
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
14

/2
02

5 
6:

59
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Facial controlled
aShenzhen University, Shenzhen, China. E-m
bTsinghua University, Shenzhen, China
cShenzhen High-tech Investment Group Co.,

Cite this: RSC Adv., 2021, 11, 16547

Received 17th March 2021
Accepted 20th April 2021

DOI: 10.1039/d1ra02112e

rsc.li/rsc-advances

© 2021 The Author(s). Published by
synthesis of Pt/MnO2 catalysts
with high efficiency for VOCs combustion

Jing Hu, *a Xiangling Gao,b Qingfeng Fanc and Xingmin Gaoa

Two sets of experiments were initially implemented to explore the best impregnation method and the best

morphology substrate. In the first case, Pt/MnO2-r-WI catalyst showed a better performance than that of Pt/

MnO2-r-IW. The test results illustrated that Wetness Impregnation (WI) could enhance the dispersion of Pt,

ratios of Mn4+/Mn3+, Oads/Olatt and Pt4+/Pt0 as compared to those of Incipient Wetness Impregnation (IW).

In the other method, MnO2-s catalyst displayed a higher catalytic efficiency than that of MnO2-r because

the nanosphere morphology had larger BET surface area and pore volume to attract Pt atoms and

toluene molecules. Therefore, the Pt/MnO2-s-WI catalyst was obtained and showed the best activity

with low-temperature redox capability and oxygen mobility. It could eliminate toluene (T90) at a low

temperature of 205 �C and remain stable over 150 h. effects of calcination temperature, toluene

concentration and gas hourly space velocity (GHSV) were also investigated herein. In situ diffuse

reflectance infrared Fourier transform spectroscopy (DRIFTS) was also implemented to explore the

reaction mechanism. It demonstrated that toluene was firstly adsorbed over Ptd+ on the surface before

being oxidized to CO2 and H2O. The whole procedure follows the Mars-van Krevelen mechanism. This

work gives a comprehensive understanding of the heterogeneous catalysis mechanism.
1 Introduction

Volatile organic compounds (VOCs) are a group of materials
that are widely used including automobiles, textile
manufacturing, architecture coatings, petroleum plants, elec-
tronic component plants, and cleaning products.1 However,
VOCs are recognized as precursors of ozone and have proved to
be carcinogenic. According to the Chinese Academy of Envi-
ronmental Planning, there are 31 million tons of VOCs emis-
sions every year in China, far exceeding the traditional air
pollutants; there is, therefore, an urgent need to address VOCs
pollution. The market scale of VOCs monitoring and treatment
is expected to be 180 billion RMB.

Technically, there are various technologies for eliminating
VOCs, such as thermal combustion, catalysis combustion,
adsorption, absorption, plasma discharge abatement, bio-
ltration, etc.1–4 Among these methods, catalytic oxidation is
regarded as the most popular method due to low operating
temperature, environmental friendliness and high efficiency. In
terms of catalytic oxidation, selection and optimization of
materials are key challenges for high-efficiency removal. Typi-
cally, there are two classes of catalysts that are widely used for
VOC oxidation, namely, noble metal catalysts and transition
metal oxides. Noble metal catalysts are already applied in
ail: hujing1@szhti.com.cn

Ltd., Shenzhen, China
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practical industries nowadays due to their high catalytic activity,
low operating temperature and recycling performance.5–7

However, their high cost and strong tendency toward aggrega-
tion limit their application. Therefore, it is preferred to support
noble metals on other substrates, which could avoid the
aggregation of metal particles as well as enhance the catalytic
performance. Platinum, ruthenium, palladium, and gold are
the most commonly used noble metal materials,8–11 while
MnO2, Co2O3, CeO2 are always used as substrates.1,12–15 For
example, P. Ruosi et al. studied the size effect of Pt nano-
particles on a series of Pt/CeO2 catalysts and found that Pt
nanoparticles of 1.8 nm exhibited the best performance with
a good balance of Pt–O–Ce bonds, Ce3+ and oxygen vacancies.16

However, Ce, one of the rare earth elements, is quite expensive
for mass production. F. Wang et al. obtained a series of MnO2

samples with different morphologies, such as rods, wires, tubes
and owers. Among these, rod-MnO2 showed the best activity
due to a higher oxygen concentration and better low-
temperature reducibility.17 However, it did not show a clear
relationship between the surface, structure and catalytic
performance, which is an important factor for catalytic
efficiency.18,19

This work is based on our former study that manganese
oxide catalysts behave better than other transition metal oxide
substrates for VOCs elimination.15,20 In this report, we further
explore the effects of impregnation methods and MnO2

morphologies and obtain a Pt/MnO2-s-WI catalyst with nano-
sphere structure via the WI impregnation method. It shows
RSC Adv., 2021, 11, 16547–16556 | 16547
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extraordinary activity in eliminating toluene at 205 �C and good
stability in sustaining high efficiency over 150 h.
2 Experimental section
2.1 Preparation of catalysts

2.1.1 Synthesis of MnO2 nanorods and nanospheres.MnO2

nanorods (MnO2-r) were prepared by a hydrothermal method.
MnO2 nanospheres (MnO2-s) were obtained via a deposition–
precipitation process, where Mn(Ac)2 (0.2 M, 0.49 g) and sodium
citrate (1.0 g) were dissolved in 100 ml DI water, followed by
addition of Na2CO3 (1 M) solution, and maintained at 50 �C in
a water pot for 8 h. MnO2-s was obtained aer being ltered,
washed and dried.

2.1.2 Synthesis of Pt/MnO2-r-IW, Pt/MnO2-r-WI and Pt/
MnO2-s-WI. Pt/MnO2-r-IW was obtained by an IW impregnation
procedure. Typically, 0.15 g of MnO2-r precursor was added to
a moderate amount of deionized water whose volume was the
same as the pore volume of the precursor. H2PtCl6 aqueous
solution (20 mI, 0.1 g ml�1) was then injected into the mixture
followed by 10 min ultrasonic treatment. The mixture was then
put into a water bath at 80 �C with magnetic stirring until total
DI water evaporation. Pt/MnO2-r-IW was nally acquired aer
being transferred into an auto-furnace and heated at 400 �C for
2 h at a rate of 10 �C min�1.

Pt/MnO2-r-WI was acquired via an in situ deposition–
precipitation reaction for impregnation. First, 0.15 g MnO2-r
and sodium citrate (1.0 g) were added to 100 ml DI water, fol-
lowed by 10 min ultrasonic treatment and magnetic stirring for
30 min. Na2CO3 aqueous solution (1 M) was added to the
mixture dropwise to get the pH up to 10. Next, the conical ask
was put into a water bath at 50 �C for 2 h. H2PtCl6 (0.1 g ml�1,
0.5 wt%) was injected into the solution, which was heated and
stirred for another 5 h. Aer the mixture cooled to room
temperature, the precipitate was ltered and washed three
times with DI water and ethanol and then dried at 80 �C for
12 h. The obtained catalyst was then annealed at 400 �C for 2 h
at a speed of 10 �C min�1 to give the Pt/MnO2-r-WI catalyst.

Pt/MnO2-s-WI was obtained by adding H2PtCl6 to MnO2-s
solution, followed by the same post-treatment procedure as that
of Pt/MnO2-r-WI.
2.2 Characterization

Samples were characterized by powder X-ray diffraction
(XRD) on a SHIMADZU XRD-6000 diffractometer (40 kV, 40
mA, and increment of 1/4 0.02) using monochromatized Cu
Ka radiation of wavelength 1.54059 Å in a 2q range from 10� to
80�. The texture structure and morphology were determined
by scanning electron microscopy (SEM) on a HITACHI
SU8010, and High-Angle Annular Dark Field scanning
transmission electron microscopy (HAADF-STEM) on an FEI
Tecnai G2 F30. High-resolution transmission electron
microscopy (HRTEM) was characterized at 200 kV. Brunauer–
Emmett–Teller (BET) data were determined by nitrogen
adsorption at 77 K with a Micromeritics ASAP 2020 analyzer.
Surface elemental analysis was performed via X-ray
16548 | RSC Adv., 2021, 11, 16547–16556
photoelectron spectroscopy (XPS) on a PHI 5000 VersaProbe
II with monochromatic Al Ka radiation. Bulk elemental
analysis was conducted by inductively coupled plasma mass
spectrometry (ICP-MS) on an MDTC-EQ-M29-01 instrument.
CO temperature-programmed desorption (CO-TPD) was
conducted using a Chembet TPR/TPD analyzer. The sample
(�50 mg) was reduced in a stream of 10.0 vol%
H2/Ar (50 ml min�1) or adsorption/desorption in 5 vol% CO/
Ar (50 ml min�1) at a ramp rate of 10 �C min�1.
2.3 Catalytic evaluation

Catalytic activity towards toluene oxidation was carried out in
a xed bed reactor with a continuous 1500 ppm toluene ow
saturated by 20% O2 and 80% N2 under atmospheric pressure.
Before the tests, 90 mg samples were crushed and sieved into
particles of 40–60 mesh, followed by loading in the middle of
a 10mm i.d. quartz tubular xed bed reactor packed with quartz
wool at both ends. The catalyst was pre-heated to 300 �C at the
rate of 5 �C min�1 in N2 ow and maintained at 300 �C for half
an hour before cooling to 100 �C. It was then kept for another
hour to make sure that the inside of the sample was thoroughly
cooled. Then, a feeding gas ow with 1500 ppm toluene was
introduced into the tube with a GHSV of 40 000 ml g�1 h�1. To
get stable catalytic activity, it was maintained at each testing
temperature for 30 min before testing. The catalytic activity was
monitored by an online gas chromatograph (GC-2010, Shi-
madzu) with an FID detector, and the toluene removal efficiency
was calculated as follows:

Toluene conversion ð%Þ ¼ ½toluene�in � ½toluene�out
½toluene�in

� 100%

where [toluene]in and [toluene]out are concentrations of the gas
ow at the inlet and outlet ends, respectively. For the water
vapor inhibition test, a stream of water vapor (5 vol%) was
introduced into the xed bed and the catalyst was evaluated
with and without water vapor at 220 �C. In addition, stability
testing was carried out for 150 h at 220 �C, together with ve
cycles.
3 Results and discussion

To conrm impact factors, we arranged two sets of experiments.
The rst one was to distinguish between WI and IW methods
and to nd a better one for impregnation. Therefore, we used
MnO2-r as a probe substrate and got Pt/MnO2-r-IW and Pt/
MnO2-r-WI catalysts. As shown in Fig. 1a, Pt/MnO2-r-WI showed
a better combustion efficiency than that of Pt/MnO2-r-IW,
illustrating that the WI method contributes to the catalytic
performance. The second experiment was to exchange MnO2-r
with MnO2-s and to nd a more suitable substrate. As shown in
Fig. 1b, MnO2-s had a much better performance than that of
MnO2-r, suggesting that nanospheres are more suitable for
substrates. According to the orthogonal test results, the Pt/
MnO2-s-WI catalyst was obtained via MnO2 nanosphere
substrate and WI method. As expected, Pt/MnO2-s-WI showed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Catalytic activity of two sets experiments: (a) Pt impregnation viaWI or IWmethod over MnO2-r; (b) structure effect of MnO2-s andMnO2-
r; (c) Pt/MnQO2-s-WI performance comparing to other catalysts. (Under the condition of 1500 ppm and 40 000 ml g�1 h�1 of GHSV).

Table 1 Catalytic performance and textural properties of catalysts

Catalysts T10/�C T50/�C T90/�C
Surface area
(m2 g�1)

Pt loading
(wt%)

Pt average size
(nm)

Pore volume
(cm3 g�1)

MnO2-r 230 240 275 34 — — 0.17
MnO2-s 206 230 262 151 — — 0.22
Pt/MnO2-r-IW 199 214 250 5 0.37 1.3 0.09
Pt/MnO2-r-WI 179 208 224 9 0.09 — 0.11
Pt/MnO2-s-WI 168 183 205 89 0.13 — 0.18

Fig. 2 SEM images of MnO2-r; Pt/MnQ2-r-IW; Pt/MnO2-r-WI; Pt/

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
14

/2
02

5 
6:

59
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the best combustion activity as compared to those of Pt/MnO2-r-
WI and Pt/MnO2-r-IW.

The catalytic performance over toluene is demonstrated in
Table 1. As shown, the catalytic activity is of the following order:
Pt/MnO2-s-WI (T90 ¼ 205 �C) > Pt/MnO2-r-WI (T90 ¼ 226 �C) > Pt/
MnO2-r-IW (T90 ¼ 249 �C) > MnO2-s (T90 ¼ 262 �C) > MnO2-r (T90
¼ 278 �C). The catalytic activity of Pt/MnO2-r-WI is higher than
that of Pt/MnO2-r-IW, which indicates that WI with higher
dispersion is more effective for improving the reactivity than
IW. Moreover, the catalytic activity of Pt/MnO2-s-WI is higher
than that of Pt/MnO2-r-WI, as MnO2-s has a larger BET surface
area and more Pt loading to enhance the performance. There-
fore, different loading methods and support morphologies
inuence the low-temperature redox and oxygen mobility by
affecting the loading and dispersion of Pt.

The following work explores a comprehensive understanding
of the structure and performance. Initially, Pt/MnO2-r-WI, Pt/
MnO2-r-IW and Pt/MnO2-s-WI were chosen as examples;
however, they could not represent the changes aer WI or IW
impregnation, so MnO2-r was then added to the examples.
Therefore, there were four cases in the following series of tests.
Material morphologies are demonstrated in Fig. 2. As shown,
the MnO2-r catalyst has a rather smooth surface, with a BET of
34 m2 g�1. The nanorod lengths were between 100 nm and 1
mm, with diameters of around 50 nm. Pt/MnO2-r-IW was ob-
tained by dipping platinum solution into MnO2-r. Compared to
MnO2-r, Pt/MnO2-r-IW had much thinner rods and more
contaminations attached to the surface. Pt/MnO2-r-WI was ob-
tained by soaking MnO2-r in platinum solution with excessive
volume. Pt/MnO2-r-WI had fewer contaminants and its BET area
© 2021 The Author(s). Published by the Royal Society of Chemistry
increased to 9 m2 g�1, higher than that of Pt/MnO2-r-IW (5 m2

g�1). Pt/MnO2-s-WI exhibited a hierarchy structure where
primary nanoparticles of 10 nm gathered to form secondary
particles of 50 nm. High-resolution structures are shown in
Fig. 3d, e, f, conrming a crystalline structure with primary
particles at about 10 nm. The BET surface area of Pt/MnO2-s-WI
was 89 m2 g�1, which was much lower than that of MnO2-s (161
m2 g�1). The pore volumes of catalysts are listed in Table 1.
MnO2-s has the largest pore volume of 0.22 cm3 g�1, followed by
Pt/MnO2-s-WI (0.18 cm3 g�1). The pore volume of Pt/MnO2-r-WI
and Pt/MnO2-s-IW also decreased aer the impregnation
procedure because ionic particles and contaminants blocked
MnO2-s-WI.

RSC Adv., 2021, 11, 16547–16556 | 16549
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Fig. 4 XRD of MnO2-r, Pt/MnO2-r-IW, Pt/MnO2-r-WI and Pt/MnO2-s-
WI.
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the pores. Besides, the pore volume of Pt/MnO2-r-WI (0.11 cm3

g�1) was larger than that of Pt/MnO2-s-IW (0.09 cm3 g�1), cor-
responding to the BET results. The results showed that WI is
benecial for Pt dispersion. There were no distinct micropores
over the MnO2 series catalyst. However, there was a small
number of mesopores over MnO2-s, which could explain the
high surface area of MnO2-s and Pt/MnO2-s-WI.21

Fig. 3 demonstrates the TEM images of several catalysts.
MnO2-r, Pt/MnO2-r-IW and Pt/MnO2-r-WI all exhibit a 0.694 nm
interplanar spacing, corresponding to (110) of the MnO2 phase.
Interplanar distances of 0.316 nm, 0.213 nm and 0.512 nm on
Pt/MnO2-s-WI belong to the (310), (301) and (200) plane of
MnO2. Furthermore, there are lots of particles on Pt/MnO2-r-IW,
conforming a homogeneous dispersion of Pt particles, whose
sizes range from 0.4 nm to 2.0 nm, with a median of 1.3 nm.
There were no Pt particles on Pt/MnO2-r-WI and Pt/MnO2-s-WI
catalysts, although XPS and ICP-MS results proved the pres-
ence of Pt element. Therefore, it is reasonable to propose that Pt
atoms are highly dispersed on the supports.22,23

Fig. 4 shows the XRD results of MnO2-r and three Pt/MnO2

catalysts. All curves were indexed to MnO2 (JCPDS 44-0141) with
the strongest feature peak d (211) of 2q at around 37.7�. As
Fig. 3 TEM of (a) MnO2-r; (b) Pt/MnO2-r-W1; (c) Pt/MnO2-r-IW; (d) Pt/
distribution of Pt/MnQO2-r-IW.-645795493903000.

16550 | RSC Adv., 2021, 11, 16547–16556
shown, the peaks of MnO2 and Pt/MnO2-r-IW are much sharper
and more intense than those of the two WI samples. This is
because the solvent affects the internal stress of the material,
reducing the grain size of the catalyst supports.24 According to
MnO2-s-WI. (e and f) HAADF-STEM of Pt/MnO2-r-IW; (g) particle size

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 XPS results of catalysts

Catalysts

Pt 4f5/2 Mn 2p3/2 O 1s

Pt0 Ptd+ Ptd+/Pt0 Mn3+ Mn4+ Mn4+/Mn3+ Olatt Oads Oads/Olatt

MnO2-r — — — 641.1 642.4 0.34 529.9 531.5 0.33
Pt/MnO2-r-IW 73.9 75.1 1.79 641.9 642.8 1.37 530.0 531.9 0.68
Pt/MnO2-r-WI 73.4 74.9 1.82 641.8 642.7 1.47 529.9 531.7 0.63
Pt/MnO2-s-WI 74.4 74.9 2.57 641.2 642.4 1.82 529.7 531.5 0.79
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Scherrer's formula, the average thicknesses perpendicular to
the crystal plane d (211) of each catalyst are 21.5 nm (MnO2-r),
54.4 nm (Pt/MnO2-r-IW), 20.8 nm (Pt/MnO2-r-WI) and 16.2 nm
(Pt/MnO2-s-WI). These correspond to the SEM and TEM images
where the nanorods are larger than the primary nanospheres.
Notably, no Pt peak was observed here, illustrating the tiny size
or amorphous structure of Pt. On the one hand, Pt in two WI
catalysts is invisible in TEM images. On the other hand, Chen
et al. concluded that the noble metal XRD feature peak dis-
appeared when its loading amount was less than 0.75%.25 In
this report, the Pt loading amounts of three catalysts are 0.37%
(Pt/MnO2-r-IW), 0.09% (Pt/MnO2-r-WI), 0.13% (Pt/MnO2-s-WI),
respectively. Therefore, it is reasonable to conrm that Pt
atoms were highly dispersed on the substrates.

XPS was used to analyze the elemental composition and
valence of the catalysts. Pt 4f could be divided into two sub-
peaks, Pt 4f 7/2 and Pt 4f 5/2, corresponding to Pt0 with
binding energy at 73.4 eV and Ptd+ at 74.9 eV.26 Binding energies
of Pt/MnO2-s-WI and Pt/MnO2-r-WI are the same, which are lower
than that of the Pt/MnO2-r-IW catalyst (73.9 eV and 75.1 eV). This
suggests that Pt–O in twoWI catalysts is weaker than that of the IW
catalyst. Therefore, the impregnation method affects the Pt–O
interaction and gives a much weaker and more active Pt–O than
that of IW.26 Furthermore, Pt 4f 7/2 and Pt 4f 5/2 are overlayed in
curves of Pt/MnO2-r-IW, Pt/MnO2-r-WI, owing to more Pt0 content.
Ptd+/Pt0 ratios of Pt/MnO2-r-IW and Pt/MnO2-r-WI are 1.79 and
1.82, much lower than that of Pt/MnO2-s-WI (2.57). Typically, more
Ptd+ content means more Pt–O bonds and a better dispersion of Pt
atoms.27 Detailed statistics are shown in Table 2. As shown, the WI
method and sphere morphology are benecial for Pt dispersion,
resulting in more Pt–O bonds (Fig. 5).
Fig. 5 XPS analysis of Pt 4f, Mn 2p and O 1s of catalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Mn 2p 3/2 can be split into Mn3+, Mn4+ and accompanying
peaks were observed at 641 eV, 643 eV and 644 eV. As can be
seen from Table 2, the binding energy of Pt/MnO2-r-IW, Pt/
MnO2-r-WI and Pt/MnO2-s-WI decreased as Pt dispersion
increased. It is because Pt has a stronger electronegativity to
attract the electron cloud in the Mn–O–Pt bond, which weakens
the interaction of the Mn–O bond and decreases the binding
energy. In other words, Pt activates the Mn–O bond, which
increases the mobility of oxygen. This also corresponds to the
fact that the Mn4+/Mn3+ order is consistent with the order of
Ptd+/Pt0. Furthermore, Pt/MnO2-r-IW has the lowest Mn4+/Mn3+

ratio, which may due to the largest particle size of Pt increasing
the oxygen defect and increasing the Mn3+ component. As
shown in Table 1, the catalytic activity order is consistent with
the order of Ptd+/Pt0, meaning that Ptd+ contributes to the
catalyst. Li et al. also found that ionic Ptd+ was easier to adsorb
toluene than metallic Pt0, thus improving the catalytic effect.28

There are two kinds of oxygen species on metal oxides: oxygen
lattice and oxygen vacancy. Oxygen lattice (Olatt) stands for O2�

inside the lattice with a lower valence number. The other oxygen
species, such as O2�, O2

2�, O�, –OH, are classied as adsorbed
oxygen (Oads) with higher binding energy. Olatt and Oads binding
energies of Pt/MnO2-r-IW are 530.0 eV and 531.5 eV, more than
that of MnO2-r (529.9 eV and 531.9 eV). This is because Pt
decreases the interaction of the O–Mn bond, corresponding to the
conclusion in the Pt section. Besides, the Oads/Olatt ratios of MnO2-
r, Pt/MnO2-r-IW, Pt/MnO2-r-WI and Pt/MnO2-s-WI are 0.33, 0.68,
0.63 and 0.79, respectively. This is relevant to the Pt dispersion (Pt/
MnO2-r-IW vs. Pt/MnO2-s-WI) and Pt loading amount (Pt/MnO2-s-
WI vs. Pt/MnO2-r-WI). Pt/MnO2-s-WI has the largest ratio of Oads/
Olatt and the greatest oxygen mobility.
RSC Adv., 2021, 11, 16547–16556 | 16551
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Fig. 6 (a) Arrhenius plot; (b) catalytic activity of Pt/MnO2-s-W1 under different concentrations; (c) catalytic activity of Pt/MnO2-s-WI under
different GHSV.
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The activation energy (Ea) is calculated via the Arrhenius plot
in Fig. 6a, where the toluene conversion is less than 20%. As
shown, MnO2-r has the highest Ea of 168.8 kJ mol�1. The lowest
is of Pt/MnO2-s-WI (92.6 kJ mol�1), corresponding to its best
oxidation performance. Pt/MnO2-r-WI and Pt/MnO2-r-IW have
moderate Ea of 111.6 kJ mol�1 and 131.2 kJ mol�1, respectively.
This is of the same order as the catalytic activity in Fig. 6a.
Furthermore, the light-off curves of Pt/MnO2-s-WI in different
toluene concentrations and GHSVs are shown in Fig. 6b, c. The
catalytic activity decreases as follows: Pt/MnO2-s-WI �750 ppm
(208 �C) > Pt/MnO2-s-WI �1500 ppm (224 �C) > Pt/MnO2-s-WI
�3000 ppm (235 �C) and Pt/MnO2-s-WI �20 000 ml g�1 h�1

(210 �C) > Pt/MnO2-s-WI �40 000 ml g�1 h�1 (223 �C) > Pt/
MnO2-s-WI �80 000 ml g�1 h�1 (235 �C).

CO-TPD was implemented to detect the environment of the
adsorption sites. There are small waves over a low temperature
range below 200 �C, corresponding to the physical adsorption of
CO, while peaks at 350–700 �C represent the strong chemical
adsorption of CO. The MnO2-r sample has an intense peak at
617 �C with a satellite peak at 554 �C, corresponding to (OC)1–
Mn and (OC)x–Mn binding states. CO tends to be one-to-one
adsorbed on the surface of transition metal oxides, so the
desorption peak at 617 �C is stronger. By comparing the
statistics in Table 3, we nd that the CO desorption temperature
increased as the Pt loading amount decreased (Pt/MnO2-r-IW,
Fig. 7 CO-TPD results of four catalysts.

16552 | RSC Adv., 2021, 11, 16547–16556
Pt/MnO2-r-WI and MnO2-r). This phenomenon is consistent
with the Baumer viewpoint that the desorption peak tempera-
ture of CO gradually decreases with the increase of the noble
metal loading amount when the metal amount is relatively
low.29 If we set the CO consumption of MnO2-r as 1.00, then the
CO consumptions of the catalysts are as follows: Pt/MnO2-s-WI
(2.52) > Pt/MnO2-r-WI (1.78) > Pt/MnO2-r-IW (1.71) > MnO2-r
(1.00). The Pt/MnO2-r-WI activity is better than that of Pt/MnO2-
r-IW, although Pt/MnO2-r-IW has a relatively lower desorption
temperature. This could be explained by the larger CO consump-
tion of Pt/MnO2-r-WI. It means that CO consumption outweighs
the desorption temperature, which means that the number of
active sites is more important for the catalytic activity. The
desorption temperature of Pt/MnO2-s-WI is the lowest, which also
has the most CO consumption. Although Pt/MnO2-s-WI does not
have the highest Pt amount, it has the largest ratio of Ptd+/Pt0,
Mn4+/Mn3+ and Oads/Olatt, according to the XPS results. This
suggests that the number of active sites is determined by Pt
dispersion, via the sphere substrate and the WI method (Fig. 7).

Catalytic stability was also studied in a humid environment.
Vapor stability is demonstrated in Fig. 8a. It shows that water
has an inhibitory effect on the toluene conversion to decrease
the removal efficiency to 92% from 96%. Aer the removal of
water vapor, the catalytic performance recovered and was
maintained well aer two rounds over ten hours. Based on
Fig. 8b, the catalyst showed excellent stability during 150 h at
220 �C. Moreover, the cycling performance was also carried out
to study the stability of Pt/MnO2-s-WI. This demonstrated
outstanding cycling stability over cycle 1–5 without a signicant
decrease (Fig. 9).

The calcination effect on catalytic activity was studied and
the results are displayed in Fig. 10. Pt/MnO2-s-WI was sintered
Table 3 Ea, and CO-TPD results of four catalysts

Catalysts Ea/kJ mol�1 CO-consumptiona CO-TPD/�C

Pt/MnO2-s-WI 92.6 2.52 517 and 564
Pt/MnO2-r-WI 111.6 1.78 530 and 611
Pt/MnO2-r-IW 131.2 1.71 527 and 581
MnO2-r 168.8 1.00 554 and 617

a Area below curve MnO2-r is set as 1.00.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Anti-water stability and (b) catalytic stability at 220 �C of Pt/
MnO2-s-WI.

Fig. 10 (a) Catalytic performance and (b) XRD plot of Pt/Mn0O2-s-WI
calcined at different temperatures.
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at different temperatures for 2 hours. The elimination efficiency
order is Pt/MnO2-s-WI-400 > Pt/MnO2-s-WI-350 > Pt/MnO2-s-WI-
450, which might be explained by XRD analysis in Fig. 8b. Pt/
MnO2-s-WI- 350 has a wide and small peak at 2q of 37.7� (MnO2,
JCPDS 44-0141), indicating that the pre-activation temperature
is not enough to form a well-crystallized material. T90 of Pt/
MnO2-s-WI-450 is higher than that of Pt/MnO2-s-WI-400,
Fig. 9 Cycling test of Pt/MnO2-s-WI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
indicating that a higher temperature may over-sinter the
crystal to decrease the performance.30,31

In order to further understand the surface adsorbed species
and observe the active factors on the reactivity of catalysts for
toluene oxidation, in situ DRIFTS spectra of Pt/MnO2-s-WI and
MnO2-r were obtained under the same reaction conditions. As
shown in Fig. 11, peaks at around 1032–1077 cm�1 belong to the
bending vibrations in the benzene ring and benzyl groupb(C–
H(Ar)).32,33 Bands between 1400–2000 cm�1 correspond to the (n(C]
C)) stretching vibration in benzene.34 Furthermore, bands at
2881 cm�1, 2933 cm�1, 3034 cm�1 and 3077 cm�1 stand for the
stretching vibration of hydrogen (ys(C–H)). Among them, 2881 cm�1

and 2933 cm�1 represent n(C–H(Ar)) in benzene,35 3034 cm�1 and
3077 cm�1 stand for n(C–H(CH3)) in the benzyl group.36 Moreover,
peaks at around 3600 cm�1 are characteristic peaks standing for the
asymmetric stretching vibration of H2O(yas(O–H)) and 2319 cm�1,
2346 cm�1 represent the stretching vibration (n(C]O)) of CO2.

At the temperature of 150 �C, characteristic peaks of toluene
were observed. Peaks at 1032 cm�1, 1077 cm�1 and 1606 cm�1

are more intense in Pt/MnO2-s-WI as compared to MnO2-r,
indicating that Pt/MnO2-s-WI has a larger adsorptive capacity
towards toluene.37 As the temperature increased, the charac-
teristic peaks of Pt/MnO2-s-WI and MnO2-r became weaker,
which means toluene on the surface was oxidized. When the
temperature reached 210 �C, the reactions became faster and
peaks were much weaker. At the same time, 2319 cm�1,
2346 cm�1 and 3600 cm�1 peaks emerged, resulting from CO2
RSC Adv., 2021, 11, 16547–16556 | 16553
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Fig. 11 DRIFTS results of (a) MnO2 and (b) Pt/MnO2-s-WI.

Fig. 12 Catalytic procedure for the adsorption of toluene over the Pt/
MnO2-s-WI catalyst.
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and H2O products. The 210 �C peaks in Fig. 11a are stronger
than those in Fig. 11b. There are two proposals herein: one is that
CO2 andH2O leave Pt/MnO2-s-WI so fast that it is difficult to detect
them. The other is that toluene is not completely converted into
CO2 and H2O. As the temperature increases, there is no peak of
other by-products coming out over the curve of Pt/MnO2-s-WI. This
means that toluene was completely eliminated and there were no
by-products like carbonate groups. Therefore, it is an adequate
explanation that CO2 andH2O desorbed so fast that their peaks are
weaker over Pt/MnO2-s-WI.

As the temperature increased, the peaks of toluene became
weaker and weaker. However, peaks at around 1300–
2000 cm�1(n(C]C)) remained steady in Fig. 11a. In contrast,
peaks at around 1300–2000 cm�1 in Fig. 11b became weaker
along with peaks at 2800–3100 cm�1 (n(C–H)). This is because
toluene is oxidized from the benzyl group, followed by benzene.
At 240 �C, toluene peaks completely disappeared. However,
there were several peaks at 2303 cm�1, 2330 cm�1, 2356 cm�1

and 2375 cm�1 in Fig. 11a, indicating the presence of carbox-
ylate byproducts.36 There was no carboxylate peak over Pt/MnO2-
s-WI, corresponding to the conclusion above that toluene was
quickly oxidized to CO2 and H2O so that there was no coke
sticking on the surface. Therefore, Pt/MnO2-s-WI could sustain
high activity in the stability test in Fig. 8.
16554 | RSC Adv., 2021, 11, 16547–16556
In conclusion, Pt/MnO2-s-WI sample showed an excellent
catalytic performance due to the following reasons: (1) Pt/
MnO2-s-WI catalyst has a greater surface area, pore volume
and active sites so that it has a stronger adsorption capacity
for toluene. (2) Pt/MnO2-s-WI has better low-temperature
redox and oxygen mobility. (3) Pt/MnO2-s-WI can rapidly
desorb CO2 and H2O and expose active sites to accelerate the
reaction rate. Furthermore, it shows a good catalytic stability
with no by-product emerging in the catalytic process.

The whole reaction procedure over Pt/MnO2-s-WI catalyst is
displayed in Fig. 12. Firstly, toluene is adsorbed by Ptd+ ions on
the surface of the catalyst. Then, toluene is oxidized under the
oxygen supply of the MnO2 substrate. Pt

d+ is reduced to Pt0, and
MnO2 is reduced to Mn3O4. The reduced catalyst is re-oxidized
by O2 from the gas ow to participate in the next cycle of reac-
tion. The process conforms to the Mars-van Krevelen model
mechanism.
4 Conclusions

Overall, we have synthesized a series of Pt/MnO2 catalysts viaWI
or IWmethod. Pt/MnO2-s-WI had the best toluene oxidation
performance due to the largest surface area, pore volume and
the highest ratios of Mn4+/Mn3+, Oads/Olatt, and Pt4+/Pt0, which
contributed to the low-temperature redox capability and cata-
lytic activity. Pt/MnO2-s-WI eliminated toluene at 205 �C and
was stable over 150 h. It also showed a good performance in
anti-vapor and cycling tests. In situ DRIFTS testing suggested
that Pt/MnO2-s-WI could enhance the adsorption of toluene and
the desorption of CO2 and H2O, reducing coke formation and
maintaining the activity. The whole procedure follows the Mars-
van Krevelen mechanism. This work gives a comprehensive
understanding of the inuence factors and the heterogeneous
catalysis mechanism.
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