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Pt/ZrO; catalysts promoted with MoOs and Nbz0s were tested for the combustion of short-chain
alkanes (namely, methane, ethane, propane, and n-hexane). For short-chain alkane combustion, the
inhibition of MoOs (for the methane reaction) dramatically transformed to promotion (for the
ethane, propane, and n-hexane reactions) as the carbon chain length increased, whereas the re-
markable promotion of Nb20s gradually weakened with an increase in the carbon chain length.
Based on a detailed study of the oxidation reactions of methane and propane over the catalysts, the
different roles of the promoters in the reactions were ascribed to differences in the acidic properties
of the surface and the oxidation or reduction states of the Pt species. The MoO3z promoter could
decorate the surface of the Pt species for a Pt-Mo/ZrO; catalyst, whereas the Nb20s promoter on the
support could be partially covered by Pt particles for a Pt-Nb/ZrO: catalyst. The formation of acces-
sible Pt-Mo0Os interfacial sites, a high concentration of metallic Pt species, and a high surface acidity
in Pt-Mo/ZrO2 were responsible for the enhanced activity for catalytic propane combustion. The
lack of enough accessible Pt-Nb20s interfacial sites but an enhanced surface acid sites in Pt-Nb/ZrO:
explained the slight improvement in activity for catalytic propane combustion. However, the stabi-
lized Pt™ species in Pt-Nb/ZrO: were responsible for the much-improved activity for methane
combustion, whereas the Pt™ species in Pt-Mo/Zr0: could be reduced during the oxidation reaction,
and the fewer exposed surface Pt species because of MoO3z decoration accounted for the inhibited
activity for methane combustion. In addition, it can be concluded that MoOs promotion is favorable
for the activation of C-C bonds, whereas Nb20s promotion is more beneficial for the activation of
C-H bonds with high energy.
© 2021, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

advantages, such as high efficiency and low energy costs [4-6].
Among the various VOCs, short-chain alkanes (such as pro-
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Because air pollution caused by the massive emission of
volatile organic compounds (VOCs) is a serious threat to us,
effective methods for VOC elimination have attracted much
attention [1-3]. Catalytic combustion (or deep oxidation) is a
promising method for VOC elimination because of its significant
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pane) with high-energy C-H bonds are very difficult to oxidize
deeply and are therefore used as representative reactants to
evaluate catalytic performance [7-9]. Various non-noble metal
oxides (Ce, Co, Mn, Cu, etc.) and noble catalysts (Pt, Pd, Ru, etc.)
[10-17] can be used as effective catalysts. For instance, Lu et al.
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[18] reported that Co304/ZSM-5 synthesized by hydrothermal
methods showed high catalytic activity and stability for pro-
pane combustion with Teo at only 260 °C, which could be as-
cribed to the good reducibility of the Co3* species and fast mi-
gration of the lattice oxygen atoms of Co304. However, noble
catalysts normally exhibit higher catalytic activity and thermal
stability than non-noble catalysts. Zhang et al. [19] found that
irreducible-oxide-modified Pd/MgAl204 catalysts exhibited
very high activity and excellent stability against both hydro-
thermal aging and deactivation under wet conditions for me-
thane combustion. Thus, the investigation of catalytic alkane
combustion (such as that of methane and propane) mainly fo-
cuses on noble catalysts, especially Pt- and Pd-based catalysts.
Pt-based catalysts commonly show high catalytic activity for
longer chain alkanes such as propane, whereas Pd-based cata-
lysts are more efficient for methane combustion at low tem-
peratures [20,21].

Although progress has been made in the catalytic combus-
tion of short-chain alkanes, previous works were mainly an
evaluation of the activity for the combustion of only a single
alkane compound as the reactant; few studies have been re-
ported on the combustion of multiple alkanes (such as me-
thane, ethane, and propane). The benefit of such comparative
investigation is that it may clarify some relevant issues in the
field. For example, the exact definition of the active sites and
catalytic mechanism for different alkanes over Pt catalysts is
still debatable. Metiu et al. [22] concluded that cationic Pt*
species were important active sites for methane combustion
and the increase in Pt* species on the catalyst surface was re-
sponsible for the significant enhancement of methane oxidation
activity. Yet, Liu et al. [23] concluded that metallic Pt0 species
played key roles in propane combustion. In addition, the per-
formance of the Pt-based catalysts could be improved by add-
ing promoters. Liao et al. [24] concluded that the formation of
Pt-WOs interfaces in the Pt-WO3/BN catalyst obviously in-
creased the activity for propane combustion. Similar findings
were also reported with Pt-MoOs/ZrO2 catalysts for propane
combustion [25], and Wu et al. [26] demonstrated that the
electronic interaction of Pt-TiOx interfaces could stabilize reac-
tive PtO sites, which resulted in outstanding activities and high
stability for propane and propylene combustion over a
Pt@TiOx/TiOz2 catalyst.

The aim of this work is to investigate the roles of promoters
in the catalytic combustion of different alkanes. Based on our
previous works, it was found that MoO3 and Nb20s promoters
could significantly improve the activity of Pt-based catalysts for
propane combustion, although the performance for the com-
bustion of other short-chain alkanes was still unclear [21,25].
Therefore, Pt/ZrOz catalysts promoted with MoO3 and Nb20s
were tested for short-chain alkane (methane, ethane, propane,
and n-hexane) combustion, and very different catalytic behav-
iors were observed. It was found that addition of the oxides in
the catalyst resulted in changes to the structures and the oxida-
tion or reduction states of the Pt active sites, as well as the
acidic properties of the catalyst surface, which consequently
exerted profound effects on the observed behaviors.

2. Experimental
2.1. Synthesis of catalysts

The ZrO2 support was prepared according to our previous
work, namely, by calcination of ZrOCOs (99%, Shanghai Diyang
Chemical Co., Ltd.) at 600 °C [25].

The Mo/ZrO2 and Nb/ZrO: samples were synthesized by a
facile impregnation method. Typically, a certain amount of
(NH4)6M07024:4H20 or C4HsNNbOg:xH20 (both Sinopharm
Chemical Reagent Co. Ltd, China.) was dissolved in deionized
water (50 mL). Then, 10 g of ZrOz were added to the solution
with stirring. The mixture was stirred for 12 h at room temper-
ature and dried in a water bath at 90 °C. The solid was then put
into an oven with a temperature of 100 °C for 5 h and calcined
at 500 °C in static air for 4 h (heating rate of 10 °C min-1). The
obtained sample was designated as Mo/ZrO: or Nb/ZrO>, and
the content of metal (Mo or Nb) was 1 wt%.

The Pt-Mo/ZrOz and Pt-Nb/ZrOz2 catalysts were synthesized
by a co-impregnation method according to our previous work
[25]. The contents of noble metal (Pt) and additive (Mo or Nb)
were 2.0 wt% and 1.0 wt%, respectively.

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were recorded
with a Bruker D8 Advance diffractometer by using Cu K. radia-
tion, and the patterns were collected in the 26 range from 10°
to 90° with a scanning rate of 12° min-1. Elemental Pt on the
catalyst surface was analyzed by X-ray photoelectron spec-
troscopy (XPS) with a ThermoFischer ESCALAB 250Xi instru-
ment with Al K (15 KV, 10.8 mA, hv = 1486.6 eV) as the excita-
tion light source under approximately 2 x 10-7 Pa ultrahigh
vacuum, calibrated internally by the carbon deposit C (1s) (Eb =
284.6 eV). CO pulse adsorption for measurement of the CO
chemical uptake and Pt dispersion was performed with a
BELCAT II analyzer at 313 K. Before the measurement, the cat-
alyst was reduced with a gas mixture (5% Hz + 95% He, 30 mL
min-1) at 300 °C for 1 h and purged with He. TEM pictures of
catalysts were obtained with a JEOL-2100F instrument. HAADF
and EDS images were recorded on a Talos F200x instrument.
Diffuse-reflectance infrared Fourier transform spectroscopy of
CO chemisorption and in situ diffuse-reflectance infrared spec-
troscopy of alkane oxidation reactions were performed with a
ThermoFischer Nicolet iS50 FTIR spectrometer according to
our previous work [25].

2.3. Catalytic activity evaluation for short-chain alkane
combustion

The catalytic combustion of short-chain alkanes was con-
ducted in a fixed-bed quartz tubular reactor (id. = 6 mm) at
atmospheric pressure. Catalysts (100 mg, 60-80 mesh) were
diluted with quartz sand (100 mg) of the same size and put into
the quartz tubular reactor. The gas mixtures were composed of
0.6% CH4 + 2% 02 + 97.4% Nz or 0.3% CzHe + 2% Oz + 97.7%
Nz or 0.2% C3Hs + 2% Oz + 97.8% Nz with a total flow rate of
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Fig. 1. XRD patterns of Pt/ZrOz, Pt-Mo/ZrOz, and Pt-Nb/ZrO: catalysts.

33.3 mL min-! (mass space velocity (S.V.) of 20000 mL g-t h-1).
Liquid n-hexane with saturated gas was put in a tempera-
ture-controlled saturator. An air flow (5 mL min-1) passed
through the saturator to give the desired partial pressure of
n-hexane, which was diluted by another air flow with a speed of
300 mL min-! before passing the catalyst bed. The mixture
(0.2% n-hexane + 99.8% air) flow rate through the catalyst bed
corresponded to a mass space velocity of 18300 mL g-1 h-1. The
concentrations of alkanes in the inlet ([C]i) and outlet ([Cout)
gas could be detected with inline gas chromatography (Shi-
madzu GC-2014 instrument) equipped with a flame ionization
detector and an HPGS-GASPRO capillary column (30 m x 0.32
mm). Conversion of the alkanes was calculated by using the
following equation:
Conversion = ([Clin - [Clout) /[C]in x 100%.

It should be noted that no other by-products were detected

(other than CO2z and Hz20).

Pt/ZrO,

2289
3. Results and discussion
3.1. General characterization of the catalysts

Fig. 1 shows the XRD patterns of the Pt/ZrOz, Pt-Mo/ZrOz,
and Pt-Nb/ZrOz catalysts. All of the catalysts show the same
characteristic diffraction peaks of the monoclinic ZrO2 (PDF No.
78-0048) support. Characteristic peaks corresponding to MoOx,
NbOy, and Pt/PtOx are not observed in the catalysts, which in-
dicates that both Pt species and promoters (Mo and Nb) are
highly dispersed or amorphous.

Fig. 2 and Fig. S1 show the HAADF-STEM and HRTEM imag-
es and the particle size distributions of Pt species in the cata-
lysts. The particles sizes of the Pt species are relatively uniform
with mean diameters of approximately 2.0 nm for the Pt/ZrO,
Pt-Mo/Zr0O2, and Pt-Nb/ZrO2 catalysts. Thus, the addition of Mo
and Nb has no influence on the mean particle size of the Pt spe-
cies, which is consistent with our previous work [25].

Raman spectra of the catalysts are shown in Fig. 3. Bands at
192, 345, 391, 481, 569, and 643 cm-! are observed for the
Pt/ZrO: catalyst and are assigned to the ZrO2 support, whereas
these characteristic bands become significantly weaker after
the introduction of Mo and Nb. The appearance of bands at 875
and 957 cm-! indicates the presence of MoOs species in the
Pt-Mo/ZrO2 catalyst, and the weak band at 990 cm-! is at-
tributed to the Nb20s species in the Pt-Nb/ZrO: catalyst
[25,27,28].

Surface acidity of the catalysts was measured by NH3-TPD,
and the profiles are shown in Fig. 4. Each catalyst exhibits NH3
desorption peaks in the temperature ranges of 200-250 °C
(peak a) and 400-500 °C (peak B), indicating the presence of
medium acid sites and strong acid sites, respectively. It is in-
teresting that Nb promotion results in an increase in medium
acid sites, whereas Mo promotion results in additional strong
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Fig. 2. TEM images (a—c) and particle size distributions (d-f) of Pt/ZrO: (a,d), Pt-Mo/ZrO2 (b,e), and Pt-Nb/ZrO2 (c,f) catalysts.
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Fig. 3. Raman spectra of Pt/ZrOz, Pt-Mo/ZrO2, and Pt-Nb/ZrO: catalysts.

acid sites.

Fig. 5 shows the in situ DRIFT spectra of CO adsorption on
the catalysts at 25 °C. The Pt/ZrO2 catalyst gives two bands at
1818 and 2000-2080 cm-1, which could be assigned to bridged
adsorption of CO on the adjacent Pt-Pt sites and linearly ad-
sorbed CO on Pt atoms, respectively. Moreover, the latter band
could be deconvoluted into four different bands at 2002, 2029,
2057, and 2079 cm-1, corresponding to linearly adsorbed CO on
different locations of Pt species [29]. The Pt-Mo/ZrO: and
Pt-Nb/ZrO2 catalysts give similar bands to Pt/ZrO2. However,
the bridged CO on the Pt-Mo/ZrOz catalyst has much less inten-
sity than those on the Pt/ZrOz and Pt-Nb/ZrOz catalysts, indi-
cating the coverage of Pt by MoOx species in Pt-Mo/ZrOz. On the
contrary, the addition of NbOx does not alter the surface struc-
ture of the Pt species and results in no obvious change of the
bridged CO band.

3.2. Catalytic activity of methane and propane combustion
The catalytic activities of methane and propane combustion

over the catalysts (Pt/ZrOz, Pt-Mo/ZrOz, and Pt-Nb/Zr0Oz) and
the supports (Mo/ZrO2 and Nb/Zr0z) are shown in Fig. 6. The
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Fig. 4. NH3-TPD profiles of Pt/ZrO, Pt-Mo/ZrO2, and Pt-Nb/ZrO: cata-
lysts.
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Fig. 5. DRIFT spectra of CO adsorption on Pt/ZrOz, Pt-Mo/ZrOz, and
Pt-Nb/ZrO: catalysts at 25 °C.

supported Pt catalysts exhibit much higher activities than the
pristine Mo/ZrOz and Nb/ZrO2z supports, strongly suggesting
that the Pt species are important active sites. Moreover, the
temperature for complete methane oxidation is higher than
that of propane over all catalysts, implying that methane is
more difficult to oxidize. This can be ascribed to the fact that
methane has higher C-H bond energy than propane (439.3 vs.
418.0 kJ-mol-1) and a much more stable tetragonal structure.
The activities of methane combustion over the catalysts de-
crease in the order: Pt-Nb/ZrO2 > Pt/ZrO2 > Pt-Mo/ZrO2. How-
ever, the trend of propane combustion is significantly different
from that of methane, namely, Pt-Mo/Zr0O2 > Pt-Nb/ZrO: >
Pt/ZrO2. Thus, it is clear that the addition of Mo in the Pt/ZrO:
catalyst inhibits methane combustion but promotes propane
combustion remarkably, whereas the addition of Nb promotes
both methane and propane combustion but the Nb addition
results in slightly lower enhancement than the Mo addition for
propane combustion.
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Fig. 6. Catalytic activity of methane and propane combustion over the
Pt/Zr0,, Pt-Mo/ZrO2, and Pt-Nb/ZrO: catalysts and the Mo/ZrOz and
Nb/ZrO: supports (C1 = methane, C3 = propane).
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Table 1

CO chemisorption, specific reaction rates, and turnover frequencies (TOFs) of Pt/ZrOz, Pt-Mo/ZrOz, and Pt-Nb/ZrO: catalysts.

Catalyst Pt content Pt dispersion® CO uptake? Specific reaction rate® (umol gpe! s71) TOF (x10-3s1) ¢
(wt.%) (%) (umol gpe?) methane propane methane propane
Pt/Zr0O> 2.1 30.0 30.7 45.9 159 29.4 10.2
Pt-Mo/ZrO2 2.0 225 23.0 21.6 44.2 18.1 371
Pt-Nb/Zr0O. 2.0 31.4 32.2 96.6 19.0 57.4 11.3

a Pt dispersion and CO chemisorption were determined by CO pulse adsorption;
b based on methane conversion at 300 °C or propane conversion at 180 °C (the catalyst was decreased to a certain amount in order to calculate the

TOF value under low conversion; details are summarized in Table S1);

¢ based on the CO chemisorption and methane conversion at 300 °C or propane conversion at 180 °C (the catalyst was decreased to a certain amount
in order to calculate the TOF value under low conversion; details are summarized in Table S1).

Table 1 shows the Pt dispersion, CO chemisorption capacity,
specific reaction rates, and TOF of the catalysts. The Pt disper-
sion is calculated according to the CO chemisorption result and
decreases in the order: Pt-Nb/ZrO2 (31.4%) > Pt/Zr0O2 (30.0%)
> Pt-Mo/ZrO2 (22.5%). The Pt dispersions of Pt-Nb/ZrOz and
Pt/ZrO: are relatively close, and the Pt particle sizes calculated
by CO chemisorption are 3.6 and 3.8 nm, respectively, whereas
the HRTEM results reveal Pt particle sizes of approximately 2.0
nm for both catalysts. The Pt particle size calculated by CO
chemisorption is slightly larger than that measured by HRTEM.
This can be attributed to the fact that partial Pt particles enter
the support pores and make contact with the support surface,
thus decreasing the exposed surface Pt atoms [30]. However,
the dispersion of Pt in Pt-Mo/ZrO: is only 22.5%, correspond-
ing to a Pt particle size of 5.0 nm, which is significantly larger
than those in the Pt-Nb/ZrOz and Pt/ZrO: catalysts as deter-
mined by CO chemisorption (3.6 and 3.8 nm, respectively) and
is also larger than the particle size of 2.2 nm obtained by the
HRTEM statistics method. These larger Pt particles in the
Pt-Mo/ZrO2 catalyst cannot be explained similarly to the cases
of the Pt/ZrOz and Pt-Nb/ZrO: catalysts; instead, this result
reflects the decoration effect of MoOs3 species on the Pt particle
surface, whereas the Nb20s species on the support may be par-
tially covered by Pt particles [25].

In order to compare the catalytic activity, the specific reac-
tion rates and TOF values for methane and propane combus-
tion over the catalysts were measured under Kkinetically con-
trolled conditions and evaluated. For methane combustion, the
Pt/ZrO2 catalyst gives a specific reaction rate of 45.9 pmol gpi-1
s-1 and a TOF of 29.4 x 10-3 s-1 at 300 °C. The activity is signifi-
cantly promoted over the Pt-Nb/ZrO: catalyst, which gives a
specific reaction rate of 96.6 umol gpe! s-1 and a TOF of 57.4 x
10-3 s-1, However, the Pt-Mo/ZrO: catalyst gives a specific reac-
tion rate of 21.6 pmol gee! s~ and a TOF of 18.1 x 10-3 s-1, much
lower values than those of Pt/ZrO2. For propane combustion,
the Pt-Nb/ZrO2 catalyst gives similar activity to Pt/ZrO: (rates
0f 19.0 and 15.9 pmol gpr-! s-1 and TOFs of 11.3 and 10.2 x 10-3
s-1), whereas the Pt-Mo/ZrO: catalyst gives a much higher re-
action rate (a specific rate of 44.2 umol gpe! s-1 and a TOF of
37.1 x 10-3 s-1). Therefore, it is clear that Nb and Mo play dif-
ferent roles in the combustion of methane and propane, which
may be related to their different structural properties or sur-
face chemistry.

Fig. 7 shows the stability tests for propane combustion over

the Pt/ZrOz, Pt-Mo/ZrOz, and Pt-Nb/ZrO> catalysts. Considering
the obvious activity differences of these catalysts for propane
combustion, the catalytic stability tests were conducted at dif-
ferent temperatures (Pt/ZrOz at 250 °C with a conversion of
92%, Pt-Mo/ZrOz at 200 °C with a conversion of 87%, and
Pt-Nb/Zr0: at 220 °C with a conversion of 84%) to control the
propane conversion at 80%-90%. All of the catalysts are very
stable during the reaction process.

3.3.  Analysis of Pt species and acidity on catalyst surfaces

Fig. 8 shows the Pt 4fXPS spectra of the fresh and spent cat-
alysts. The peaks with binding energies at 71.6 and 74.9 eV are
assigned to Pt 47,2 and Pt 45,2 of the Pt0 species, respectively.
The signals at binding energies of 72.9 and 76.2 eV correspond
to Pt 4f7,2 and Pt 4fs;2 of the Pt2+ species, respectively. The
peaks of Pt 4f7,2 and Pt 4fs/2 related to the Pt** species appear
at 74.6 and 77.9 eV, respectively. As summarized in Table 2, it is
clear that the fresh catalysts contain mainly oxidized Pt species
(i.e., Pt2* and Pt#*). In the spent catalysts (used for either me-
thane or propane combustion), the content of metallic Pt0 spe-
cies increases, implying the reduction of Pt oxides by alkane
molecules during the reaction.

3.4. Brief discussion on different roles of the promoters in the
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Fig. 7. Stability tests of Pt/ZrO;, Pt-Mo/ZrO, and Pt-Nb/ZrO: catalysts
at different temperatures for propane (0.2% C3Hs + 2% 02 + 97.8% N3,
S.V.=20000 h-1).
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Fig. 8. Pt 4fXPS spectra of Pt/ZrOz, Pt-Mo/Zr0Oz, and Pt-Nb/ZrO; catalysts.
reactions of Pt nanoparticles by MoOx leads to fewer exposed surface Pt

Interestingly, the promotion of NbOx and MoOx in the
Pt/ZrO: catalysts results in very different reaction behaviors in
methane and propane combustion, which is related to the dif-
ferent structures and surface properties of the catalysts, as well
as the different active sites required for the reactions. First,
although the promotion of NbOx and MoOx in Pt/ZrO2z does not
alter the Pt particle sizes in the catalysts (Fig. 2), the promot-
er-Pt interactions are changed, particularly with regard to the
formation of promoter-Pt interfaces. The CO uptake results
clearly suggest the formation of more accessible MoOx-Pt in-
terfacial sites on the Pt-Mo/ZrO:z catalyst surface, whereas
there are negligible accessible Pt-NbOx interfacial sites on the
Pt-Nb/ZrO2 catalyst surface. It is well recognized that, for Pt
catalysts, the Pt-MOx interfacial sites are very active for pro-
pane combustion, as a result of the facile activation of propane
molecules on the interfacial sites. For example, Liao et al. [24]
reported that a WO3-promoted Pt/BN catalyst was much more
active than bare Pt/BN for propane combustion because pro-
pane could be easily activated on the hydroxyl groups in the
WOs3 and reacts with oxygen species adsorbed on adjacent Pt
species; thus, the activity was significantly improved. Moreo-
ver, Zhao et al. [25] concluded that the Pt-MoOs interfacial site
in the Pt-MoOs3/ZrO2z catalyst gave forty-fold higher activity
than the surface Pt sites. Therefore, the formation of Pt-MoO3 in
the current work is certainly beneficial for the enhancement of
reactivity. In this sense, the lack of enough accessible Pt-NbOx
interfacial sites in the Pt-Nb/ZrO2 catalyst may not be helpful
for the promotion of activity. On the other hand, the decoration

Table 2
Analysis of Pt species content on fresh and spent catalyst surfaces.

atoms, which thus greatly inhibits the activity for methane
combustion because it has been claimed that surface Pt atoms
are the active sites for this reaction [31].

In addition, the Mo and Nb promotion of the Pt/ZrO> cata-
lysts also changes the oxidation states of the Pt species, which
is a crucial parameter for alkane combustion. It has been well
recognized that oxidized Pt species are favorable for methane
combustion [19], whereas metallic Pt species are favorable for
propane combustion [23,32-34]. In the current study, the
Pt-Nb/ZrO2 catalyst gives the highest Pt surface concentra-
tion (86.6, Table 2) after the methane combustion reaction, in
comparison with those of the Pt/ZrOz and Pt-Mo/ZrO2 cata-
lysts, which suggests that the addition of NbOx can somehow
stabilize the Pt species in high oxidation states and thus en-
hance activity for methane combustion. In contrast, the
Pt-Mo/ZrO2 catalyst gives a relatively higher concentration of
Pt0 species (and lower concentration of Pt species) because of
the reduction of platinum oxide by methane, which explains its
lower activity for methane combustion. Moreover, Mo and Nb
promotion leads to increased surface acidity (Fig. 8), which is
beneficial for the adsorption and activation of longer chain
alkanes such as propane, but the direct activation and adsorp-
tion of methane is very difficult [35,36]. Also, Zhao et al. [25]
reported that an increased number of acid sites (especially
strong acid sites) is favorable for the generation of Pt? species,
which are important active sites for propane combustion.

The structural and surface properties upon Mo and Nb
promotion of the Pt/ZrO: catalyst and their different roles in
methane and propane combustion are illustrated in Scheme 1.

Fresh catalyst (%)

After methane combustion 2 (%)

After propane combustion b (%)

Catalyst pE per pei pro P+ ppor pro P pee
Pt/Zr0; 0 62.0 38.0 205 56.7 228 119 56.0 321
Pt-Mo,/Zr0; 6.2 56.6 37.2 236 54.3 22.1 28.9 51 193
Pt-Nb/Zr0; 42 53.7 421 13.4 61.3 253 201 54.8 25.1

a spent catalysts after methane combustion reaction;
b spent catalysts after propane combustion reaction.
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TOF (s)

0.00 -
PUZrOz Pt-Nb/ZrO2 PtZrOz Pt-Nb/ZrO2z

Scheme 1. Structure models for propane and methane combustion
over Pt/ZrO;, Pt-Mo/ZrO2, and Pt-Nb/ZrO catalysts.

The addition of MoOs in the catalyst generates Pt-MoOs3 inter-
faces and enhances the surface acidity, which leads to the im-
proved activity for propane combustion; however, such
Pt-MoOs interfaces are not favorable for methane combustion
because the reaction requires exposed surface Pt atoms rather
than Pt-MoOs interfacial sites. The addition of Nb20s in the cat-
alyst does not generate enough accessible Pt-Nb20s interfacial
sites on the Pt-Nb/ZrO: catalyst surface; thus, the slight im-
provement in the propane combustion is attributed to the en-
hanced surface acidity. On the other hand, cationic Ptr+ species
can be stabilized by the addition of Nb20s under the methane
combustion atmosphere, which accounts for the significant
improvement in the activity for methane combustion.

To clearly reveal the catalytic activity trend with other
short-chain alkanes over the Pt/ZrO2;, Pt-Mo/ZrOz, and
Pt-Nb/ZrO: catalysts, the catalytic combustion reactions of
ethane and n-hexane were also investigated (Fig. 9). With re-
spect to the oxidation of ethane, the Pt-Nb/ZrOz and Pt/ZrO2
catalysts showed similar activity trends to those of the methane
reaction, namely, Pt-Nb/ZrOz > Pt/ZrO2. However, the catalytic
activity of ethane oxidation over the Pt-Mo/ZrO2 catalyst was
obviously improved relative to that with the Pt/ZrO: catalyst
(methane activity: Pt/ZrO: > Pt-Mo/ZrO2z; ethane activity:
Pt-Mo/Zr02 > Pt/Zr02), which might be a result of the existence
of the C-C bond (377.4 kJ-mol-1) in ethane. In addition, the
Pt-Mo/ZrO: catalyst showed the highest catalytic activity for
both propane and n-hexane, which confirms that the
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Pt-Mo/ZrOz catalyst is more favorable for the activation of C-C
bonds and acceleration of the combustion reaction of alkanes
containing C-C bonds, whereas the Pt-Nb/ZrO: catalyst is more
beneficial for the activation of high-energy C-H bonds (me-
thane activity: Pt-Nb/ZrOz > Pt/ZrOz > Pt-Mo/ZrOz; ethane
activity: Pt-Nb/ZrOz > Pt-Mo/ZrOz > Pt/ZrOz; propane activity:
Pt-Mo/ZrOz > Pt-Nb/ZrOz > Pt/ZrOz; n-hexane activity:
Pt-Mo/ZrOz > Pt-Nb/ZrO2z > Pt/Zr0z). Moreover, it can be ob-
served that the inhibition of MoOs3 (for methane) dramatically
transforms into promotion (for ethane, propane, and n-hexane)
with the increase of the carbon chain length, but the remarka-
ble promotion of Nb20s is gradually weakened as the carbon
chain length increases from methane to n-hexane. In the in situ
DRIFT spectra of alkane oxidation (methane, ethane, and pro-
pane) over the catalysts (Figs. S2-S4), the vibration peak at
2012-2128 cm-! ascribed to intermediate CO adsorbed on Pt
species is obviously more noticeable for Pt-Mo/ZrOz and
Pt-Nb/ZrO2 than for Pt/ZrOz, implying that the promotion of
Mo0Os3 and Nb20s indeed changes the reaction path and mecha-
nism of alkane combustion over the Pt/ZrO: catalyst.

4. Conclusions

In summary, this study reveals that Mo and Nb promotion
shows obviously different effects on the catalytic combustion of
short-chain alkanes (methane, ethane, propane, and n-hexane)
over Pt/ZrO; catalysts. The MoOs promoter inhibits the com-
bustion of methane but promotes the combustion of ethane,
propane, and n-hexane. The promotion of Nb20s weakens as
the carbon chain length of the alkane increases. A detailed
study of the methane and propane oxidation reactions over the
catalysts reveals that such differences lie in the different struc-
tural properties of the catalysts and the chemical states of the
Pt species. The generation of Pt-MoOx interfaces, a high con-
centration of metallic Pt surface species, and an enhanced sur-
face acidity are the main reasons for the improved activity for
propane combustion over the Pt-Mo/ZrO: catalyst, but these
facts are not favorable for the methane combustion because it
requires oxidized surface Pt species. The addition of Nb20s to
Pt/ZrO2 does not generate accessible Pt-Nb20s interface sites
on the catalyst surface but stabilizes Pt species under the

®) 100

80

60

—A—PyZ0,
—8- PtMo/ZiO,
~8— PLND/ZIO,

n-hexane conversion (%)

100 150 200 250 300 350 400
Temperature (°C)

Fig. 9. Relationship between ethane (a) and n-hexane (b) conversion rates and reaction temperatures for Pt/ZrO;, Pt-Mo/Zr0O, and Pt-Nb/ZrO; cata-

lysts.
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Different roles of MoOs and Nb20s promotion in short-chain
alkane combustion over Pt/ZrO: catalysts
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Zhejiang Normal University

Different roles of MoO3 and Nb20s promotion in short-chain alkane
combustion over Pt/ZrO2 catalysts are revealed. MoOs is favorable
for the activation of C-C bonds, whereas Nb20s is more beneficial
for the activation of C-H bonds.

0.08
0 30)e Cs (180 °C)
.\3.:)3.' ™ G1(300 °C)
. - 034
oS N
@ x Pt-Mo/ZrO,
2 )
) p) & 0.00-]
_— 2 0.8 C1/(300°C)
PUZrO, \ /
L)
W
=0 'Lx!) 0.03-
\;,‘ Gs (180 °C)
° =
PENDZIO, 0.l

PtZr0z Pt-MolZr0z P$Zr0z Pt-MoiZrO2

PUZrO2 Pt-Nb/ZrOz PUZrO2 Pt-NbiZrO:2

methane combustion atmosphere and thus enhances the activ-
ity for methane combustion. MoO3 promotion is more favorable
for the activation of C-C bonds and acceleration of the combus-
tion of alkanes containing C-C bonds, but Nb20s promotion is
more beneficial for the activation of high-energy C-H bonds.
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MoO;FINb,OsBfi 57X Pt/Zr O, #E AL 57_E 3G ki k& IR Iz 2 B9 AN Bl 1 E F

KEME, F L, EnE B O# BI
WL sE K FHBEAFHRTH, THBUMBHERELLIRE, HILERERTRNAFE E LK E, #7L41€321004

WE: T8 B PUEI A m s AR 1, |z B T AR R A WL 56 A A R BL (R e IR RE). R % e A (FF
Bt Lkt NRESE) A AR, J2 B A 1) — S WL, &5 AR 25 5200k Joe i I A Ak, 7)1 B (A 28 Je ). 8K, H AR
TE PRI 9 A S8 5 AN PR T %o o — b I JEC A R AR R 08, 2R 825 5 M A 7] LA B B 350056 A () i o 0 11 A4 A R e e
AE. EEBETE, Bhe A C-HEE, e R T C-HEE, IS C-CHE. K, B AR B L 20 e R P e R
SSAEAE RE R 22 S0k, S TR AL _E C—HBEFI C—CHE 35 1L B AT AR 8 B 1 78 3L

AT 45 T MoO; BN, O & 1 P/ ZrO, M AL 7 I FH T F B ot i I BRI B, F 9 A B, Mo O Bh 71X F ek e 7 B\
IR FH, AR 20, PR e R IE CUbe SR I B S B (R R VR F, 8 0t 1 I 5 Joe 60 o B 11 185 K S W 19 ;- Nb, O B 71 % HH
Bt ZKE TNRERIIE Ot R e S B35 B Rk FH, SR TR JEAF FH i 5 B PO 388 KT T Dk 5. Mo O AN, O B IR AN R
e 3R F 5 B 7] 52 i 8 1 751 2% 18 R 1k DA K PeA B ) B AL BUE JR A5 5 9%, NHa-TPD 45 R 3% 85, Mo, B3 AT DA 25 3 Jin
Pt/ZrO, M 40 771 2% THI 580 R 407 5 A0 L, 1T N, O B 77 AT LA, 3 38 I PY/ZrO, 18 A4 751 2 T HH i BR AV i B0 . HTEMSSE SR W, Wifh
B 7] 640 VR N AS 4 11 S 240 A8 PV A 1) S0 R~ 7E Pt-Mo/ZrO, HEAL 71 _E, MoOs78 76 3 43 PUYI A T B & B Pt-MoO, FL 1,
RE T 4 B POV AR ORI 58 2 T R PE AL A IR AR B, B0 1 TR GE RIS S BETE ;- P-Nb/ZrO,fiEAK 7 34K R T 176 73 Nb,O st Pt#)
Fivf 78, A5 7525 A1 3R TH Pt-Nb,Os ST T Pt-Mo/ZrO, HE A6 71, AH H T AL FRIZR TH B VA O3 T, AR HE T A e SRR S BT
PERPE . XPSLE SRR, 78 F e R SN Y, Pe-Nb/ZrO, (AL _E P 4 BE 1% 58 in A e A7 7E, IX 7] BE A& Nb,Os B2 5
Pt-Nb/ZrO, fHE A6 _E F e BRIe T M 1R O B 17T P-Mo/Zr O A6 77 P AR 78 R ot S5 7 mp i] DA SE 25 5 M i IR, 9 B
MoO; (14 5% 5 B2 #a I P AU PRI, AR A0 A Ak FR e A e 1R 3 PR 52 204 ). 7T L, MoOs B 7158 B | T~ C-CHE g AL,
TN, Os B 71 565 F T s B e 1) C-HAE VS k.

25 b, RCR G HT Mo O, B 71 FINb,O s B 7116 PYZrO, A 771 _E AN [ i At A PRI MR o IS FRD 5 ), IE S 1 ok 8 741
TR REVE F -5 R BE K 1 0% R 2 AR AN IR 1.
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