJK-2LB,
and the hydrogen generator model is SGH-300A. The gas
valve and an injection-volume loop (5 mL) were used to inject.
The relative concentration of HCHO was obtained by
integrating the formaldehyde peak. All reaction data were
repeated three times to reduce errors. The formaldehyde
conversion was calculated as follows:

HCHO conversion (%)
[HCHO], — [HCHO],,,
= X 100%
[HCHO],, (1)

where [HCHOY],, is the formaldehyde initial concentration in
the feed gas, and [HCHO],,, is the formaldehyde concen-
tration after the reaction. For comparison, the catalytic
performances of carbon@MnO,/CeO, and MnO,/CeO,
were also measured.

3. RESULTS AND DISCUSSION
3.1. SEM and TEM Characterization. The SEM images
of the samples are shown in Figure 1, which are used to
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Figure 2. High-resolution TEM of (a) carbon nanospheres, (b) carbon@MnO,/CeO,, (c) MnO,/CeO, hollow spheres, (d) used MnO,/CeO,

hollow spheres, (¢) MnO,/CeO,, and (f) used MnO,/CeO, samples.

compare the geometric structure differences between the
catalysts. According to the mapping (Figure S1), we got carbon
balls and loaded Mn and Ce on top of the carbon balls of
carbon@MnO,/CeO,. However, if the precursor was calcined
at 500 °C in the air, the carbon content decreased dramatically,
but the overall structure remained spherical, which proved that
the core of the original carbon ball was removed during the air
calcination process, leaving behind Mn and Ce metal hollow
spheres. The bare carbon spheres with smooth surfaces have a
size range from 300 to 350 nm. MnO,/CeO, hollow sphere
and MnO,/CeO, samples exhibit a rather different morphol-
ogy. The coated spheres and MnO,/CeO, hollow spheres
exhibit a uniform spherical shape in Figure 1b,c, and the mean
hollow spheres sizes are ~350 and ~210 nm, respectively. As
for MnO,/Ce0,, it has an amorphous morphology. The EDX
mapping results reveal that in MnO,/CeO, hollow spheres,
Mn/Ce and C species are homogeneously dispersed. Also, it is
proved that some residual carbon exists after calcination.

In addition, high-resolution TEM of catalysts is presented in
Figure 2 and MnO,/CeO, hollow spheres exhibit some
floccule-like particles growing on external and internal surfaces,
and they are loosely connected. As shown in the embedded
diagram in Figure 2¢, the internal diameter is about 130 nm
and the shell thickness is about 40 nm for MnO,/CeO, hollow
spheres. Also, the internal diameter is about 130 nm and the
shell thickness is about 40 nm (Figure S2). The spacings of the
lattice fringe exhibited in HRTEM images are about 0.31, 0.27,

and 0.19 nm, which are attributed to the (111), (200), and
(220) facets of CeO,, respectively. Also, the adjacent fringe
spacing of a-MnO, is ~0.68 nm, corresponding to the (110)
diffraction plane. The next step is to explore how the sacrificial
carbon sphere template will affect the performance of MnO,/
CeO, hollow spheres.

3.2. HCHO Removal Performance. Figure 3 illustrates
the temperature dependence of the HCHO conversion at
GHSV = 50,000 mL (g, h)™". In MnO,/CeO, hollow
spheres, the conversion of HCHO reaches 70% at 20 °C and
reaches full conversion at around 47 °C, which is much lower
than its performance of Ag/CeO, at 60 °C for Tro00
Niy5C0,,0, at 60 °C for Typp'~ and Au/CeO, at 60 °C for
Tio0s " As for MnO,/CeQ,, the conversion of HCHO is 46%
at 20 °C, which is much lower than that of MnO,/CeQO,
hollow spheres, and reaches full conversion at around 50 °C.
To determine the active sites in the sample, the removal of
formaldehyde was conducted over carbon@MnO,/CeO,. For
20 ppm of formaldehyde, 45% removal efficiency was achieved
at 150 °C with 20% O, at GHSV = 50,000 mL (g, h)™',
indicating that the active sites for the reaction are mainly on
manganese/cerium oxide. Since the activities of the MnO,/
CeO, hollow spheres are better than those of MnO,/CeO, at
low temperatures, we speculate that the electronic structure of
Mn/Ce has been changed by the carbon sphere template after
calcination and removal in the MnO,/CeO, hollow spheres.
The higher reaction rates need the facile adsorption of reaction
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100 stability measurement at 60 °C for 72 h, the phase of the
—a— MnO,/Ce0, hollow spheres catalysts shows no obvious change for MnO,/CeO, hollow
—e— MnO,/CeO, spheres and MnO,/CeO,. The crystallite size of MnO,/CeO,
80 . . .
_ Carbon@MnO/CeOs hollow sPhe'res is slightly increased (10.40 — 10.49 nm) 'after
3 the continuity test (Table 1). However, MnO,/CeO, with a
g
g 60 - Table 1. Structural Parameters of the Catalysts
>
g crystallite  surface pore
S w0l size” area pore volume size”  defect®
T (om)  (m’g™) (X107 em’ g™)  (nm)  (Ip/Isy)
% carbon 230.7 16 2.2
nanosphere
20r carbon@ 10.6 1863 21 36
MnO,/
CeO,
ok MnO,/CeO, 104 441 20 171 48%
20 40 60 80 100 120 140 160 hollow
spheres
Temperature (°C ) used MnO,/ 10.0 46.0 20 164 49%
CeO,
Figure 3. HCHO removal efficiencies (GHSV = 50,000 mL (g, h)™", hollow
RH = 50%) over the MnO,/CeO, hollow spheres, MnO,/CeO,, and spheres
carbon@MnO,/CeO, samples. MnO,/CeO, 10.5 118.6 45 13.7 43%
used MnO,/ 9.8 111.9 44 13.6 46%
CeO,

gases and intermediates, which requires catalysts with rich
reaction sites. Thus, how does the sacrificial carbon sphere
template improve the MnO,/CeQ, hollow spheres?

3.3. Phase Structures. To obtain detailed information on
the phase structures of different catalysts, we characterized the
samples using XRD, FTIR, TG—DTG, and Raman spectros-
copy. As displayed in Figure 4, for the carbon nanospheres, the

A o-MnO2 JCPDS # 44-0141
e (CeO2 JCPDS # 34-0394
RIS\ “T:r':"‘o::mv_uyj’ﬁ Npsa? -t\\'ﬁ%':mwf&g»::iﬁ«
~
3
@©
p—a
>
-
@
c
(]
-
£
b
" a
1 " 1 1 1 1 " L
10 20 30 40 50 60 70
2 theta
(°C)

Figure 4. XRD patterns of (a) carbon nanospheres, (b) carbon@
MnO,/Ce0O,, (c) MnO,/CeO, hollow spheres, (d) used MnO,/
CeO, hollow spheres, (e) MnO,/CeO,, and (f) used MnO,/CeO,
samples.

XRD pattern shows the weak and broad peaks at about 23°,
which are ascribed to the (002) planes of graphite. Also, the
peaks at 76.90°, 69.67°, 59.38°, 56.56°, 47.73°, 33.27°, and
28.85° represent a typical cubic fluoride CeO, crystal phase
(JCPDS 34-0394). The peaks at 18.36° and 36.38° correspond
to (200) and (211) crystal planes of the body-centered
tetragonal @-MnO, (JCPDS 44-0141).”" After undergoing a

“Calculated by the Scherrer equation (D = KA/(f cos ). bCalculated
by the BJH method. “Calculated from the Raman spectra.

mean crystallite size of 10.02 nm is slightly decreased to 9.76
nm after the continuity test, which could be attributed to the
aggregation of the MnO,/CeO, nanoparticles.

Meanwhile, the functional group spectra collected on
samples are compared through FTIR in Figure S3. The
absorption peak at ~572 cm™' is characteristic of Mn—O
stretching vibration for MnO,/CeO,. The bands at 516 and
612 cm ™" for MnO,/CeO, hollow spheres correspond to Mn—
C and Mn—O—Ce vibrations, while they are not observed for
MnO,/CeO,. Also, the existence of C indicated the accelerated
charge transport efficiency and the change in the electronic
states of interacting Mn/Ce atoms. In addition, the peak at
1091 cm™ corresponds to the CeO, vibration. The peak at
1384 cm™ was attributed to bending vibrations of O—H
groups combined with metal atoms, which would convert
adsorbed HCHO into dioxymethylene species, while it is not
observed for pristine MnO,/CeO,. The resonance at ~1620
cm™' is assigned to the skeletal vibrations of unoxidized
graphitic (C—C/C=C) domains for the carbon sphere. Its
density decreases in carbon@MnO,/CeO,, implying that the
C—C/C=C bond is broken and may form a C=O bond.
Also, the band at 1635 cm™ and strong broadband at 3439
cm™" are attributed to the v(OH) stretching vibration of
intercalated water and adsorbed H,O molecules on the sample
surface. After the continuity test, groups such as —COOH,
—CHO, and —OH were adsorbed on the catalyst surface, and
the interatomic interaction changed the electron distribution,
thus enhancing the IR absorption intensity, which is more
intense on MnO,/CeQ, hollow spheres.

3.4. Textural Properties. To demonstrate the thermal
stability of the catalysts, thermogravimetry and differential
thermogravimetry (TG—DTG) analyses have been carried out
in a nitrogen atmosphere, and results are compared in Figure 5.
The MnO,/CeO, hollow spheres and MnO,/CeO, samples
show 1.43 and 3.7% weight losses below 323 and 302 °C,
respectively, which are assigned to the loss of chemical oxygen.
However, there are 1.55 and 3.81% mass losses of the used
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100 g 7 1.6 spheres showed unimodal porosity with an average of 2.203
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Figure 5. TG—DTG of different samples.

MnO,/CeO, hollow spheres and MnO,/CeO, samples below
323 and 350 °C, respectively, which are attributed to the
decomposition of the product, in addition to the loss of
chemical oxygen. For MnO,/CeOQ,, at around 300—597 °C, a
weight loss of 2.14% is attributed to the loss of oxygen from
MnO, and then transformation to Mn,O;. Another weight loss
of 1.88% is attributed to the continuous loss of oxygen (phase
transformation from Mn,0; to Mn;O,) at 597—800 °C.
Meanwhile, there is only phase transformation of MnO, to
Mn,0; (0.52% continuous weight loss) occurring in MnO,/
CeO, hollow spheres before 800 °C due to the strong bond
force between C and Mn/Ce, which can effectively bind up the
motion of C, Mn, and Ce and inhibits the aggregation and
sintering of MnO,/CeO, hollow spheres, leading to the higher
stability. Moreover, it can be seen that this is a continuous
weight loss, which confirmed that most of MnO, was probably
amorphous instead of being crystalline. In addition, compared
with pristine MnO,/CeQ,, the temperatures of MnO,-to-
Mn,0; and Mn,05-to-Mn;0, phase transformation for the
used MnO,/CeO, decrease by 30.5 and 8.3 °C, respectively.
Meanwhile, the temperature with the used MnO,/CeO,
hollow spheres does not change, which indicates that MnO,/
CeO, hollow spheres are a more stable catalyst compared with
MnO,/CeO,. However, at a temperature above 700 °C, the
weight loss of the used MnO,/CeO, hollow sphere sample is
0.58% higher than that of pristine MnO,/CeO, hollow
spheres, which means that the manganese/cerium interaction
is reduced and little manganese cerium oxides are probably
separated.

Figure S4 exhibits the N, adsorption—desorption curves and
pore sizes of the samples, and Table 1 shows the Sgpr and pore
volume. The curves of MnO,/CeO, hollow sphere gradual
increase in the absorbed volume at a medium relative pressure
(0.4 < P/P, < 1.0) imply the presence of mesopores, while the
curves of MnQO,/CeQ, and carbon@MnO,/CeQO, increase in
adsorbed volume at a high pressure and relatively low pressure
indicate the presence of macropores (>50 nm) and micropores
(<2 nm), respectively. The Sggy of the samples calculated from
the nitrogen desorption data exhibits that the Sypr of MnO,/
CeO, is 118.6 m* ™', which is higher than that of the MnO,/
CeO, hollow spheres (44.08 m*> g”'). Meanwhile, the latter
one performs better activity especially at a low temperature
stage (<40 °C). The pore size distribution of the carbon

= Carbon(@MnO,/CeO,
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used MnO,/CeO, hollow spheres
MnO,/CeO,

used MnO,/CeO,
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Figure 6. Raman spectra of the catalysts.

surface oxygen vacancies in MnO,/CeO, hollow spheres
(48%) is higher than that in MnO,/CeO, (43%), as calculated
by the defect-related peak intensity ratio at 585 cm™" to Fy, at
444 cm™ (ID/Ing) shown in Table 1.**** The MnO,/CeO,
hollow spheres have more defects, which could be explained by
the strong interaction between MnO, and CeO, corroborated
with FTIR results. Also, more surface oxygen vacancies would
expose more undercoordinated Mn/Ce atoms to adsorb
oxygen and provide delocalized electrons to surface-chem-
isorbed O,. This would maintain a surface electrostatic balance
and form more O, in the reaction. This is also corroborated
by XPS analysis discussed below. The v,,_0) of MnO,/CeO,
at 636 cm™! shifts to 627 cm™ for MnO,/CeO, hollow
spheres, and the peak shifts toward lower binding energies,
implying the weaker interaction between O and Mn atoms.
The presence of oxygen vacancies increases the electron
density of Oy,; therefore, the binding energy decreases. For
MnO,/CeO, hollow spheres, the Mn—O bonds force
weakening, therefore improving the Oy, reactivity and finally
leading to higher formaldehyde conversion, which is consistent
with the activities observed in Figure 3.

Moreover, the existence of more oxygen vacancies in MnO,/
CeO, hollow spheres would also be characterized by electron
paramagnetic resonance (EPR) herein. As shown in Figure S5,
the MnO,/CeO, hollow spheres and MnO,/CeO, exhibit
obvious ESR signals at g = ~2.001, which corresponds with the
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typical signal of oxygen vacancies. Compared with the pristine
samples, the ESR signal peak of the used MnO,/CeO, hollow
spheres possesses higher intensity, implying that the continuity
test brings more defects into MnO,/CeO, hollow spheres. The
oxygen vacancy built the defect state, enabling more electrons
to transfer from the valance band to the conduction band,
bringing more active radical species. However, such an ESR
signal cannot be found in the used MnO,/CeO,.

3.5. H,-TPR and O,-TPD Measurements. The nature of
oxygen species in MnO,/CeO, hollow spheres can also be
inferred from O, temperature-programmed desorption (O,-
TPD) and H, temperature-programmed reduction (H,-TPR)
profiles.

As displayed in the O,-TPD (Figure 7a), for MnO,/CeO,
hollow spheres, the peak at about 168 °C corresponds to the
desorption of physical absorbed oxygen. Also, peaks at ~600
and 441 °C correspond to the desorption of lattice oxygen and
the chemisorbed oxygen species, respectively. Compared to
MnO,/CeO,, the MnO,/CeO, hollow spheres exhibit a lower
desorption temperature for the oxygen species, implying the
higher mobility and reactivity of surface-active oxygen.

The H,-TPR experiment result is shown in Figure 7b. The
two intensity peaks at around 320 and 240 °C are attributed to
the reduction of bulk oxygen and surface oxygen of MnO,,
respectively. Also, overlapping peaks appeared at a high
temperature range of 397—427 °C, which is attributed to the
reduction of different valence states of Mn/Ce mixed oxides.
Compared with MnO,/CeO,, MnO,/CeO, hollow spheres
have a higher ratio of oxygen reduced at a high reduction
temperature (~400 °C). It means that MnO,/CeO, hollow
spheres need a higher temperature to reduce, implying a strong
interaction between Mn/Ce metal oxides. The strengthened
interaction could be considered to improve the sintering
resistance, while this would also lead to difficulty in reduction.

H,-TPR results of the pristine samples and used samples are
also compared as displayed in Figure 7b. It is observed that the
reduction peak of the used MnO,/CeO, hollow spheres
located higher than that of the pristine samples. This suggests a
stronger Mn/Ce metal oxide interaction. Meanwhile, for the
used MnO,/CeO,, the reduction peaks locate lower than that
of the pristine samples, meaning that some MnO, and CeO,
species were segregated after the continuity test.

The above results indicate that MnO,/CeO, hollow spheres
can provide more mobile and active surface oxygen species to
participate in the catalytic reaction than MnO,/CeO, and have
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a stronger Mn/Ce metal oxide interaction, leading to a better
catalytic activity for formaldehyde oxidation.

For the Mn 2p XPS spectrum (Figure 8A), before the
catalytic process, three peaks at ~640.5, ~641.7, and ~643.1
eV are ascribed to Mn(II), Mn(III), and Mn(IV) in the
MnO,/CeO, hollow spheres, and their relative contributions
were increased by —4.65, 0.19, and 4.46%, respectively, after
the continuity test. The results indicate that the valence state
transformation of Mn(II)/Mn(III) and Mn(III)/Mn(IV)
occurred on the surface of MnO,/CeO, hollow spheres during
the process of HCHO removal. For MnO,/CeQ,, the relative
contributions of Mn(II), Mn(III), and Mn(IV) to the overall
Mn intensity changed from 22.38, 50.03, and 27.59% to 21.93,
51.38, and 26.68%, respectively, after the 72 h catalytic
reaction. Furthermore, compared to MnO,/CeO,, the binding
energy of Mn 2p;,, peaks shifted to lower values for MnO,/
CeO, hollow spheres. The downshift was caused by an
increase in the 7 electron cloud density after the indraught of
carbon spheres, suggesting the presence of interfacial charge
transfer from C to Mn atoms. It could be calculated that the
ratio of Mn(IV) for MnO,/CeO, hollow spheres (15.46%) is
smaller than that for MnO,/CeO, (27.59%), implying the
higher ratio of Mn(II) and Mn(III) for MnO,/CeO, hollow
spheres, which is also related to the formation of oxygen
vacancies to maintain charge balance, corroborated with
Raman results. The Mn 3s core level spectra of catalysts are
shown in Figure 8B, which indicated that the average oxidation
states (AOS) of manganese ions®* coincided with the ratio of
Mn**, Mn**, and Mn*" from Mn 2p, as shown in Table 2.

As shown in Table 2, the MnO,/CeO, hollow spheres
represent the higher ratio of Ce*"/Ce (85.82%) than that for
MnO,/Ce0O, (78.59%), which is due to the stronger
interaction between Mn and Ce to maintain electrostatic
equilibrium. Remarkably, the strong oxygen storage ability of
Ce*" could replenish the surface-chemisorbed oxygen. The
replenished O could regenerate surface oxygen, which
improved the HCHO oxidation activity, and the large oxygen
release and storage ability of Ce*" enabled the conversion of
Ce** to Ce*. Compared to MnO,/CeO,, the MnO,/CeO,
hollow sphere Mn 2p,, peak shifts to the lower binding energy
due to the oxidizing effect by C and the electrons transferring
from Ce; accordingly, the MnO,/CeO, hollow sphere Ce 3d
peak shifts to the higher binding energy (Figure 8C),
attributed to the electrons transferring to Mn/O. The electron
transfer between manganese and cerium also indicates that
their interaction is stronger.
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Figure 8. XPS spectra of (A) Mn 2p5,, (B) Mn 3s, (C) Ce 3d, (D) O 1s, and (E) C Is for (a) carbon nanospheres, (b) carbon@MnO,/CeO,, (c)
MnO,/CeO, hollow spheres, (d) used MnO,/CeO, hollow spheres, (¢) MnO,/CeO,, and (f) used MnO,/CeO, samples.

Table 2. Summary of XPS Data of Fresh and Used Catalysts

carbon nanosphere
carbon@MnO,/CeO,
MnO,/CeO, hollow spheres
used MnO,/CeO, hollow spheres
MnQ,/CeO,

used MnO,/CeO,

Mn 2p;), Mn 3s O Is Ce 3d
Mn**/Mn  Mn**/Mn  Mn*/Mn AOS Ol O,4s Ogurf Ce’* Ce* atomic % (Mn/Ce)
13.7% 26.4% 59.9%
46.7% 39.7% 13.7% 2.40 38.3% 33.0% 28.7% 11.7% 88.3% ~2:3
34.6% 50.0% 15.5% 2.86 64.0% 17.0% 19.0% 14.2% 85.8% ~5:7
29.9% 50.2% 19.9% 2.85 67.3% 18.6% 14.1% 14.3% 85.7%
22.4% 50.0% 27.6% 3.06 66.0% 16.9% 17.1% 21.4% 78.6% ~2:1
21.9% 51.4% 26.7% 3.05 61.7% 15.7% 22.6% 24.5% 75.5%

To understand the ingredient difference, an atomic % test by
XPS was conducted in this work as shown in Tables 2 and 3.
The ratio of Mn/Ce is close to 2:1 in MnO,/CeQ,, while the
ratio of Mn/Ce is much less than 2:1 for MnO,/CeQO, hollow
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spheres and carbon@MnO,/CeO,, which reveals the man-
ganese oxide embedded inside the catalysts. Noteworthily,
KMnO, in aqueous solution quickly reacted with the C sphere
and then generated a carbon@MnO, structure. Thus, the
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Table 3. Summary of the Element Content of Catalysts

atomic %

C Mn Ce
carbon@MnO,/CeO, 71.79 2.28 3.16
MnO,/CeO, hollow spheres 26.05 6.11 8.99
MnO,/CeO, 10.19 547

“Obtained from XPS data.

unoxidized graphitic (C—C/C=C) chain breaks and bonds
with manganese and oxygen to form short chains.”> The
surface of the carbon core decomposed to short chains
simultaneously with outward diffusion. The inward diffused
MnO,~ and faster outward diffused carbon chains formed a
diffusion couple, which was supplemented for carbon@MnO,
architecture generation. Also, parts of unreacted MnO,
particles were deposited on the carbon sphere surface (the
Kirkendall diffusion). Therefore, the Mn/Ce ratio on the
MnO,/CeO, hollow sphere surface is less than that on the
surface of MnO,/CeO,.

In addition, we used O 1s XPS spectroscopy to characterize
the active surface oxygen species directly (Figure 8D). Three
types of surface oxygen species can be identified. The peaks
located at ~529.5, ~531, and ~533 eV are ascribed to the
lattice oxygen O>~ (Oy,,), surface-adsorbed species (O,q), and
adsorbed molecular water (Oy,), respectively. The molar
ratios of Oy, O,gy and Oy, are listed in Table 2. It is found
that the Oy, ratio of MnO,/CeO, hollow spheres (17.0%) is
higher than that of MnO,/CeO, (16.9%). Also, for MnO,/
CeO, hollow spheres, the concentration of O,q4, increased to
18.6% after the continuity test. In the case of MnO,/CeO,, the
concentration of O,y species decreased to 15.7% after the
continuity test. The Oy, of MnO,/CeO, hollow spheres is
richer (64% — 67%) after the continuity test (Table 2), while
that for MnO,/CeO, has decreased (66% — 62%). Also,
lattice oxygen is the primary factor for the balance between
Mn(IV)/Mn(I1I), Mn(II)/Mn(IlI), and Ce(III)/Ce(IV),
which is important for the catalyst stability. Moreover, the O
binding energy of MnO,/CeO, hollow spheres is lower than
that of MnO,/CeO,, which could be attributed to the

existence of oxygen vacancies, leading to the increased electron
density of O.

The XPS spectra of carbon are also compared between
different samples in Figure 8E. The peaks were deconvoluted
into three major peaks corresponding to C—C (sp, carbon),
C=0, and O=C—O at the binding energies of ~284.8,
~286.4, and ~289.2 eV, respectively.”® It can be seen that the
C—C peak decreases with the Mn/Ce coating, while the
oxidized carbon (C=O and O=C—O groups) increases,
indicating the broken C—C bond and the generation of C=
0O/0=C—O0 bands corresponding with the FTIR results. The
performance and characterization analysis above indicate that
the existence of C improves the structural stability and
electronic conductivity of the MnO,/CeO, hollow spheres.

Compared to carbon@MnO,/CeO,, a shift to the higher
binding energy in MnO,/CeO, hollow sphere C 1s is
observed, as the number of bonds between O/Mn and C
increases, in accordance with the shift of Mn 2p;,, and O 1s for
MnO,/CeO, hollow spheres. In addition, according to the
results of TG—DTG and XPS, the bonded carbon contributes
to the chemical stability and transfer of the electrons to Mn/O,
which is attributed to the generation of oxygen vacancies and
more active oxygen species. The above analyses prove that the
combination of carbon and MnO,/CeO, has an excellent
synergistic catalytic effect via interfacial electron transfer.

In conclusion, due to the higher ratio of Mn(II) and
Mn(III) for MnO,/CeO, hollow spheres, which is related to
the formation of oxygen vacancies to maintain charge balance
and more active oxygen species, the HCHO removal
performance of the MnO,/CeO, hollow sphere catalyst was
improved. As the XPS results prove, the higher ratio of Mn(II)
and Mn(III) for MnO,/CeO, hollow spheres is attributed to
the electrons transferring from C and Ce. We believe that this
is the important reason for the superior low-temperature (20—
40 °C) catalytic performance of MnO,/CeO, hollow spheres
due to the use of carbon spheres as the sacrificial template.

3.6. Stability of Catalysts. Adaptability to the actual
environment is a crucial aspect in HCHO degradation.
Therefore, the high GHSV and stability tests were conducted.
For changing the GHSV, in MnO,/CeO, hollow spheres, the
HCHO conversion is about 84% at GHSV = 60,000 mL (g,
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Figure 9. (a) GHSV effect (GHSV = 60, 80, and 120,000 mL (g, h)™") and (b) stability test (50 °C) for HCHO removal (RH = 50%) over the

MnO,/CeO, hollow spheres and MnO,/CeO, samples.
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h)™" and decreases slightly to 82% at GHSV = 120,000 mL
(gee h)7', as shown in Figure 9a. Meanwhile, as for MnO,/
CeO,, in the same circumstances, the HCHO conversion was
about 73% at GHSV = 60,000 mL (g, h) ™, decreasing to 63%
at GHSV = 120,000 mL (g, h)™".

To assess the stability of the catalysts, we performed the
continuity test at 50 °C with GHSV = 50,000 mL (g, h)~". By
comparing performances of the two catalysts (Figure 9b), it is
found that the stability of MnO,/CeQO, hollow spheres is
significantly higher than that of MnO,/CeO,. For MnO,/
Ce0,, the HCHO conversion decreases to 13% after 72 h. In
contrast, the performance of MnO,/CeO, hollow spheres is
relatively stable for 72 h time on stream, and the conversion of
HCHO is maintained at 81%. The performances of MnO,/
CeO, hollow spheres show its high efliciency for HCHO
degradation and good stability.

3.7. Intermediates and Mechanism. To research into
the specific reaction intermediates and route of formaldehyde
oxidation, in situ DRIFTS measurement was conducted on
MnO,/CeO, hollow spheres under different atmospheres.
First, it was exposed to 20 ppm of HCHO/N, flow for 120 min
and then to a pure O, flow for another 60 min. When exposed
to HCHO/N,, the adsorbed HCHO (~1071 cm™), the
dioxymethylene (DOM) species (1526 cm™), and §(CH)
(~1372 cm™) and vas(COO—-) (~1600 cm™) of formate
species can be observed in Figure 10. These results suggest that

180 min

130 min

120 min

Absorbance (a.u.)

600 1200 1800 2400 3000 3600

Wavenumber (cm™)

Figure 10. In situ DRIFTS spectra of the HCHO adsorption and
HCHO removal of MnO,/CeQ, hollow spheres.

DOM and formate species are the dominating primary
intermediate reaction products. As the reaction proceeded,
the v(CO) vibrations (1681 cm™) of carbonate species,
adsorbed hydroxyl group (3260 cm™),”” and adsorbed carbon
dioxide (2327 cm™") were accumulated. However, the intensity
of the OH group band (~3610 cm™") decreased.”® According
to the in situ infrared results, it can be seen that HCHO mainly
adsorbed on active sites, which was converted into DOM
species via OH groups, and oxidized into formate and
carbonate species during the adsorption process. The
adsorption of reactants is the first step for HCHO oxidation,
which plays a key role for the oxidation reaction.

After 120 min, oxygen was injected into the reaction
chamber. Under the flow of O,, the band intensities for DOM,
formate, and carbonate species, which immediately reacted
with O,, showed the opposite changing trend and almost
disappeared. The intensity of OH groups (~3610 cm™)
increases compared with that before the feeding of O,,
implying that H,O was continuously generated on the MnO,/
CeO, hollow sphere surface. Finally, the intensity of the
adsorbed carbon dioxide (2327 cm™) peak®® becomes weaker,
indicating that carbonate species were decomposed and
released as gaseous CO, in this reaction.

A possible reaction route of formaldehyde removal on the
MnO,/CeO, hollow sphere catalyst is depicted in Figure 11

Figure 11. Proposed mechanism and pathways of HCHO removal
with the MnO,/CeO, hollow sphere catalyst.

based on in situ DRIFTS results. The HCHO molecule is first
adsorbed on the MnO,/CeO, hollow sphere surface via H-
bonding with the OH groups (step 1). Step 2 shows the
dissociation processes of oxygen on the catalyst surface; the O,
activation is achieved. Subsequently, one active oxygen atom
attacks the electrophilic carbon atom of the adsorbed
formaldehyde molecule, leading to the generation of a DOM
intermediate (step 3). After that, DOM transforms into more
stable formate species through molecular rearrangement. Then,
surface OH groups are generated on the MnO,/CeO, hollow
sphere surface via decomposition of H,O and the active O
atom from the O vacancies™ (step 4). Finally, CO, and H,0
are produced through the reaction between formate species
and surface OH groups, and the catalyst surface returns to its
original state (step S). According to this mechanistic view,
through using the carbon sphere as a self-sacrificing template,
the interaction between Mn/Ce and carbon increases the
oxygen vacancies and adsorption sites, therefore synergistically
enhancing the generation of active oxygen species, which is one
of the key factors to the efficient HCHO removal.

4. CONCLUSIONS

This study focuses on the influence of using the carbon sphere
as a self-sacrificing template on the catalytic performance and
structural and chemical properties of MnO,/CeO, hollow
spheres. Due to carbon enhancing the electron transfer
efficiency, the interaction between Mn/Ce and carbon
increases. This increase in the interaction strength seems to
(i) increase the oxygen vacancy, (ii) promote the oxygen
species mobility, and (iii) improve the chemical stability of the
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MnO,/CeO, hollow spheres, resulting in the significantly
improved performance of the MnO,/CeO, hollow spheres
compared to MnO,/CeO,. These entire properties are
beneficial to the low-temperature, high GHSV oxidation
performance and long-life stability of the MnO,/CeO, hollow
spheres in HCHO removal.
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