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ABSTRACT: Pt0.3Mnx/SiO2 nanocubic (nc) micro-/meso-porous 
composite catalysts with varied Mn contents were synthesized 
and tested for the oxidation of methyl ethyl ketone (MEK). 
Results show that MEK can be efficiently decomposed over 
synthesized Pt0.3Mnx/SiO2-nc materials with a reaction rate and 
turnover frequency respectively higher than 12.7 mmol gPt

−1 s−1 
and 4.7 s−1 at 100 °C. Among these materials, the 
Pt0.3Mn5/SiO2-nc catalyst can completely oxidize MEK at just 
163 °C under a high space velocity of 42600 mL g−1 h−1. 
The remarkable performance of these catalysts is attributed to a synergistic eff ect between the Pt nanoparticles and Mn2O3. 
NH3-TPD and NH3-FT-IR experiments revealed that exposed Mn2O3 (222) facets enhance the quantity of Brønsted acid sites 
in the catalyst, which are considered to be responsible for promoting the desorption of surface-adsorbed O2 and CO2. It is 
suggested that the desorption of these species liberates active sites for MEK molecules to adsorb and react. 18O2 isotopic 
labeling experiments revealed that the presence of a Pt−O−Mn moiety weakens the Mn−O bonding interactions, which 
ultimately promotes the mobility of lattice oxygen in the Mn2O3 system. It was determined that the Mn4+/Mn3+ redox cycle in 
Mn2O3 allows for the donation of electrons to the Pt nanoparticles, enhancing the proportion of Pt0/Pt2+ and in turn increasing 
the activity and stability of catalyst. In situ DRIFTS, online FT-IR, and DFT studies revealed that acetone and acetaldehyde are 
the main intermediate species formed during the activation of MEK over the Pt0.3Mn5/SiO2-nc catalyst. Both intermediates 
were found to partake in sequential reactions resulting in the formation of H2O and CO2 via formaldehyde.  
KEYWORDS: micro-/mesoporous composite nanocubic silica, Pt−Mn bimetallic center, methyl ethyl ketone, 
catalytic oxidation, DFT calculation, activation mechanism  

■ INTRODUCTION 
 
Volatile organic compounds (VOCs) are major contributors to 
air pollution and are extremely damaging to human health due 
to the formation of photochemical smog and secondary 

aerosols, in addition to their general carcinogenicity.1 One 
such VOC, methyl ethyl ketone (MEK), is used in a number of 
industrial applications and classified as an oxygenated volatile 
organic compound (OVOC). Given that these compounds are 
so hazardous, it is crucial that reliable and efficient methods be 
developed for their disposal. The complete catalytic oxidation  

 
 
of VOCs into CO2 and water is one such method and is 
especially useful for removing low concentration of VOCs 

(<0.5 vol %) from waste streams.2 There are two diff erent 
approaches to catalyst design presented in the current 
literature: the application of supported noble-metal catalysts 

and that of transition metal oxide catalysts.3 Both types of  
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catalysts possess their own specific advantages; however, 
supported noble-metal catalysts are perhaps considered to be 
most promising for the total oxidation of VOCs due to their 
high specific activity, resistance to deactivation, and ability to 
be regenerated.4 Among them, platinum-supported catalysts 
have been extensively studied for the total oxidation of 
OVOCs due to their superb catalytic efficiency.  

Current drives to improve the performance of supported 
noble-metal-based catalysts for catalytic oxidation is predom-
inantly focused toward increasing the dispersion of the metal 
particles, reducing the loading of the noble metals used, and 
varying the preparation method and/or metal precursor.5,6 
Investigations into the application of single-site noble-metal 
catalysts are limited, which is likely due to the difficulties 
associated with their synthesis, susceptibility to poisoning by 
S/ Cl, and proneness to sintering at high reaction 
temperatures.7 Interestingly, noble-metal and transition-metal 
cosupported catalysts have been found to be more active and 
stable for VOC destruction than materials containing single 
noble-metal active sites.8 It has been reported previously that 
introducing transition-metal oxides into supported noble-metal 
catalysts can enhance their catalytic activity due to synergistic 
eff ects between the multicomponent metal phases.9 The 
transition-metal oxides are reported to increase the 
performance of these materials by enhancing the activation of 
oxygen and instigating a change in the physicochemical 
properties of the noble-metal active sites.9 For instance, Qu et 

al. 8 recently showed that AgCo/APTES@MCM-41 (Ag/Co = 
3/1) could completely decompose formaldehyde at 
temperatures as low as 90 °C, while only a 30% 
decomposition was achieved over a Ag/ APTES@MCM-41 
catalyst under the same reaction conditions. Additionally, Cui 
et al.10 revealed that the activity of a Pt/Al2O3 catalyst could 
be significantly enhanced through the incorpo-ration of FeOx 
for the oxidation of formaldehyde. This increased performance 
was attributed to the formation of surface Pt−O−Fe species.  

The properties of the support material and transition-metal 
oxide have been found to have a significant eff ect on the 
performance of these noble-metal catalysts. Boaro and co-
workers, for example, showed that increasing the surface area 
of the support material increased the dispersion of the noble-
metal particles.11 As such, many studies investigating the 
hierarchical eff ect of silica supports with diff erent surface 
areas have been carried out to find supports for noble-metal-
based catalysts.12,13 In our previous work, we found that the 
activity of Pd/SC (SC denotes short column SBA-15) catalysts 
was proportional to the volume of the support micropores for 
the oxidation of toluene.12 For this reason, it is rational to 
expect that micro-/ mesoporous hybrid silica materials would 
be an ideal support material for noble- and transition-metal 
cosupported catalysts, given that one would expect these 
materials to possess sufficiently high porosities to achieve a 
good noble-metal dispersion and promote the diffusion rates 
for reactants and products in a given reaction. Furthermore, we 
also confirmed that the morphology of the support can have a 
significant eff ect on the catalytic activity of these materials, 
which could further influence the approach invoked for the 
design of these materials.13 
 

The type of transition-metal oxides used in these composite 
catalysts has also been investigated for the total oxidation of 
VOCs. Scire ̀and Liotta14 concluded that a Au/CoOx/Al2O3 
catalyst was significantly more active for the oxidation of C3H6 
than Au/MnOx/Al2O3 and Au/FeOx/Al2O3 catalysts. Tran- 

 
sition-metal oxides in these composite catalysts can act as 
cocatalysts in this system, which can enhance the redox 
properties and introduce surface defects at the gold/oxide 
interfaces. Other reports have shown that manganese oxides 
are catalytically active for the total oxidation of VOCs such as 
propane, n-hexane, benzene, and toluene.15 The influence of 
MnOx on noble-metal supported catalysts in total oxidation 
reactions has attracted a great deal of attention due to its low 
volatility and ability to easily bind and release oxygen. Arias 
et al.16 investigated the performance of MnOx/Al2O3, 
Pd/Al2O3, and Pd-MnOx/Al2O3 catalysts for the oxidation of 
methanol. The Pd-MnOx/Al2O3 catalyst was found to exhibit a 
much higher activity and thermal stability in comparison to the 
corresponding MnOx/Al2O3 and Pd/Al2O3 catalysts. Colman-
Lerner et al.17 showed that the activity of Pt/Mn/B is much 
higher than that of the corresponding Pt/B and Mn/B (B = 
bentonite monoliths) materials for the oxidation of toluene due 
to synergetic eff ects between Pt and Mn. The enhancement in 
activity was suggested to be related to the presence of Mn3+/ 
Mn4+ species. Other works have correlated the catalytic 
performance of MnOx to exposed facets on the materials 
surface. Xie et al.18 studied the total oxidation of propane over 
nanosized MnO2 particles with α, β, γ, and δ crystal phases 
and revealed that the activity of these catalysts varied in the 
order α-MnO2 > γ-MnO2 > β-MnO2 > δ-MnO2, which have 
(310), (120), (110), and (001) exposed facets, respectively. It 
was suggested that the presence of translational motion in the 
α-MnO2 phase and its stronger deformation and stretching 
modes were responsible for its better catalytic activity in the 
oxidation of propane.18 
 

The catalytic oxidation of MEK over a PdOx-MnOx/Al2O3 
catalyst was investigated by Arzamendi and co-workers.19 In 
this study, it was revealed that the temperature for the 
complete oxidation of MEK was as high as 320 °C over a 1.0 
wt % PdOx-MnOx/Al2O3 catalyst. High noble-metal loadings, 
inferior MEK activation capabilities, low CO2 selectivity, and 
the production of hazardous byproducts have so far limited the 
application of these types of catalysts industrially. Pt-Mn-
based catalysts supported on micro-/mesoporous hybrid silica 
have yet to be trialed as catalysts for the oxidation of OVOCs. 
In this work, Pt- and Mn-codecorated nanocubic silica (SiO2-
nc) catalysts with large specific surface areas and uniform 3D 
micro-/ mesoporous hybrid structures were synthesized. A 
promotional eff ect is observed for the oxidation of MEK when 
Mn2O3 is deposited onto a Pt/SiO2-nc material. We found that 
the exposed (222) facets of Mn2O3 enhance the quantity and 
strength of the Brønsted acid sites in the catalyst, thereby 
promoting the mobility of lattice oxygen in the catalyst. It is 
also proposed that the presence of Mn4+/Mn3+ redox cycle in 
Mn2O3 oxide facilitates the movement of electrons to and 
from the Pt metal particles, which increases the ratio of 
Pt0/Pt2+ species present on the surface, ultimately increasing 
the stability of the catalyst. In addition to this, the MEK 
destruction routes and surface mechanism over 
Pt0.3Mnx/SiO2-nc catalysts were proposed, which were based 
on results from in situ DRIFTS, TPSR, 18O2 isotopic 
experimentation, and DFT experiments/ calculations. 

■ EXPERIMENTAL SECTION  
Catalyst Preparation. The synthesis of the nanocubic 

silica support was based on an approach used initially by 
Sto ̈ber but was later modified by Zhao et al.20 For this, 1.0 g of 
cetyltrimethylammonium bromide (CTAB) was dissolved in 
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160 mL of deionized water with stirring. An 8.0 mL portion of a 
concentrated ammonia−water solution (25 wt %) was 
subsequently added, forming a clear solution. A mixture of 
tetraethoxysilane (TEOS) and n-hexane was then added to this 
solution dropwise over 40 min with continuous stirring, and the 
temperature of the solution was maintained at 30 °C, forming a 
homogeneous milky colloidal solution. The solution was stirred 
for another 12 h, after which the product was collected by 
centrifugation and washed with deionized water and ethanol. The 

final SiO2-nc material was obtained by vacuum drying and  
calcining at 550 °C for 4 h in air with a ramp rate of 1 °C 
min−1.  

Polyvinylpyrrolidone (PVP)-capped Pt nanoparticles with a 
mean particle size of ca. 2 nm were synthesized by an ethylene 
glycol reduction method. For this, 20 mL of aqueous NaOH 
(0.25 M) was added to a 20 mL solution containing ethylene 
glycol-H2PtCl6·6H2O (0.22 g) and was stirred at room 
temperature for 1 h, yielding a transparent yellow suspension. 
The mixture was subsequently heated at 90 °C for 2 h under a 
flow of N2, resulting in the formation of a dark brown 
transparent homogeneous colloidal solution of Pt 
nanoparticles. The Pt nanoparticles were subsequently 
precipitated from the addition of about 2−3 mL of a 2 M HCl 
solution (dropwise until pH 3−4), which was subsequently 
collected by centrifugation and dispersed in ethanol containing 
112 mg of PVP (K. 30). A proportion of the Pt NPs and 
manganous acetate were subsequently added to 70 mL of 
ethanol with stirring for 30 min, after which the solution turned 
gray. The SiO2-nc support was then added to this solution with 
stirring and ultrasonication for an additional 5 h. After filtering, 
washing, and calcining at 500 °C for 4 h, the final catalysts 
were obtained and denoted as Pt0.3Mnx/SiO2-nc (x represents 
the content of Mn).  

Catalyst Characterizations. The synthesized samples 
were systematically characterized by X-ray diff raction (XRD), 
low-temperature N2 adsorption−desorption, inductively 
coupled plasma optical emission spectrometry (ICP-OES), 
hydrogen and oxygen titration (HOT), field emission scanning 
electron microscopy (FE-SEM), high-resolution transmission 
electron microscopy (HR-TEM), high-angle annular dark-field 
imaging in scanning transmission electron microscopy 
(HAADF-STEM), Fourier transform infrared spectroscopy 
(FT-IR), ultraviolet−visible spectroscopy adsorption spectra 
(UV−vis), 29Si magic angle spinning nuclear magnetic 
resonance (29Si MAS NMR), X-ray photoelectron 
spectroscopy (XPS), oxygen temperature-programmed 
desorption (O2-TPD), CO2 temper-ature-programmed 
desorption (CO2-TPD), NH3 temperature-programmed 
desorption (NH3-TPD), FT-IR spectroscopy for NH3 
adsorption (NH3-IR), FT-IR spectroscopy for CO adsorption 
(CO-IR), temperature-programmed isotopic ex-change (TPIE), 
and TGA-FT-IR analysis. The detailed methods for each 
technique are described in the Supporting Information.  

Catalytic Activity. The performance of each material for MEK 
oxidation was investigated in a continuous-flow fixed-bed reactor 
consisting of a steel tube (6 mm i.d.) at atmospheric pressure. In 
each test, 0.3 g of catalyst (40−60 mesh) was placed into the tube 
reactor. Prior to testing, the catalyst was pretreated at 200 °C with 
N2 for 1 h. The MEK feed (800 ppm) was generated by using a 

N2 bubbler in a thermostatic bath at 35 °C and mixing with air 

(79% N2 + 21% O2). The total flow rate was maintained at 212 

mL min−1 (space velocity 42600 mL g−1 h−1). The catalyst bed 
was subsequently set to 

 
the desired temperature and left to equilibrate for 30 min 
before online sampling was initiated. The concentrations of 
MEK, CO, and CO2 were measured by an online gas 
chromatograph (GC-9890B; Linghua, China) equipped with a 
flame ionization detector (FID) and HT-Wax column (30 m  
× 0.32 mm (i.d.) × 0.5 μm). The conversion of MEK 
(XMEK) was calculated as shown by eq 1  

X
MEK (%) = 

[MEK]in −  [MEK]out ×  100% 
[MEK]in   (1)  

where [MEK]in and [MEK]out represent the MEK concen-
trations in the inlet and outlet gas, respectively. 

The CO2 selectivity (SCO2) was calculated as shown by eq 2 
S

CO2 (%) = 
[CO2 ]out ×  100% 

4[MEK]in XMEK   (2) 
where [CO2]out is the CO2 concentrations in the outlet gas.  

The reaction rate (rMEK, mmol gPt
−1 s−1) was calculated 

as shown by eq 3 

r
MEK = 

X
MEK 

V
MEK  

Wcat(wt % Pt) (3) 
   

where Wcat represents the catalyst weight (g), wt % Pt is the 
content of Pt in the catalyst (%), and VMEK is the MEK gas 
flow rate (mol s−1). 

When the conversion of MEK is <15%, a dependence of the 
reaction rate (rMEK) on the products of CO2 and H2O may be 
ignored and the empirical kinetic expression of the reaction rate 

equation of MEK oxidation can be described as shown by eq 4: 

  E    
r =  A exp − a P 

α 
P 

β  

RT (4) MEK  MEK  O
2 

From the natural logarithm of eq 4, eq 5 can be obtained: 

ln r =  ln A +  α ln PMEK +  β ln PO2  −  Ea /RT (5) 
 

The components of the reactant gas feed undergo minor 
changes during the kinetics data testing, and the conversion 
of MEK is <15%. Therefore, ln A, α ln PMEK, and β ln PO2 
can be supposed to be approximately constant, and eq 5 can 
be simplified to eq 6: 

ln r =  − Ea +  C 

RT  (6)  
The activation energy (Ea) can be obtained from the 

slope of the resulting linear plot of ln r versus 1/T.  
The turnover frequency based on the Pt nanoparticles 

(TOFPt, s−1) was calculated as shown by eq 721,22 

TOFPt = 
X

MEK 
V

MEK 
N

A  

Wcat(wt % Pt)DPt (7)    
where NA is Avogadro’s constant and DPt represents the 
dispersion of Pt nanoparticles on catalysts (%).  

Reaction Route Determination. Temperature-pro-grammed 
surface reaction (TPSR) experiments were conducted in air (20% 
O2) and in N2, respectively. For these, 0.3 g of catalyst (40−60 
mesh) was loaded into a U-type quartz tube of Builder PCA-1200. 
Prior to analysis, the catalyst was pretreated in an air flow (40 mL 
min−1) at 400 °C for 1 h and then cooled to room temperature (25 

°C). A 800 ppm amount of MEK diluted by air (100 mL min−1) 
was introduced into the reaction system, and an 
adsorption−desorption equilibrium was 
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Table 1. Textural Properties of All Synthesized Catalysts  

sample Pt contenta (wt %) Pt dispersionb (%) SBET
c (m2 g−1) Vpore

d (cm3 g−1) Vmicro
e (cm3 g−1) 

V
micro

/V
pore 

(%) 
dpore

f (nm) 

SiO2-nc   970.5 1.12 0.42 38 3.6 
Pt0.3/SiO2-nc 0.31 49.7 836.1 0.82 0.35 43 3.4 
Mn5/SiO2-nc   751.4 0.80 0.32 40 3.5 
Pt0.3Mn1/SiO2-nc 0.28 53.1 809.9 0.79 0.35 44 3.3 
Pt0.3Mn5/SiO2-nc 0.27 59.6 803.4 0.92 0.35 38 3.8 
Pt0.3Mn10/SiO2-nc 0.25 52.9 811.7 0.78 0.34 44 3.4 
Pt0.3Mn15/SiO2-nc 0.29 57.2 772.0 0.81 0.33 41 3.5 

aActual Pt content detected by ICP-OES. bDispersion of Pt estimated by HOT. cSpecific surface area obtained at P/P0 = 0.05−0.30. dTotal pore 
volume estimated at P/P0 = 0.99. eMicropore volume estimated from the t-plot method. fBJH pore diameter calculated from the desorption branch.  
 
achieved. The reactor was subsequently heated from 50 to 
550 °C at a ramp rate of 5 °C min−1 in air (40 mL min−1). 
Signals corresponding to CO2 (m/z 44) and formaldehyde 
(m/z 29) were monitored and recorded online using a 
Sunny Hengping SHP8400PMS-L mass spectrometer.  

18O2 isotopic studies were conducted using a PCA-1200 
instrument. For this, 0.3 g of catalyst was pretreated in a pure N2 
flow (40 mL min−1) at 400 °C for 1 h and then cooled to room 
temperature (25 °C). A MEK gas mixture with 2 vol % 18O2/N2 
(Isotec, Lianhong, China, 97 atom % 18O) was subsequently 
injected and maintained for 20 min. Following this, the 
temperature of the catalyst bed was increased to 300 °C at a rate 
of 5 °C min−1

 and maintained for 10 min. All three oxygen 
isotopic species, namely C18O2 (m/z 48), C16O18O (m/  
z 46), and C16O2 (m/z 44) were continuously monitored 
online using a SHP8400PMS-L mass spectrometer.  

In situ DRIFTS of MEK oxidation was performed using a 
Bruker Tensor 37 infrared spectrometer, equipped with a 
mercury cadmium telluride (MCT) detector cooled by liquid 
nitrogen. A Harrick reaction cell was fitted with KBr windows 
and connected to a purging and adsorption gas control system. 
The total flow rate was controlled by a mass flow meter. Prior 
to the catalytic oxidation of MEK, the catalyst samples were 
pretreated under N2 at 500 °C for 1 h to remove the surface 
impurities. In each case, a spectrum corresponding to the 
catalyst powder was recorded at selected reaction temperatures 
under an N2 flow. This spectrum was then subtracted from the 
corresponding spectrum of the catalyst and reaction mixture in 
the cell. For the MEK oxidation experiment, the catalysts were 
exposed to a gas mixture consisting of 800 ppm MEK/20% 
O2/ N2 at temperatures in the range of 80−240 °C. The system 
reached a steady state in about 20−25 min, as verified by the 
stabilized MS peak intensities. All spectra were collected at a 
resolution of 4 cm−1 with 100 scans.  

DFT Studies. Crystalline Mn2O3 and noncrystalline SiO2 

surfaces were constructed and immobilized with a Pt cluster. The 
vacuum space was set to be 15 Å, which is considered to be 
sufficient to avoid interaction between the two neighboring 
images. The reactants, intermediates, and products were added 
onto the surface of each model substrate. The first-principles 
calculations in the framework of the density functional theory 
were carried out using the Cambridge Sequential Total Energy 
Package (CASTEP). The exchange-correlation function under the 
generalized gradient approximation (GGA) with norm-conserving 
pseudopotentials and Perdew−Burke−Ernzerhof functional was 
adopted to describe the electron−electron interactions. An energy 
cutoff  of 750 eV was used, and a k-point sampling set of 5 × 5 × 1 

was tested to be converged. A force tolerance of 0.01 eV Å−1, 

energy tolerance of 5.0 × 10−7 eV per atom, and maximum 

displacement of 5.0 × 10−4 Å were 

 
considered. Each atom in the storage models was allowed 
to relax to the minimum enthalpy without any constraints.  

The adsorption energy Eads of A (A = reactants, 
intermediates, and products) group on the surface of 
substrates was defined as  

E
ads 

=
  
E

*A 
−

  
(E

* 
+

  
E

A
) 

(8) 
where *A and * denote the adsorption of A onto the 
substrates and the bare substrates and EA denotes the 
energy of the A group. 

■ RESULTS  
Structural and Textual Properties. The powder X-ray 

diff raction patterns associated with each of the synthesized 
materials are displayed in Figure S1. The diff raction peak at 
2θ 
= 23.1°, which is observed in the diff raction patterns of all the 
materials, can be assigned to the amorphous silica support.12 
With the exception of the Mn5/SiO2-nc material, all of the 
materials have three diff raction peaks at 2θ = 40.1, 46.4, and 
67.6°, which correspond to the (111), (200), and (220) planes 
of metallic Pt, respectively.23 In comparison to the Pt0.3/SiO2-
nc material, the characteristic Pt diff ractions become weaker 
with the Pt0.3Mnx/SiO2-nc materials, which suggests that the 
dispersion of Pt on the surface is improved by the introduction 
of manganese oxide, in agreement with other previous 
observations.24 Interestingly, no diff raction peaks that are 
characteristic of manganese oxide are observed in any of the 
materials, suggesting that the Mn, when present in this 
materials, is likely to also be well dispersed.  

The N2 adsorption−desorption isotherms of the synthesized 
micro-/mesoporous nanocubic silica exhibit a type IV isotherm, 
with a large and clear H2 hysteresis loop (Figure S2A).25 The 
sharp increase at P/P0 < 0.1 in the adsorption isotherm of SiO2-nc 
material indicates that there is a large quantity of micropores 
present. A clear condensation step at relative pressure (P/P0) 
ranges of 0.4−0.8 indicates that there are uniform framework-
confined mesopores also present in the material.26 The average 
pore diameter, total pore volume, and BET specific surface area of 
the SiO2-nc material were determined to be ca. 3.6 nm, 1.12 cm3 
g−1, and 970.5 m2 g−1, respectively (Figure S2B and Table 1). 
Interestingly, large amounts of micropores with an average pore 
volume of 0.42 cm3 g−1 are also detected, which is indicative of a 
defined porosity of the SiO2-nc support (Table 1). After this 
material is loaded with Pt and/or Mn, the specific surface area 
(751.4−836.1 m2 g−1), total pore volume (0.78− 0.82 cm3 g−1), 
and micropore volume (0.32−0.35 cm3 g−1) all decrease slightly. 
Perhaps most noticeable is the correlating reduction in the specific 
surface area when increasing quantities of Mn are added to the 
material. This indicates that the Mn   

http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b04461/suppl_file/cs7b04461_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b04461/suppl_file/cs7b04461_si_001.pdf
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Figure 1. FE-SEM (a, b) and HR-TEM (c, d) images of SiO2-nc and HR-TEM images of (e, g, h) Pt0.3Mn5/SiO2-nc and (f) Pt0.3/SiO2-nc.  
 
phases likely have a strong influence on the pore structure 
of these materials.  

FE-SEM and HR-TEM images corresponding to the 
supported SiO2-nc materials are displayed in Figure 1. From 
Figure 1a,b, it is evident that the SiO2-nc support occupies a 
uniform nanocubic morphology (side length of ca. 270 nm) 
with defined edges and corners. The TEM images (Figure 
1c,d) off er a more detailed insight into the pore distribution of 
the SiO2-nc support. A highly ordered 3D porous structure is 
clearly observed in the SiO2-nc material, with an average pore 
size of approximately 3 nm, which aligns with the results 

 
derived from the N2 adsorption study (Figure S2 and Table 1). 
From Figure 1e, the average size of the Pt nanoparticles in the  
Pt0.3Mn5/SiO2-nc material was found to be 1.94 ± 0.38 nm, 
indicating a uniform, well-defined particle size distribution  
(59.6%, Table 1) of Pt particles. Figure 1f shows two diff erent 
lattice planes with spacing of 0.19 and 0.22 nm over 
Pt0.3/SiO2-nc, which correspond to the (220) and (111) planes 
of metallic Pt, respectively. From Figure 1g,h, it is clear that 
the Pt atoms coordinate with the Mn2O3 (222) facets, which 
are approximately 10−20 nm in size. To confirm this, the Pt 
atoms on the Mn2O3 (222) facets were examined using higher 
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magnifications (Figure 1g,h). From these additional images, it 
can be concluded that the Pt nanoparticles preferentially 
occupy over the (222) facet of the Mn2O3. HAADF-STEM 
(Figure S3a) characterization was subsequently used to probe 
the surface of the Pt0.3Mn5/SiO2-nc material. From this image, 
it is clear that there is a highly ordered mesoporous structure 
present in the material and that the Pt nanoparticles appear to 
be homogeneously dispersed on the surface. Additional EDS  
mapping images of O, Mn, and Pt in the Pt0.3Mn5/SiO2-nc 
sample are shown in Figure S3b−d. These reveal that there is a  
uniform distribution of O, Mn, and Pt throughout the material. 

Properties and Composition. 
29Si solid-state MAS NMR 

(Figure 2A) was subsequently used to probe the unit structure 
of the SiO2-nc and Pt0.3Mn5/SiO2-nc materials. For both of these 
materials, the main peak observed is at a chemical shift of  
approximately −111 ppm and can be attributed to tetrahedral Si 

with four Si neighbors (i.e.,Si(OSi)4)27 and is indicative of the 
asymmetric stretching of the Si−O−Si from silicon−oxygen 
tetrahedral species. Interestingly, this peak is noticeably less  
intense in the 29Si solid-state NMR of the Pt0.3Mn5/SiO2-nc 
material. As such, it can be concluded that the introduction of  
Mn2O3 balances the electronegativity of the SiO2-nc support, 
thereby weakening the Si−O interaction, which is considered 
to be beneficial for enhancing the stability of the catalyst.  

The FT-IR spectra of all of the synthesized materials are 
displayed in Figure 2B. The transmission peaks at approx-
imately 3745 and 3635 cm−1 can be attributed to the surface 
silanol groups, which appear to interact weakly with adsorbed 
water over the silica surface.28 The small feature at around 
3289 cm−1 can be assigned to the stretching and bending 
vibrations of surface hydroxyls.29 The surface hydroxyls also 
give rise to a band of δ(Si−OH) and ν(Si−OH) at 1633 
cm−1.30 With regard to the framework of the materials, the 
intense and broad band observed at approximately 1083 cm−1 
can be ascribed to the asymmetric stretching of the Si−O−Si 
moiety in the silicon− oxygen tetrahedral species. A weak 
band corresponding to the symmetric stretching of this moiety 
is observed at 810 cm−1, which aligns with the results of 29Si 
MAS NMR (Figure 2A).31 The band observed at 458 cm−1 is 
attributed to symmetric stretching vibrations and tetrahedral 
Si−O bending modes.28 The band at 3289 cm−1 corresponds to 
the stretching of the Mn−O moiety in the Mn2O3 phase, which 
becomes stronger with an increase in Mn content.  

The coordination geometry of Pt and Mn2O3 in the various 
materials was investigated by UV−vis absorption spectroscopy, 
the corresponding spectra of which are displayed in Figure 2C. 
The band at approximately 241 nm can likely be attributed to 
O2−-Mn3+,32 which is indicative of charge transfer transitions of 
trivalent manganese ions in tetrahedral coordination geo-metries. 
This band could be assigned to the strong bonding of oxygen 
ligands to Mn3+ ions. The intensity of these bands is enhanced 
proportionally with an increase in Mn content in the material. 
Interestingly, there is a band at 304 nm in the Pt0.3/ SiO2-nc 
sample which appears to shift toward lower energies after the 
incorporation of Mn into the material. This shift is attributed to 
the formation of a Mn−O−Pt moiety.33 The intensity of the 
characteristic peak at approximately 461 nm is ascribed to 
Pt−O−Mn moieties, which is enhanced with an increase in 
Mn2O3.34 This suggests that, when Mn is present, Pt may interact 

with Mn2O3 (222) facets via conjugated π bonding, yielding 
Mn−O−Pt moieties. This would facilitate electron transfers from 
Mn to Pt and ultimately increase the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (A) 29Si MAS NMR of SiO2-nc support and Pt0.3Mn5/SiO2-nc 
catalyst. (B) FT-IR spectra of (a) Pt0.3Mn1/SiO2-nc, (b) Pt0.3Mn5/ SiO2-
nc, (c) Pt0.3Mn10/SiO2-nc, (d) Pt0.3Mn15/SiO2-nc, (e) Pt0.3/SiO2-nc, (f) 
SiO2-nc support, and (g) Mn5/SiO2-nc. (C) UV−vis absorption  
spectra of (a) Pt0.3Mn10/SiO2-nc, (b) Pt0.3Mn5/SiO2-nc, (c) 
Pt0.3Mn1/ SiO2-nc, and (d) Pt0.3/SiO2-nc. 
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Figure 3. XPS spectra of (a) Pt0.3Mn1/SiO2-nc, (b) Pt0.3Mn5/SiO2-nc, (c) Pt0.3Mn10/SiO2-nc, (d) Pt0.3Mn15/SiO2-nc, (e) Pt0.3/SiO2-nc, 
and (f) Mn5/SiO2-nc: (A) survey scan of XPS spectra; (B) O 1s; (C) Mn 2p; (D) Pt 4f.  
 
Pt0/Pt2+ ratio, which could promote the oxidation of MEK 
molecules.  

X-ray photoelectron spectroscopy (XPS) experiments were 
carried out to identify the chemical states of the surface O, Pt, and 
Mn in each of the prepared materials. The corresponding spectra 
are displayed in Figure 3. The C 1s and O 1s peaks are clear, 
while signals corresponding to the Mn 2p and Pt 4f states are very 
weak by comparison. The O 1s XPS spectra (Figure 3B) for all of 
the materials can be deconvoluted into three peaks with binding 
energies (BE) centered at approximately 532.1, 531.4, and 530.8 
eV. These peaks can be assigned to oxygen associated with 
Si−OH (silanol group), surface-adsorbed O2, and lattice oxygen, 

respectively.35,36 Increasing the Mn content in the material leads 
to a high-energy shift in the peaks attributed to surface-adsorbed 
oxygen and lattice oxygen. This indicates that the introduction of 
Mn2O3 has a fairly substantial eff ect on the distribution of oxygen 
in the material. It is known that, with certain catalysts, lattice 
oxygen can have a significant influence on catalytic performance 
for the oxidation of VOCs.35 Quantification of the peaks attributed 

to lattice oxygen (Olatt) and surface-adsorbed oxygen (Oads) 

provided some interesting results. The Olatt/Oads ratio for the 

 
Pt0.3/SiO2-nc material was calculated to be 0.61, which is 
noticeably lower than the Olatt/Oads ratio calculated for the 
Mn5/SiO2-nc material (0.74). For the Pt0.3Mn5/SiO2-nc 
material, the Olatt/Oads ratio increased to 0.75, which is higher  
than that of Pt0.3Mn1/SiO2-nc (0.69) and Pt0.3Mn10/SiO2-nc 
(0.69) samples. The high Olatt/Oads ratio ensures the superior 
catalytic performance of Pt0.3Mn5/SiO2-nc for total oxidation of 
VOCs. As shown in Figure 3C, the Mn 2p XPS spectra can be  
split into Mn 2p3/2 and Mn 2p1/2.37 The asymmetrical Mn 2p3/2 
spectra can be deconvoluted into two components centered at  
BE values of 640.8 and 642.7 eV, which are characteristic of 
surface Mn3+ and Mn4+ species, respectively.37 Interestingly,  
only one peak is observed in the Mn 2p3/2 region of the Mn5/ 
SiO2-nc at 640.9 eV, which corresponds to the Mn3+ species.  
This suggests that, with this material, Mn is likely to only be 
present as Mn2O3. However, the peaks at binding energies 
which are characteristic of Mn4+ species appear in the XPS 
spectra of the Pt0.3Mnx/SiO2 materials, suggesting that the Pt 
and Mn in the materials form Pt−O−Mn moieties. It is has 
previously been reported that Mn4+ species are highly active 
in VOC oxidation38 and, as such, the Mn4+/Mn3+ ratio could 
provide insights into the catalytic activities of these materials. 

  



        

Table 2. Catalytic Performance of All Catalysts        
         

sample T5
a (°C) T50

a (°C) T90
a (°C) rvb (mmol gPt

−1 s−1) TOFPt
c (s−1) Ea

d (kJ mol−1)  Cwp
e 

Pt0.3/SiO2-nc 80 156 190 10.2 4.0 55.04 2.17 × 10−3 

Mn5/SiO2-nc 93 165 210      
× 10−3 Pt0.3Mn1/SiO2-nc 79 145 188 12.7 4.7 48.88 2.70 

Pt0.3Mn5/SiO2-nc 72 111 147 32.9 10.7 41.36 6.99 × 10−3 

Pt0.3Mn10/SiO2-nc 75 130 175 21.8 8.1 48.56 4.63 × 10−3 

Pt0.3Mn15/SiO2-nc 80 138 179 16.8 5.7 61.12 3.57 × 10−3 
 aTemperatures at 5%, 50%, and 90% conversion of MEK. bReaction rate of MEK molecules transformed per surface area per unit time of 
various catalysts at 100 °C. cTurnover frequency based on the dispersion of Pt obtained at 100 °C. dApparent activation energy obtained 
from Arrhenius plots. eParameter calculated according to the Weisz−Prater criterion.  
 

For this reason, the proportion of Mn4+/Mn3+ present in each 
material was quantified and the ratios determined were as  
follows: Mn5/SiO2-nc (0) < Pt0.3Mn15/SiO2-nc (0.36) < 
Pt0.3Mn10/SiO2-nc (0.77) < Pt0.3Mn5/SiO2-nc (0.86) < 
Pt0.3Mn5/SiO2-nc (1.2). Figure 3D highlights how the asym-  
metrical Pt 4f peak can be deconvoluted into peaks representative 
of the Pt 4f7/2 and Pt 4f5/2 species. The peaks  
with BE energies of 70.2 and 74.2 eV are attributed to Pt0, 
the peak at a BE value of 73.24 eV can be assigned to Pt2+.  
As discussed previously, the Pt0 species is highly active and plays 
an important role in VOC combustion.3 From Figure 3D it is clear 
that the incorporation of Mn into these materials significantly 
enhances the proportion of Pt0/Pt2+. We believe that this is due to 
the transfer of electrons from Mn3+ to Pt2+. In  
addition to this, the Pt0/Pt2+ ratio in the Pt0.3Mn5/SiO2-nc 
material (1.65) is much higher than that observed in 
Pt0.3/SiO2-nc (1.02).  

Catalytic Performance. Values for the Weisz−Prater 
(CWP) criterion for all the catalysts are shown in Table 2, and 
the maximum value is on the order of 10−3.22 As such, both 
the external and internal diffusional eff ects on the catalytic 
performance can be ignored. The catalytic behaviors of each 
of the materials for the oxidation of MEK were studied, and 
parameters such as MEK conversion temperature, destruction 
rate, activation energy, and turnover frequency were calculated 
and are displayed in Figure 4 and Table 2. Over the Mn5/SiO2-  
nc and Pt0.3/SiO2-nc catalysts, MEK is fully converted at 230 
and 200 °C, respectively (Figure 4A), indicating that the Pt  
sites are more active than the Mn sites for the oxidation of MEK. 
Interestingly, the activity for MEK oxidation is greatly enhanced 
over the Pt0.3Mnx/SiO2-nc catalysts, suggesting that introducing 
Mn into the materials has a dramatic eff ect on the catalytic 
performance. The Pt0.3Mn5/SiO2-nc catalyst exhibited the highest 
catalytic activity, with approximately 90% of the MEK converted 
at 147 °C. To the best of our knowledge, this is the most 
promising active catalyst to date for the conversion of MEK at 
low temperature (Table S1). Sanz et al. had previously reported 
that a highly active 1.0 wt % Pt/OMS-2 catalyst could achieve 
50% and 90% of MEK destruction at 170 and 190 °C, 
respectively, under a flow rate of 500 mL min−1. In view of the 
specified reaction conditions, e.g., space velocities and noble-
metal content, the Pt0.3Mn5/SiO2-nc catalyst also has its 
advantages over some of other types of catalysts. For instance, the 
GHSV in this work is 42600 mL g−1 h−1 or 25440 h−1; the 0.5 wt 
% Pd-Ce/ZSM-5 catalyst exhibits inferior activity (T50 of 210 °C, 
T90 of 225 °C) for MEK oxidation with a similar space velocity 

(28000 h−1). Taking the CO2 yield as a value, T50 (139 °C), T90 
(161 °C), and Ea (41.3 kJ mol−1) of  
our Pt0.3Mn5/SiO2-nc catalyst are lower than those (T50 = 190 
°C and T90 = 205 °C based on CO2 yield) over Pt/NaX with 

 
GHSV of 15300 h−1 and those over 1.0 wt % Pd−Mn/Al2O3 

with GHSV of 425 h−1 (T50 = 290 °C, T90 = 305 °C, and 
Ea = 117 kJ mol−1 based on CO2 yield).  

The CO2 selectivity observed over three of the synthesized 
catalysts (Pt0.3Mn5/SiO2-nc, Pt0.3/SiO2-nc, and Mn5/SiO2-nc) 
were also assessed, the results from which are displayed in  
Figure 4B. The CO2 selectivity was highest for Pt0.3Mn5/SiO2-nc, 
with 100% selectivity to CO2 observed at only 210 °C. The 
Pt0.3/SiO2-nc and Mn5/SiO2-nc required much higher 
reaction temperatures in order to achieve the same CO2 
selectivity (250 and 260 °C, respectively). Interestingly, a 
sudden drop is observed in the CO2 selectivity associated 
with the Pt0.3/SiO2-nc between 210 and 230 °C. This 
abnormality was not observed in the selectivity data 
associated with the Pt0.3Mn5/ SiO2-nc and Mn5/SiO2-nc, 
which may be attributed to sufficient lattice oxygen being 
present in these materials. Nevertheless, these selectivity 
data provide further evidence that the exposed Mn2O3 
(222) facets accelerate the MEK oxidation process.  

The stability of these catalysts is also an important 
parameter to consider for supported noble-metal catalysts, as 
the susceptibility of these to undergo thermal deactivation is 
often responsible for their limited industrial applications.39,40 
In order to determine whether these catalysts undergo thermal 
deactivation, an additional study was conducted where the  
performances of the Pt0.3Mn5/SiO2-nc and Pt0.3/SiO2-nc 
catalysts were monitored for an extended amount of time.  
The results of this study are displayed in Figure 4C. Very little 
deactivation is observed with both materials, indicating that 
they possess excellent stability in the total oxidation of MEK. 

As water is one of the reaction products and is also commonly 
found in industrial exhaust streams, it was important to determine 
whether it had a detrimental eff ect on the long-term oxidation 
behavior of the catalysts. Figure 4D illustrates how diff erent 
concentrations of water vapor (3 and 5 vol %) aff ect the catalytic 
performance of these materials at 180 °C. Water vapor was found 
to have a negative eff ect on the oxidation of MEK, which is likely 

to be due to the competitive adsorption of H2O, MEK, and O2 
molecules on the catalyst surface. A loss in MEK conversion of 
ca. 27.7% and 32.0% is  
observed over the Pt0.3Mn5/SiO2-nc and Pt0.3/SiO2-nc catalysts, 
respectively, when 5 vol % water vapor is introduced into the  
stream. Interestingly, when the water vapor was switched off , 
the conversion of MEK returned to the original values for 
Pt0.3Mn5/SiO2-nc and Pt0.3/SiO2-nc catalysts within 45 and 65 
min, respectively. A similar eff ect was observed when 3 vol %  
water vapor was introduced into the reaction stream; conversion 
dropped from 19.6% and 23% for the Pt0.3Mn5/ SiO2-nc and 
Pt0.3/SiO2-nc catalysts, respectively, but once again their activity 
returned within 30 and 45 min when the water 
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Figure 4. (A) Catalytic activity and (B) CO2 selectivity of diff erent catalysts for MEK combustion. (C) Stability test of active samples for 
MEK oxidation. (D) Eff ect of water vapor on MEK combustion at 180 °C. (E) Turnover frequency of active samples based on the 
dispersion of Pt. (F) Arrhenius plots of active samples for MEK catalytic oxidation.  
 
vapor was switched off . Despite this detrimental eff ect on the 
catalytic performance, it is interesting that the Pt0.3Mn5/SiO2-nc 
exhibited a smaller drop in conversion upon the addition of water 
in comparison to the Pt0.3/SiO2-nc catalyst. As discussed 

 
previously, Mn2O3 can balance the negative charge of the silica 
support and enhance the Brønsted acid sites on the catalyst, which 
are beneficial for producing more well dispersed Pt 

nanoparticles.17 In addition to this, the Mn2O3 has the ability to 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Online FT-IR spestra of outlet stream after MEK combustion over (A) Pt0.3/SiO2-nc and (B) Pt0.3Mn5/SiO2-nc. In situ DRIFTS spectra of 

(C) Pt0.3/SiO2-nc and (D) Pt0.3Mn5/SiO2-nc for MEK oxidation as a function of reaction temperature in flowing MEK + N2 + O2 from 80 to 230 °C.  
 
transfer electrons to Pt active sites via the Mn−O−Pt moiety 
formation, which increases the Pt0/Pt2+ ratio and enhances the 
interaction between active sites and support.16 As such, 
catalysts with a higher proportion of Pt0 and higher metal 
dispersion are likely to resist aggregation at high temperatures 
and maintain a better performance. It is possible that the Mn 
species reduce the adsorption of H2O onto the catalyst surface, 
which ultimately liberates more adsorption sites for MEK 
molecules to adsorb. The reactivity data which highlight the 
superior stability of the Pt0.3Mn5/SiO2-nc is supplemented by 
additional TGA-FT-IR, XRD, and FT-IR spectroscopy data of  
both the fresh and used Pt0.3Mn5/SiO2-nc samples, which 
are displayed in Figure S4.  

The turnover frequencies (TOFs) and activation energies can 

also be used to compare the activities of each catalyst. The TOFPt 
values were calculated from the quantity of Pt active sites on each 
catalyst and are displayed in Figure 4E. These data  
reveal that the TOFPt value of Pt0.3Mn5/SiO2-nc for MEK 
oxidation is 2−3 times higher than that observed over Pt0.3/  
SiO2-nc material. The highest TOFPt value was observed 
over the Pt0.3Mn5/SiO2-nc material (10.79 s−1 at 100 °C), 

 
demonstrating its excellent low-temperature activity for MEK 
destruction. The calculated TOFPt value for catalytic decom-  
position of MEK at 100 °C decreases in the sequence Pt0.3Mn5/ 
SiO2-nc (10.79 s−1) > Pt0.3Mn10/SiO2-nc (8.07 s− 1) > 
Pt0.3Mn15/SiO2-nc (5.74 s−1) > Pt0.3Mn1/SiO2-nc (4.70 s−1)  
> Pt0.3/SiO2-nc (4.00 s−1) (Table 2). The results confirm 
that Pt0.3Mnx/SiO2-nc species are clearly excellent 
catalysts for the oxidation of MEK. 

The activation energy (Ea) of MEK oxidation was subsequently 
used as an additional measure for comparing catalytic 
performance. For this, low MEK conversions (between 5 and 
10%) was used to compare the low-temperature activity of each of 
the catalysts. Replotting the reaction data in an Arrhenius plot 

allows for the calculation of Ea values for each of the catalysts. 
The corresponding Arrhenius plots are displayed in Figure 4F, and 
corresponding data are shown in Table 2. The activation energies 
were found to increase according to the  
sequence Pt0.3Mn5/SiO2-nc (41.36 kJ mol−1) < Pt0.3Mn10/SiO2-
nc (48.56 kJ mol−1) < Pt0.3Mn1/SiO2-nc (48.88 kJ mol−1) < 
Pt0.3/SiO2-nc (55.04 kJ mol−1) < Pt0.3Mn15/SiO2-nc (61.12 kJ 
mol−1). The Pt0.3Mn5/SiO2-nc catalyst was found to possess the 
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lowest Ea (41.36 kJ mol−1), suggesting that MEK oxidation 
proceeds more readily over this material in comparison to 
the others which were tested.  

MEK Destruction Mechanism. In addition to MEK, some 
of the byproducts which can form from the partial oxidation of 
the substrate can also be toxic and damaging to the 
environment. As such, it is crucially important that the 
mechanistic pathways for the decomposition of MEK are fully 
understood, so that these systems operate as close to a 100% 
CO2 yield as possible.18 In this study, we have already shown 

that Mn2O3 has a promotional eff ect on the Pt nanoparticles 
for the combustion of MEK. In situ DRIFTS experiments were 
subsequently conducted in order to provide information on the 
products distribution formed during the reaction. To supple-
ment this, additional experiments were conducted at diff erent 
temperatures using an online FT-IR for analysis.  

Figure  5A,B  shows  the  online  FT-IR  results  of  MEK  
oxidation over the Pt0.3/SiO2-nc and Pt0.3Mn5/SiO2-nc catalysts, 
respectively. With the Pt0.3/SiO2-nc catalyst, a broad  
peak appears between 2862 and 3056 cm−1 at 25 °C which can be 
attributed to the −CH3 group in MEK.41 Another intense peak at 

1730 cm−1 and a weakly intense peak at 1370 cm−1 are also 
observed, which can be attributed to the C O in MEK.42,43 These 
peaks reduce in intensity as the temperature increases and 
completely disappear at 180 °C. Interestingly, bands characteristic 
of CO2 vibrations (between 2251 and 2403 cm−1) appear to 
gradually increase as the reaction temperature approaches 190 °C. 
This correlates with observations made in previous studies.44 
Interestingly, with the Pt0.3Mn5/SiO2-nc catalyst, a new band at 
1799 cm−1 appears at 80 °C and gradually increases when the 
temperature is increased, before reaching a maxima at 130 °C and 
then descending gradually. This peak corresponds to the vibration 
of a symmetric C O moiety from an intermediate species, which is 
not observed when the reaction is conducted over the Pt0.3/SiO2-
nc catalyst.45 It can therefore be concluded that the Pt0.3Mn5/ 
SiO2-nc catalyst off ers an alternative mechanistic route to MEK 
combustion from that which occurs over the Pt0.3/SiO2-nc 
catalyst, where acetone is believed to be the main intermediate 
product. The characteristic peaks which are indicative of MEK 
(2825−3065, 1732, and 1372 cm−1) decrease when the 
temperature increases and vanish at 150 °C, which coincides with 
the results from the activity tests (illustrated in Figure 4A). The 
vibration of CO2 appears between 2211 and 2405 cm−1 and 
maximizes at 170 °C, which suggests that MEK is  
decomposed to CO2 at 170 °C over the Pt0.3Mn5/SiO2-nc 
catalyst (Figure 4B).  

Similar conclusions can be drawn from the in situ DRIFTS 
experiments which were conducted over the Pt0.3/SiO2-nc and 
Pt0.3Mn5/SiO2-nc catalysts. Once again, the DRIFTS spectra 
for each catalyst were assessed at diff erent reaction 
temperatures with MEK flowing over the materials. The results 
of these experiments are displayed in Figure 5C,D. The sharp 
peak at 3751 cm−1 is attributed to the Brønsted acid sites of 
the catalyst.43 Interestingly, with increasing temperature this 
peak remains unchanged for the Pt0.3/SiO2-nc material but a 
decrease in the intensity of this peak is observed with the 
Pt0.3Mn5/SiO2-nc material with increasing temperature. As 
discussed previously, acid sites are essential for MEK 
combustion over Pt0.3Mn5/SiO2-nc catalyst, as they provide a 
proton to break the conjugation and fracture the −CH3 moiety. 
As such, the intensity of this peak is reduced as the reaction 
proceeds. With the Pt0.3/SiO2-nc catalyst (Figure 5C), the 

 
broad peak at 3369 cm−1 is attributed to hydroxyl groups which 
corresponds to 2-butanol, 2,3-butanediol, and adsorbed water.43 
The band at 1709 cm−1 is indicative of vibrational asymmetric C 
O species, which could be indicative of MEK, acetaldehyde, or 
formaldehyde.42 The peak at 1299 cm−1 is attributed to vibrations 
from the −CH3 species in MEK or acetaldehyde.43 The bands also 
observed between 2855 and 3077 cm−1 may be attributed to the 
bending and stretching vibrations of C−H41 and thus must 
correspond to residual adsorbed hydrocarbon species from the 
decomposition of MEK. A new bend at 1743 cm−1 which 
corresponds to the symmetric C O moiety in acetone can be 
detected in MEK oxidation over Pt0.3Mn5/SiO2-nc45 and proves 
that the Mn2O3 phase has a significant eff ect on the MEK reaction 
route and oxidation mechanism. 

■ DISCUSSION  
In this work, the promotional eff ect of Mn2O3 with highly 
exposed (222) planes on the performance of Pt0.3Mnx/SiO2-nc 
micro-/mesoporous composite catalysts for the oxidation of 
MEK was investigated. It was determined that the Mn2O3  
(222) facets increase the quantity of Brønsted acid sites in 
these materials, which promote the mobility of lattice oxygen. 
It is suggested that these increased Brønsted acid sites balance 
the negative charge of the support and accelerate the 
desorption of surface adsorbed O2 and CO2 (Figure S5).  

The acidity of all the materials which were synthesized was 
evaluated by NH3-TPD (Figure 6A) and NH3-IR (Figure 6B). 
In Figure 6A, a small peak is observed at 195 °C for the SiO2-
nc support, which can be attributed to physisorbed NH3.46 The  
profiles of the Pt0.3Mn1/SiO2-nc, fresh Pt0.3Mn5/SiO2-nc, and 
used Pt0.3Mn5/SiO2-nc materials were subsequently deconvo-  
luted by the Gauss curve fitting method into two peaks, which 
correspond to physisorbed NH3 (desorption peak at 173−194 
°C) and ammonia adsorbed on Brønsted acid sites (desorption 

peak at 311−334 °C).46 Interestingly, as the quantity of Mn2O3 
in the material is increased, the desorption peak associated 
with ammonia adsorbed onto Brønsted acid sites increases to a 
higher temperature. Previous work has showed that such a shift 
is indicative of an increase in the strength of the acid sites.47 
The quantity of acid sites in each material was compared by 
examining the integrated areas of the corresponding NH3 
desorption peaks, an approach which has been used 
previously.48 The areas of the NH3 desorption peak for the 
Pt0.3Mn1/SiO2-nc and Pt0.3Mn5/SiO2-nc catalysts were 
deter-mined to be 182 and 457, respectively, indicating that  
increasing the quantity of Mn2O3 in the material increases the 
quantity of Brønsted acid sites in the system. With the used  
Pt0.3Mn5/SiO2-nc catalyst, the integrated area of the NH3 
desorption peak was reduced from 457 to 347, suggesting  
that some of the Brønsted acid sites are consumed during 
the combustion of MEK.  

From the FT-IR spectra displayed in Figure 6B, it is clear that 
there are no characteristic peaks which can be attributed to the 
adsorption of NH3 over the SiO2-nc material. Interestingly, in the 
corresponding spectrum associated with the Pt0.3Mn5/SiO2-nc 
material, bands appear at 1467 and 1673−1781 cm−1 which are 
indicative of the symmetric and asymmetric bending vibrations of 
NH4+ species on Brønsted acid sites.48 An important observation 
to note is that the intensities of these bands are significantly lower 
in the corresponding spectrum of the used Pt0.3Mn5/SiO2-nc 
catalyst. In conclusion, the NH3-TPD and FT-IR experiments 
indicate that the presence of Mn2O3 in these catalysts increases 
the quantity and strength of 
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Figure 6. (A) NH3-TPD profiles of active samples. (B) FT-IR 
spectra of various catalysts for NH3 adsoprtion.  

 
Brønsted acid sites over the materials. The Brønsted acid 
sites have been shown previously to significantly promote 
noble-metal dispersion and stability due to their 
electrophilic character.49 As such, the adsorption of MEK 
on the catalysts’ surface is enhanced (Figure S6).  

Metallic Pt nanoparticles are considered to be critically 
important for the combustion of VOCs.12 As such, additional 
studies were conducted in order to investigate whether reduced 
Pt sites were important for the oxidation of MEK. To do this, 
CO was used as a probe molecule to investigate the nature of 
the Pt active sites in each of the catalysts. Chemisorption 
studies using CO in this way can reveal detailed information 
on the chemical environment in close proximity to the Pt 
nanoparticle active sites.50 It is known that, when CO adsorbs 
to Pt active sites, electrons are partially transferred from a d 
orbital of the metal to the antibonding CO molecular orbital. 
This electron transfer strengthens the Pt−C bond and weakens 
the C−O bond. Any strengthening of the Pt−CO bond typically 
correlates with an increase in the vibrational frequencies of the 
Pt−C bond.51 As shown in Figure 7, bands corresponding to 

carbonates and CO2 are observed at 1628 and 2344 cm−1, 
respectively, which can be attributed to the oxidation of small 
quantities of the CO probe molecule by the Pt active sites; this 
is a phenomenon that has previously been attributed to the 
involvement of lattice oxygen.52 The  
intensity of the CO2 peak increases in the order Pt0.3/SiO2-nc 
< Pt0.3Mn1/SiO2-nc < Pt0.3Mn5/SiO2-nc, while the opposite 
trend is observed for the characteristic carbonate peak. Larger 
quantities of the CO probe molecule appear to be converted  
to CO2 over the Pt0.3Mn5/SiO2-nc material in comparison to that 
over the Pt0.3/SiO2-nc material. These results confirm that the 
Pt0.3Mnx/SiO2-nc catalysts possess more lattice oxygen than  
the Pt0.3/SiO2-nc materials. For the Pt0.3Mn1/SiO2-nc and 
Pt0.3Mn5/SiO2-nc samples, a band at 2090 cm−1 is observed 
which can be assigned to bridge-bond CO which is absorbed on  
diff erent terrace and step sites on the Pt nanoparticle.53 This is 
characteristic of adsorbed CO on Pt (111) planes,54 which 
suggests that a large proportion of the exposed Pt in these 
materials exists in the (111) plane. This observation is 
supported by the XRD diff raction patters displayed in Figure 
S1. Interestingly, in the spectrum associated with the Pt0.3/ 
SiO2-nc material, the band corresponding to the adsorbed  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. FT-IR spectra of typical catalysts for CO adsoprtion: (A) full spectrum analysis from 1200 to 2600 nm−1; (B) magnification of 

region between 2050 and 2150 nm−1.   
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Figure 8. Temperature-programmed isotopic exchange (TPIE) experiment of (A) Pt0.3/SiO2-nc and (B) Pt0.3Mn5/SiO2-nc. 18O2 isotopic 
exchange studies of (C) Pt0.3/SiO2-nc and (D) Pt0.3Mn5/SiO2-nc for MEK combustion.  
 
bridging of CO shifts to lower energy (2078 cm−1). Previous 
work has suggested that a downward shift of this nature can be 
attributed to the adsorption of CO on large platinum 
crystallites.55,56 Given that fully reduced, well dispersed Pt 
particles are considered to promote catalytic performance in 
the total oxidation of VOCs, it is somewhat unsurprising that 
the Pt0.3Mnx/SiO2-nc materials display such a high 
performance for the total oxidation of MEK. More metallic Pt 
nanoparticles were confirmed over Pt0.3Mn5/SiO2-nc catalyst 
in comparison with Pt0.3/SiO2-nc, which is ascribed to the 
transfer of electrons from Mn3+ to Pt2+ via conjugated π 
bonding from Mn−O−Pt moieties. This, in turn, increases the 
Pt0/Pt2+ ratio on the surface of the material, which we believe 
to be ultimately responsible for the enhanced MEK oxidation 
activity (Figure 4A) and increased stability of these Mn2O3-
doped Pt-supported materials (Figure 4C and Figure S4).  

Additional investigations were subsequently conducted in order 
to determine the influence in which O2 has on the combustion of 
MEK over the materials synthesized in this study. For this, TPSR 
experiments were performed in air and N2 and the corresponding 
results are displayed in Figure S7. These studies indicate that the 
lattice oxygen plays an important role in MEK combustion. The 
mobility of lattice oxygen was subsequently evaluated by TPIE 
(Figure 8A,B) and 18O isotopic studies (Figure 8C,D). Figure 
8A,B illustrates that  
changes in the normalized signals for all three oxygen isotopic 
species, namely 18O2 (m/z 36), 16O18O (m/z 34) and 16O2 (m/ 

 
z 32), are observed by a heteroexchange process, which appears to 
be temperature dependent. A previous study suggested that gas-
phase 16O2 signals typically arise from multiple hetero-exchange 
mechanisms between an 18-dioxygen molecule (18O2) and two 
surface oxygen atoms of the solid (16O16O-s).57 However, it was 
also suggested that gas-phase 16O18O can be produced via a 
simple heteroexchange mechanism between one 18O atom of the 
18O2 isotope molecule and one 16O atom of the metal oxide 
surface.57 When similar experiments were conducted over the 
Pt0.3/SiO2-nc material prepared in this study, no signal 
corresponding to 16O2 was observed. However,  
a broad peak corresponding to 16O18O was observed at 430 °C 

(centered at 715 °C) and a negative peak corresponding to 18O2 
was observed between 500 and 800 °C. When a similar 
experiment was conducted over the Pt0.3Mn5/SiO2-nc catalyst, 
there were noticeable changes to the profile. Over this material, 
the negative peak corresponding to the 18O2 species appeared at a 
significantly lower temperature (centered at 512 °C), indicating 
that oxygen exchange appears to be enhanced when Mn2O3 is 
present on the surface of the catalyst. In addition to this, the 
formation of 16O2 species was also observed (between  
°C) over the Pt0.3Mn5/SiO2-nc catalyst, which290and380  
further demonstrates the efficient oxygen mobility which 
occurs in this material.  

Figure 8C,D shows how some carbon-containing isotopic 
species (C18O2, C16O18O, and C16O2) are produced over the 
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Pt0.3/SiO2-nc and Pt0.3Mn5/SiO2-nc catalysts in the oxidation of 
MEK. Again, the temperature was varied over the course of the  
experiment to determine whether the formation of these species 
was temperature dependent. With the Pt0.3/SiO2-nc catalyst, the 
relative concentrations of the C18O2 and C16O 18O species were 
found to increase with increasing temperature. No signal 
corresponding to C16O2 was detected, and the signal 
corresponding to C18O2 was significantly more intense than the 
signal attributed to C16O18O. This implies that surface-adsorbed 
oxygen is essential for the combustion of MEK over the 
Pt0.3/SiO2-nc catalyst. However, the distribution of these isotopes 
(C18O2, C16O18O, and C16O2 species) produced over  
the Pt0.3Mn5/SiO2-nc are vastly diff erent. Over the Mn-doped 
catalyst, C16O18O and C16O2 species were observed at all the  
investigated temperatures. The intensity of the signal 
corresponding to these isotopic species appeared to increase 
with time and, interestingly, no C18O2 appears to be observed 
until temperatures above 130 °C are used. Given that such 
large proportions of 18O were incorporated into the reaction 
products over the Pt0.3Mn5/SiO2-nc catalyst, this provides 
further evidence that of the mobility of the lattice oxygen 
promotes the combustion of MEK over this material. From 
this investigation, it can be concluded that the contributions of 
lattice oxygen in the combustion of MEK over Pt0.3/SiO2-nc  
and Pt0.3Mn5/SiO2-nc are vastly diff erent. This observed 
enhancement in oxygen mobility may be a result of the  
exposed (222) Mn2O3 facets in the Mn-doped material. The 
presence of Pt likely weakens the Mn−O bonds, which 
ultimately promotes the mobility of lattice oxygen in the 
Pt0.3Mn5/SiO2-nc catalyst.16 
 

The nature by which a substrate adsorbs to the surface of a 
catalyst is considered to be a crucial step in most heterogeneous 

catalysis processes.58 The adsorption mode and strength by which 
a substrate adsorbs to a surface can often dictate the activity and 
selectivity of a given reaction. As such, DFT calculations were 
conducted in order to investigate the role of the intermediate 
products anchoring on the catalyst, to provide further insights into 
how MEK adsorbs on these materials and what combustion 
pathways occur. The results of these calculations are illustrated in 
Figure 9 and show that MEK  
molecules initially adsorb to the Pt0.3/SiO2-nc and Pt0.3Mn5/ 
SiO2-nc catalysts on bridged sites with corresponding  
adsorption energies of −1.3 and −1.5 eV, respectively. This 
indicates that the MEK molecules have a higher affinity to 
adsorb onto the surface of the Pt0.3Mn5/SiO2-nc material. 
Additional calculations revealed that acetone possesses a 
lower adsorption energy (−0.9 eV) in comparison to 2-butanol 
(−0.6 eV), indicating that the quantity and strength of the 
Brønsted acid sites which are enhanced by Mn2O3 are 
beneficial for acetone adsorption and provide a proton to break 
the C−C bonds. Subsequent calculations revealed that 
acetaldehyde is likely produced by demethylation from 
acetone. The adsorption energy of acetaldehyde over the 
Pt0.3/SiO2-nc material is higher than that calculated over the 
Pt0.3Mn5/ SiO2-nc catalyst (−0.6 and −0.8 eV, respectively). 

With the Pt0.3Mn5/SiO2-nc catalyst, the adsorption energies of 
the intermediate species appear to decrease the farther you 
proceed through the oxidation pathway. This trend is not 
observed with the results from the adsorption calculations 
conducted over the Pt0.3/SiO2-nc material. As such, it can be 
concluded that the reaction route of MEK combustion over 
Pt0.3Mn5/SiO2-nc is promoted by Mn2O3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9. DFT studies of adsorption energy (A) and structure 
molding for adsorption of key intermediates (B) over Pt0.3/SiO2-
nc and Pt0.3Mn5/SiO2-nc catalysts during MEK oxidation.  
 

A reaction mechanism for the oxidation of MEK over the 
Pt0.3/SiO2-nc and Pt0.3Mn5/SiO2-nc catalysts is proposed in 
Scheme 1, which is based on the conclusions derived from the  
qualitative and quantitative experiments conducted in this study. 
Over the Pt0.3/SiO2-nc catalyst, MEK is adsorbed on the surface 
of the silica support (Figure S6), which is transformed to 2,3-
butanediol via 2-butanol a process which is promoted by the 
presence of surface-adsorbed oxygen (Figure 8). The 2,3-
butanediol then undergoes an oxidative cleavage to form 
acetaldehyde, which ultimately undergoes a sequential oxidation 
to produce CO2 and H2O (Figure 5). Importantly, considering a 
classical approach for the process of this reaction, the kinetics of 
the combustion of MEK in air at low concentrations over the 
Pt0.3/SiO2-nc catalyst is well described by the 

Langmuir−Hinshelwood (LH) mechanism.59 The procedure of 
2,3-butanediol cleaved to form acetaldehyde is the possible rate-
determining step. The diff erence in proposed surface mechanism 
for MEK combustion can be confirmed over the Pt0.3Mn5/SiO2-nc 
catalyst. The extensive characterizations  
in this study have shown that the Mn2O3 in Pt0.3Mn5/SiO2-nc 
material significantly enhances the quantity and strength of the 
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Scheme 1. Reaction Mechanism for MEK Catalytic Oxidation over Pt0.3/SiO2-nc and Pt0.3Mn5/SiO2-nc Catalysts  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Brønsted acid sites (Figure 6) in this material, and lattice 
oxygen is incorporated in the reaction products (Figure 8 and 
Figure S7). The initial step involves the adsorption of MEK 
over the Brønsted acid sites of the catalyst (Figure S6). MEK 
is first decomposed to acetone, which is promoted by the 
protonic donation from the Brønsted acid sites. The acetone 
subsequently undergoes a similar transformation to acetalde-
hyde, which further converts to formaldehyde, a process that is 
again assisted by the Pt active sites. The resulting 
formaldehyde then undergoes a sequential oxidation to 
produce CO2 and H2O with the help of lattice oxygen (Figure 
5). Especially, a classical approach to analyze the kinetics of 
reactions catalyzed by solids lies in proposing a reaction 
scheme consisting of a series of steps describing the 
adsorption of reactants, surface reaction over active sites with 
lattice oxygen, and product desorption, which is well 
described by the Mars−van Krevelen mechanism.60 The lattice 

oxygen of Mn2O3 takes part in the combustion reaction and 
the oxygen vacancies remain, the latter being replenished by 
the chemisorbed oxygen. The possible rate-determining step is 
the process of acetone conversion into acetaldehyde. 

■ CONCLUSIONS  
In this work, Pt0.3Mnx/SiO2 nanocubic (nc) micro-/meso-
porous composite materials containing diff erent quantities of 
Mn were synthesized and utilized as catalysts for the oxidation 
of methyl ethyl ketone (MEK) for the first time. All of the 
Pt0.3Mnx/SiO2-nc materials exhibited an exceptional low-
temperature oxidation activity, CO2 selectivity, and stability  
for MEK oxidation. Of the catalysts synthesized, the Pt0.3Mn5/ SiO2-
nc material was found to be the most active catalyst and  
could completely oxidize MEK at just 163 °C under a high space 
velocity of 42600 mL g−1 h−1. We believe this to be a new 
benchmark for low-temperature catalytic oxidation performance 
for the total oxidation of VOCs. Remarkable synergistic eff ects 
between the Pt nanoparticles and the Mn2O3 were observed. FTIR 
spectra corresponding to the adsorption of NH3 on these materials 
in combination with a series of TPD experiments confirmed that 
highly exposed Mn2O3 (222) facets enhanced the quantity and 
strength of the Brønsted acid sites on the surface of these 
materials. These sites were found to promote the desorption of 
surface-adsorbed O2 and CO2, liberating 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
active sites for MEK molecules to adsorb to. Results from 
18O2 isotopic exchange and temperature-programmed isotopic 
exchange experiments revealed that the presence of a Pt−O− 
Mn moiety weakens the strength of the Mn−O bonds, which 
promotes the mobility of lattice oxygen in Mn2O3. Perhaps 

most importantly, it was determined that the Mn4+/Mn3+ 

redox cycle in the Mn2O3 supplies electrons to Pt sites, which 

ultimately enhances the proportion of Pt0/Pt2+ on the surface 
and increases the activity and stability of the catalyst. In situ 
DRIFTS, online FTIR, and DFT results revealed that acetone 
and acetaldehyde are the main intermediates produced in the  
oxidation of MEK over Pt0.3Mn5/SiO2-nc, which can 
subsequently undergo further oxidation to H2O and CO2 
via a formaldehyde intermediate. 
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