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The addition of WO; in the Pt/BN catalyst significantly promotes the performance for deep oxidation of propane.
A catalyst with a W content of 7 wt.% (1 Pt-7 W/BN) has the highest activity (a reaction rate of 367.1 ymol gp, "
s at 220 °C), which is 7-fold as high as that on the 1 Pt/BN (a reaction rate of 52.4 pmol gp{1 s1). The W-
promoted catalysts are stable under dry and wet reaction conditions, showing promising potential in practical
applications. Based on detailed kinetics and in-situ diffuse reflectance infrared spectroscopy results, the Pt-WO3

interfacial sites serve as new active sites which are responsible for the improved activity. The facile reaction
between propane adsorbed on Pt atom and surface hydroxyl groups on adjacent WOy accelerates the cleavage of
the C-H bond, which is the kinetically essential step in this reaction system.

1. Introduction

Light alkanes are one major category of volatile organic compounds
(VOCs) pollutants [1,2], and deep oxidation (catalytic combustion) is a
promising technology for the abatement of light alkanes [3]. However,
the activation of the C-H bond requires a high energy barrier because of
its strong bond strength [4-6]. Therefore, the development of highly
effective catalyst is of great importance. Noble metals such as Pt, Pd and
Ru [7-9] and transitional metal oxides (such as Co, Ni, Fe, Cu and Mn)
[10-13] are commonly employed for deep oxidation of light alkanes.

Deep oxidation of propane over Pt catalysts is usually taken as a
model reaction [14-17]. Various works in literature revealed that the
cleavage of the first C-H bond in the methyl group is the rate-de-
termining step (RDS) over Pt catalysts, and the reaction kinetics are
closely related to the oxygen coverage on the Pt surface [18]. However,
the nature of the active sites is still in debate. It is generally believed
that metallic Pt species are the active sites for the propane combustion
[19,20], but some works argued that oxidized Pt species are responsible
for the activity [21,22]. In fact, considering the reaction mechanism in
typical conditions (high O,/propane ratio), the activation of propane
requires metallic Pt species while the subsequent oxidation requires
oxygen adatoms on Pt (PtOy) [23], therefore, both metallic and oxi-
dized Pt species seem equally crucial for the reaction [24]. It was also
reported that the promotion of transition metal oxides such as WO,,
MoO, and VO, in the Pt catalysts [20,25,26] could significantly
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improve the performance. One role of such promotion is due to the
enhanced catalyst reducibility. For example, the addition of WOy in a
Pt/Al,03 catalyst resulted in an increasing concentration of surface
pedt species, which helps the initial activation of C-H bond [26]. Be-
sides, the acidic nature of transitional metal oxides usually leads to
improved surface acidity, which is also believed to be beneficial for the
adsorption/activation of propane molecules [27,28].

Although considerable progresses have been made on the promotion
of Pt catalysts for deep oxidation of propane, the nature of such pro-
motion needs deep investigation in order to gain a better understanding
of the catalyst system. For example, the generation of Pt-promoter in-
terface may change the electronic properties of both species, which
consequently alter the adsorption behaviors of the reactants. Besides,
such interface may also result in the evolution of new active sites,
which generate new reaction pathways than on the bare Pt catalyst. To
explore these essential aspects, systematic kinetics and spectroscopic
investigations are required. In this work, we prepared a series of Pt-W/
BN catalysts with different W contents and tested them for propane
combustion. The main focus of the work is to investigate the influence
of the Pt-WOy interaction on the properties of both species and conse-
quently the catalytic behaviors, in the absence of the interference of the
support as BN is inert for this reaction. It was found that the addition of
WO, significantly improves the catalytic performance. Detailed char-
acterizations reveal that the Pt-WOy, interaction remarkably changes the
reducibility and surface acidity of the catalyst, as well as the oxidation
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states of the Pt species, which in turn exert great impact on the ob-
served catalytic behaviors. More importantly, kinetic experiments and
in - situ spectroscopic investigations were conducted in order to further
illustrate the roles of WO, species on the reaction mechanism.

2. Experimental
2.1. Catalyst preparation

Several catalysts with fixed Pt nominal contents of 1 wt.% and
different W contents were prepared using a co-impregnation method.
Taking the catalyst with a W content of 7 wt.% as an example, 0.0317
mmol of ammonium tungstate hydrate ((NH4)10W1204; ¢ xH>0) was
dissolved in 5 ml of aqueous solution of Pt(NO3), (2 mg ml™). One gram
of commercial hexagonal BN support (h-BN, Aladdin, 99.9 %) was
impregnated with the mixed solution for 3 h at room temperature. The
water was evaporated at 90 °C under stirring, followed by drying at 100
°C overnight and calcination at 500 °C in static air for 4 h. The obtained
catalyst was denoted as 1 Pt-7 W/BN. Other catalysts were prepared in
a similar manner and were labeled as 1 Pt-xW/BN (x = 0, 1, 3,5, 7 and
10 wt.%), where x was the nominal weight percentage of W in the
catalyst.

2.2. Catalyst characterizations

The specific surface areas of the catalysts were measured by N,
atmosphere at 77 K on a BK200C physical adsorption analyzer. The
catalysts were evacuated at 150 °C for 4 h before the measurements.
The actual contents of Pt and W elements in the catalysts were de-
termined by inductively coupled plasma - atomic emission spectrometry
(ICP-AES, IRIS Intrepid 2). The crystalline structures of the catalysts
were determined by powder X-ray diffraction (XRD) on a Bruker D8
Advance diffractometer using Cu Ka radiation, which was operated at
40 kV and 40 mA. The scanning range of 20 was from 10 to 90 ° with a
step of 0.02 ° s,

The Raman spectra of the catalysts were collected on a Renishaw
Invia confocal microprobe under ambient condition (laser power =3
mW, dwell time = 30 s, number of scans = 100, resolution =1 cm™).
The wavelength of the excitation laser was 785 nm. Before the mea-
surement, the sample was heated under an infrared lamp (80 °C for 15
min) to remove moisture in the sample. Transmission electron micro-
scopy (TEM) images of the catalysts were obtained using a JEOL JEM-
2100 F electron microscope operated at 200 kV. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
was performed on a JEM F200 microscope.

The Pt dispersion in the catalyst was determined by CO chemi-
sorption on a Quantachrome ASIQ Win instrument. 100 mg of the
catalyst was loaded in an U-tube reactor and pre-reduced at 300 °C in
5% H, + 95% N, (30 ml min') for 1 h, and then it was purged with
pure He (30 ml min™) for another 1 h. After the sample was cooled to
40 °C in pure He, high-purity CO pulses were introduced. The Pt dis-
persion was calculated on the basis of equation Pt/CO = 1/1.

The reducibility of the catalysts was determined by hydrogen tem-
perature programmed reduction (H»-TPR), which was performed on a
self-made reaction apparatus equipped with a thermal conductivity
detector (TCD). In a typical run, 40 mg catalyst was placed in a quartz
tubular reactor (i.d. = 6 mm) and was pretreated in a flow of 10% O,
+ 90 % N5 (30 ml min'!) at 300 °C for 1 h and then cooled down to 30
°C. The catalyst was heated from 30 to 850 °C in a flow of 5 % H, + 95
% N, (30 ml min™) at a ramp of 10 °C min™'. The H, consumption was
calibrated by the reduction of CuO powder with a known amount.
Surface acidity of the catalyst was measured by ammonia temperature -
programmed desorption (NH3-TPD). In a typical measurement, 300 mg
of the catalyst was loaded in a home-made reactor and pretreated at
300 °C for 1 h in a flow of 10 vol.% O, + 90 vol.% N, (30 ml min™). It
was then cooled down to 100 °C and exposed in a flow of pure NH3 (30
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ml min?) for 1 h. After the catalyst was purged by pure N, (30 ml min®
1) at 100 °C for 30 min, it was heated to 600 °C at a ramp of 10 °C min".
The signal of desorbed NH3; was recorded by a mass spectroscopy (MS,
Hiden, QIC-20) at m/e = 17.

X-ray photoelectron spectra (XPS) was collected on an ESCALAB
250Xi system with Al Ka source to detect the surface compositions and
oxidation states of the elements. The binding energies (BEs) were ca-
librated by using Bls (290.5 eV) as the reference. Peak deconvolution
was conducted using a XPSPEAK41 software.

In - situ diffuse reflectance infrared spectroscopy (DRIFTS) in-
vestigations were performed on a Thermal - Fischer Nicolet iS50 FTIR
spectrometer equipped with a MCT detector. Certain amount of the
catalyst was loaded in a PIKE DRIFT accessory and was pretreated in
0.2 vol. % C3Hg + 2 vol.% O, + 97.8 vol.% N, (30 ml min™) at 450 °C
for 30 min, followed by N, purge for another 30 min. Then it was
cooled down to 220 °C in a N, flow (30 ml min™"), and background
spectra were recorded. Afterwards, a mixed flow of 0.2 vol.% CsHg +
99.8 vol.% N, (30 ml min™) or 0.2 vol.% C3Hg + 2 vol.% O, + 97.8
vol. % N (30 ml min™) was introduced. For the CO adsorption on spent
catalyst, the catalyst was exposed to 0.2 vol.% C3Hg + 2 vol.% O, +
97.8 vol. % N, (30 ml min™) at 250 °C for 2 h, and was cooled down to
room temperature in N,. Then 5 vol. % CO in N, was introduced for 30
min and purged with N for 30 min.

2.3. Activity test and kinetic investigation

Deep oxidation of propane was performed in a fixed-bed reactor.
Fifty milligrams of the catalyst (60-80 mesh) diluted with 150 mg of
quartz sand with same size was placed in a tubular quartz reactor (i.d.
= 6 mm). The feed reaction gas consisted of 0.2% C3Hg, 2% O, and N,
in balanced with a total flow rate of 67 ml min"* (GHSV =80000 ml
Ceat | h'Y). Before reaction, the catalyst was aged in the reactant mixture
at 480 °C for 30 min and cooled down to 450 °C. The reaction was then
conducted from 450 to 180 °C. The concentrations of the outlets gas and
products were analyzed online by a gas chromatography (Shimadzu GC-
2014) equipped with a flame ionization detector (FID) and a capillary
column (DB-WAX, 30 m X 0.25 mm X 0.25 um). The C3Hg conversion
(Xc3ug) was calculated by the following equation:

where [C3Hgli, and [C3Hgloy: are the C3Hg concentrations in the
inlet and outlet gas, respectively. No organic by-products were de-
tected. The catalysts were also tested under moisture-containing reac-
tion conditions, where 2.5 vol.% of water vapor was introduced in the
feed gas stream by passing the reactant through a bubbler kept at 0 °C.

The reaction kinetics over some representative catalysts were per-
formed at differential reaction mode (with propane conversion below
15%). The catalyst was diluted with quartz sand (with same size) to 100
mg, and it was aged under the same condition as in catalytic test. Both
the absence of internal and external diffusion was verified, which in-
cludes Weisz-Prater criterion (Cywp) for internal diffusion, Mears’ cri-
terion (Cy) for external diffusion and Mears’ criterion (Cy) for heat
transfer (see Supporting Information for detailed calculation). The re-
action orders of propane and oxygen were measured at high O5/C3Hg
ratios, as the propane partial pressures were controlled at 0.202-0.808
kPa and those of the oxygen were controlled at 1.515-9.09 kPa.

3. Results and discussion
3.1. General characterizations

The prepared catalysts have similar surface areas (19 - 24 m? g,
Table 1). The actual Pt and W contents in the catalysts are close to the
nominal values. The XRD patterns (Fig. 1a) show that all the catalysts
give typical diffraction peaks at 26 of 26.8, 41.6, 43.9, 50.1 and 55.1°,
assigning to hexagonal BN (JCPDS No. 34-0421). No diffractions cor-
responding to Pt or PtOy are detected, indicating the Pt species (Pt or
PtO,) are highly dispersed on the surface of support. The addition of W
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Table 1
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Physical properties and kinetic-controlled activities of various 1 Pt-xW/BN catalysts.

Catalyst SpeT Content / wt.% Ptsize® /nm  CO uptake / umol gea? Dpc°/ % CgHg Conv.“/ %  Reaction rate ¢/ ymol gp;* s?  TOF ¢ /x10% s
/m?g?
Pt W

1 Pt/BN 19 0.96 - 2.0+ 0.5 23.4 47.9 10.1@ 20 mg 52.4 + 3.7 21.4+1.5

1 Pt-1W/BN 20 0.93 0.97 n.d. 5.7 12.0 13.3@ 15 mg 95.1 £ 6.7 154.4 = 10.8

1 Pt-3W/BN 22 1.04 2.70 n.d. 5.2 9.8 9.7@ 10 mg 94.3 + 6.6 187.7 £ 13.1

1 Pt-5W/BN 24 1.10 5.21 n.d. 4.8 8.5 7.7@ 5 mg 141.2 £ 99 323.9 £ 22.7

1 Pt-7 W/BN 23 0.99 6.68 3.0 0.5 3.9 7.8 14.6@ 4 mg 367.1 £ 25.7 917.7 + 64.2

1 Pt-10W/BN 20 0.94 9.82 n.d. 3.7 7.9 12.9@ 5 mg 277.1 £19.4 684.0 = 47.8

& Determined by TEM.
b Dispersion of Pt was determined by CO chemisorption.

¢ Data were taken after 3 h at reaction temperature of 220 °C and the errors are about 7 %.

in the catalyst results in distinct diffractions of monoclinic WO3 at 26 of
23.1, 23.6 and 34.2 ° (JCPDS No. 43-1035). Meanwhile, weak diffrac-
tion at 20 of 39.8° emerges, which could be assigned to metallic Pt
(JCPDS No. 04-0802). The Raman spectra of the catalysts (Fig. 1b) give
bands at 708 and 805 cm™ with the addition of W, assigning to
asymmetric and symmetric stretching vibration of W-O-W bonds in
monoclinic WO3 [29,30]. The spent 1 Pt-7 W/BN catalyst gives almost
identical bands as the fresh one, suggesting the structure of the WO
species remains stable during the reaction.

Fig. 2 displays the representative HRTEM images of the 1Pt/BN and
1Pt-7W/BN catalysts (Fig. 2a—d). The 1Pt/BN catalyst shows uniform Pt
particles with sizes of 2.0 = 0.5 nm dominantly located on the grain
boundary of h-BN support (Fig. 2a, Table 1). The 1Pt-7W/BN catalyst
also shows similar location of the Pt particles, with particle sizes of
3.0 = 0.5 nm (Fig. 2b). The selective deposition of the metal species on
the BN boundary has been also observed in Pt/BN and Au/BN catalysts
[31,32], because the negatively charged N-rich boundaries could sta-
bilize the Pt>* and W®* cations in the precursors [31,33,34]. Detailed
analyses of the morphologies (Fig. 2¢ and d) reveal the presence of both
metallic and oxidized Pt species, as well as the WOs3 species, which is
evidenced by the d-space fringe measurements (Pt(200) = 0.198 nm,
PtO5(120) = 0.207 nm, WO3(-301) = 0.233 nm). Contacting Pt and
WOs; species are also observed (Fig. 2c¢). Such interaction is further
confirmed by the HAADF-STEM-EDS mapping analyses of the 1 Pt-7 W/

Reaction rates and TOF values were calculated under kinetic region with propane conversion level less than 15% and Pt dispersion.

BN catalyst (Fig. 2e-h). The relatively homogeneous distribution of the
Pt and the WO, species is likely due to the aqueous impregnation used
and the hydrophobic nature of the BN support. But some rather large
WO, particles (up to about 50 nm) are observed due to its high content.
In addition, overlapped Pt and W entities are observed. The interaction
of the Pt and W species are further confirmed by the CO chemisorption
results (Table 1), the CO uptakes drastically decline with the addition of
W, therefore the Pt dispersion based on CO chemisorption is much
lower than that determined by TEM. For example, the Pt dispersion of
the 1 Pt-7 W/BN by CO chemisorption is 7.7 % (corresponding to an
average Pt size of 14.8 nm), which is much larger than that by TEM (3.0
nm). This large difference reflects the coverage of surface Pt atoms by
WO, species, which is well consistent with HAADF-STEM results
(Fig. 2e-h).

The H,-TPR profiles of the catalysts are shown in Fig. 3a. The 1 Pt/
BN catalyst only shows a reduction peak centered at around 90 °C at-
tributed to the reduction of PtO, to Pt [31,34] with a H, consumption of
21 pmol g, which corresponds to an average Pt valence of + 0.8.
However, this value is likely underestimated because some oxidized Pt
species could be readily reduced upon the exposure to H, at ambient
temperature and thus the signal was not recorded. The 1 Pt-1W/BN
catalyst gives two reduction peaks at 100 and 350 °C, which are as-
cribed to the reduction of PtO, to metallic Pt and the reduction of WO3
to WO, [35], respectively. The high temperature reduction peak

a) O BN JCPDS No. 34-0421 W b)
A WO, JCPDS No. 43-1035 708 W-O-W
O ¥ PtJCPDS No. 04-0802 805
=) ” e ; : spent 1Pt-7W/BN
Sl AR 09 | S L
[72] (2] ' |
5 PL7WBN| & - 1PL-7TW/BN
El Ak L R A
1Pt-5W/BN MW
1Pt-3W/BN : : 1Pt-3W/BN
A W
- 1PYBN
20 30 40 50 60 70 600 800 1000 1200
2 theta /° Raman shift / cm™

Fig. 1. a) XRD patterns and b) Raman spectra of various 1 Pt-xW/BN catalysts.
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Fig. 2. a)-d) TEM images of 1 Pt/BN and 1 Pt-7 W/BN catalysts; e)-h) HAADF-STEM-EDS mapping analyses of 1 Pt-7 W/BN catalyst.

(> 550 °C) is attributed to the sequential reduction of WO, g to WO,
(550 - 700 °C) and WO, to W (750 - 850 °C) [36]. The H, consumption
either in low temperature (LT) or high temperature (HT) region in-
creases with W content in the catalyst, ranging from 24 to 69 ymol g
and 173 to 926 umol g™, respectively. Note that the LT H, consumption
is not proportional to the W content in the catalyst, which reflects
different Pt-WO, interactions or WO, dispersions in these catalysts.
Fig. 3b shows the NH3-TPD profiles of the catalysts. The 1 Pt/BN cat-
alyst shows negligible acidity. The addition of W in the 1 Pt/BN catalyst
results in desorption peaks in range of 200 - 480 °C, indicating the
presence of medium and strong acid sites on these catalysts. The re-
lative surface acidity of the catalysts reaches the maximum at W con-
tent of 7 wt.% (5.60). According to literature [37,38], the acid sites
could be improved with increasing WOy loading and reached the
maximum at the monolayer coverage (dispersion threshold). The sur-
face monotungstate species at low WO, content showed low acidity
while the polytungstate became dominant at the monolayer WOy cov-
erage and possessed strong acid sites due to the generation of

interconnected WO, species. But further increase in WO, loading led to
the formation of crystalline m-WOj3 phase, which makes no contribution
to the total acidity.

Fig. 4 shows the Pt 4f XPS spectra of the fresh and spent catalysts.
Since Pt 4f signal overlaps with W 5 s signal, the latter was subtracted
when fitting the Pt 4f spectra. For the fresh catalysts (Fig. 4a), the Pt
4f;,» spectrum of the fresh 1 Pt/BN catalyst contains two components at
BEs of 72.5 and 74.7 eV, assigning to Pt>* and Pt** species, respec-
tively [39,40]. No obvious peaks of metallic Pt° are observed. The result
suggests that the Pt species exist dominantly in oxidized forms in the
calcined catalysts. The addition of W in the catalyst results in a new
component at BE of 71.5 eV assigning to metallic Pt* [41,42]. It also
should be noted that the intensities of the Pt 4f spectra gradually de-
cline with increasing W content, which may be attributed to the fact
that Pt particles are covered by WOs, as evidenced by the HAADF-
STEM-EDS mapping analyses results (Fig. 2e—f). The analyses of surface
Pt/W molar ratio (Table S1) further confirm this proposition, as the Pt/
W generally decreases with increasing W content in the catalyst. For the

HT H, consumption / umol 9;1

|
il
LT H, consumption / umol 9013| ) \
|
|
I

3 x5 69:
c [1Pt-10W/BN
& [1Pt-7WiBN & 58
o |
2 [1PtsWIBN & 2N
o }
-~ [TPE3WBN o 24
TPt-1WI/BN :
x5 21

W ]

100 200 300 400 500 600 700 800

Temperature / °C

a) Relative surfacl:e acidity b)
4.42
926 m
3 1PLTOWB
8 5.6
gos| = :
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6os| 5 377 1Pt-7WIB
(7]
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Fig. 3. a) H,-TPR profiles and b) NH3-TPD pro files of various 1 Pt-xW/BN catalysts.
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Fig. 4. XPS spectra of Pt 4f of various 1 Pt-xW/BN catalysts.

spent catalysts (Fig. 4b), one distinct difference compared to the cor-
responding fresh one is that the surface concentration of metallic Pt
species is remarkably higher. This is due to the reduction of Pt oxide by
propane under the reaction conditions, as reported in our previous
work on Pt/BN catalysts with different Pt loadings [19]. Suggesting the
partial reduction of Pt oxide during the reaction. However, with the
increase of WO3 content, the concentrations of metallic Pt species in the
fresh and spent catalysts become close, as summarized in Table S1.
These findings suggest that the presence of WOy in the catalyst could
stabilize the Pt oxides via Pt-W interaction, which is ascribed to elec-
tron transfer from W to Pt species leads to a higher electron density
around Pt [43]. Also, the surface Pt/W molar ratio in the spent catalysts
(Table S1) are similar to those in the fresh ones, suggesting that the
catalyst surface remains stable during the reaction process.

The electronic properties of the Pt species in the spent catalysts were
further investigated by CO-DRIFTS, as shown in Fig. S1. All the catalysts
show a broad band in range of 1800 — 2200 cm™, which consists of
three components at 2042, 2071 and 2091 cm™, assigning to CO ad-
sorbed on terrace Pt° site, on step Pt° site and on oxidized Pt species,
respectively [26]. The band intensities of the W-containing catalysts are
much lower than that of the 1Pt/BN, suggesting less exposed surface Pt
atoms in these catalysts due to the coverage of Pt surface by WOy
species.

3.2. Catalytic behaviors of the catalysts

Fig. 5a shows the performance of the catalysts for deep oxidation of
propane. The 7 W/BN is inactive in low temperature region, indicating
very limited contribution of the WO, species and homogeneous gas
phase oxidation of propane. The 1Pt/BN shows considerable activity.
The addition of WOy in the catalyst significantly improves the activity
and the propane conversion increases with increasing W content up to 7
wt.%, but declines with higher W content (i.e. 10 wt.%). The activities
of the catalyst drastically increase when the reaction temperature is
higher than 250 °C, however, the catalysts also show considerable re-
activity at low temperature region. For example, the 1 Pt-7 W/BN
catalyst gives a propane conversion of 14.8 % at 180 °C. To compare the
activities with those reported in literature, the mass specific reaction
rates are calculated based on the Pt content in the catalyst (umol gp,* s”
1), and summarized in Table 1. The highest reaction rate at 220 °C is

obtained on the 1 Pt-7 W/BN (367.1 umol gp* s'). These values are
much higher than most of the Pt catalysts reported in literature (Table
S1). For example, at reaction temperature of 220 °C, the 15.2 Pt/SrTiO;
gave a rate of 5.46 pmol gpt_l s 1 [44], the 1 Pt/Ceg 33210 6,0, catalyst
gave a rate of 2.98 umol gp, "' 7! [45], the 1 Pt/1.43Fe/Al,O5 gave a
rate of 5.20 pmol gp, "' s7! [6], the 1 Pt/USY catalyst gave a rate of
96.4 umol gpt_l s~![22], and the 1 Pt/WO,/Al,O5 catalyst gave a rate
of 80.3 pmol gpfl s~ ! [26]. Moreover, kinetic-controlled turnover
frequencies (TOFs) at 220 °C were calculated based on Pt dispersions
(Table 1). The TOF on the 1 Pt-7 W/BN (0.917 s™) is 45 times higher
than that on the 1 Pt/BN (0.0214 s™), reflecting the crucial promoting
role of WO,. The representative 1 Pt-7 W/BN catalyst was selected for
stability testing. As shown in Fig. 5b, the catalyst is stable during 60 h
reaction at 250 °C (with a propane conversion of about 95.6 %).
Moreover, the stability could be sustained under the moisture-con-
taining conditions. The introduction of 2.5 % of water vapor in the feed
stream hardly affects the activity and the catalyst remains stable, which
makes it potential in practical application. At reaction temperature of
200 °C, the 1 Pt-7 W/BN catalyst remains its stability under dry and wet
conditions, however, the presence of moisture somehow leads to a drop
of propane conversion of about 6 - 7 % compared to that in the dry
condition, probably due to the competitive adsorption of H,O and CO,
on the Pt surface particularly at low temperature [46].

For propane combustion over Pt catalysts, the catalytic performance
is influenced by multiple factors. It was reported that larger Pt particles
are generally more active than the smaller ones in alkane combustion
[47] due to the decreased Pt-O bond strength with increasing Pt par-
ticle, which leads to more reactive adsorbed oxygen species on Pt sites.
It was also reported that the oxidation states (chemical valence) of the
Pt species are essential. Many works suggest that metallic Pt species are
more active than oxidized Pt species [20,21,24,48]. However, some
works drew opposite conclusions that Pt oxides are more active than the
metallic Pt. Wu et al. [26] found that the Pt/WO,/Al,O; was more
active than the Pt/Al,O5 because it contained more Pt®* species via Pt-
WO, interaction. Such contradiction reflects complicated factors in
determination of the catalytic behaviors, which may also involve dif-
ferent reaction mechanisms related to the nature of the Pt species. With
the addition of transition metal oxides in the Pt catalysts as the pro-
moter, the scenario becomes even more tangled because the addition of
promoter not only changes the properties of Pt species (i.e. particle size
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Fig. 5. a) Propane conversions on various catalysts at elevated temperatures, b) Catalyst stability of 1 Pt-7 W/BN catalyst under dry and wet reaction conditions.

and oxidation states) via Pt-promoter interaction but also changes the
surface properties (i.e. reducibility and surface acidity) of the catalyst.
The importance of reducibility has been well recognized in oxidation
reaction as it is related to the activation of the oxygen species; while the
surface acid sites provide centers for propane adsorption [22] and/or
activation [26].

In the current case, the TEM results (Fig. 2 and Table 1) suggest
similar Pt particle distributions in the 1 Pt/BN and 1 Pt-7 W/BN cata-
lysts, which implies that the Pt particle size may not be the main factor
in determining the observed catalytic behaviors. Regarding the roles of
oxidation states of the Pt species, the XPS results (Fig. 4 and Table S1)
reveal that the spent 1 Pt/BN catalyst has the highest surface con-
centration of metallic Pt (67.4 %, Table S1), yet it gives the lowest
activity (Table 1). Thus, it could be safely concluded that the metallic Pt
species may not be the main active sites in the current system. Besides,
it seems that the behaviors of the catalysts are closely related to their
reducibility and surface acidity. The H,-TPR (Fig. 3a) and NH3-TPD
(Fig. 3b) results show that the H, consumption and surface acidity in-
crease with the W content up to 7 wt.%, which coincides with the trend
of observed activity, and thus provide strong implication that the roles
of WO3 promotion might be due to the enhanced reducibility and sur-
face acidity of the catalyst.

However, it should be noted that the structure — performance cor-
relation established on these catalysts is not sufficient enough to obtain
a thorough understanding the roles of WO3; promotion. Therefore, ki-
netic investigation was conducted in order to gain some deep insights
on the different behaviors of the catalysts.

3.3. Kinetic investigation

The kinetic experiments were conducted on two representative
catalysts, 1 Pt/BN and 1 Pt-7 W/BN. The C3Hg/O, ratios were con-
trolled in range of 1/7.5 - 1/45, in which oxygen are excessive (detailed
results are summarized in Table S3 and S4). Fig. 6a shows that the
reaction rates increase with increasing partial pressure of propane.
However, the reaction rate decreases with increasing partial pressure of
oxygen, as shown in Fig. 6b. The derived power law rate expressions are
r = 6.68 X 10°° [C3Hg]*°[0,]1% for the 1 Pt/BN, and r = 27.32 X
10 [C3Hg]*?°[0,17%38 for the 1 Pt-7 W/BN, and the parameters are
summarized in Table 2. A brief discussion of these parameters is

necessary. First, the much higher apparent rate constant k on the 1 Pt-7
W/BN catalyst suggests its higher intrinsic activity than the 1 Pt/BN
catalyst, which is in agreement with the observed overall performance
(Table 1 and Fig. 5). Second, the reaction orders of propane on both
catalysts are about 1. These values are similar to those obtained on
other Pt catalysts. Avila et al. [49] conducted kinetic of propane com-
bustion over various Pt catalysts (Pt/TiO,, Pt/CeO, and Pt/Al,03) and
found that the reaction orders of propane on these catalysts were 0.8 -
1.5. The high reaction order of propane is probably related to the weak
adsorption of propane because of its stable structure, and to its com-
petitive adsorption with O, on Pt surface [49]. Third, the negative re-
action orders of oxygen on both catalysts suggest the inhibiting role of
oxygen species. However, such inhibiting role is less intense on the 1 Pt-
7 W/BN catalyst than that on the 1 Pt/BN, as the former catalyst gives a
higher reaction order of oxygen (-0.38) compared to the latter one
(-0.67). It has been well recognized that in light alkane combustion, the
reaction order of O, is strongly dependent on the reaction conditions
particularly the O,/C3Hg ratio in the feed stream, as it changes the
oxygen coverage on the Pt surface atoms [49,50]. For example, detailed
kinetics on combustion of methane, ethane and propane over Pt/Al,O3
catalysts [18,23] revealed three distinct kinetic regions. The reaction
order of O, is positive when O,/C3Hg ratio is low (i.e. 1 - 5) because the
rate-determining step (RDS) is the activation of oxygen on the metallic
Pt surface atoms; The reaction order of O, is negative when O,/C3Hg
ratio is medium (i.e. 5- 20) because the RDS is the activation of propane
on partially oxygen covered Pt surface (*-*O); The reaction order of O,
is zero when O,/C3Hg ratio is high (i.e. > 20) because the RDS is the
activation of propane on fully oxygen covered Pt surface (O *-*0O). In
the current case, the negative reaction orders of oxygen on both cata-
lysts are obtained in O,/CsHg ratios of 10 - 40 (Tables S3 and S4), and
under such condition the Pt surface is partially covered by oxygen as
the XPS results (Table S1 and Fig. 4) reveal the presence of metallic and
oxidized Pt species in the spent catalysts. Fourth, the apparent activa-
tion energies (Eas) of the catalysts (Table 2) are much higher than those
on other supported Pt catalysts (i.e. 37-84 kJ mol? for Pt/TiO,, Pt/
CeO, and Pt/Al,03) [49], probably due to different natures of the
supports and reaction conditions. Nevertheless, the Ea of the 1 Pt-7 W/
BN (96.1 = 14.3 kJ mol™, Fig. 6¢, derived on the basis of the data in
Table S5) is significantly lower than that of the 1 Pt/BN (149.0 + 24.6
kJ mol™), which suggests that the reaction may follow different
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Fig. 6. Dependence of reaction rate on partial pressure of a) propane and b) oxygen and c) Arrhenius plots of 1 Pt/BN and 1 Pt-7 W/BN catalysts.

Table 2
Kinetic results of 1 Pt/BN and 1 Pt-7 W/BN catalysts.

r = Kapp [CsHg]® [02]"

Catalyst Kapp , X 10 a b Ea / kJ mol™
1 Pt/BN 6.68 1.30 £ 0.11 —0.67 = 0.11 149.0 = 24.6
1 Pt-7 W/BN 27.32 1.29 £ 0.18 —0.38 = 0.07 96.1 = 14.3
r = kKcangPcsns/(1+ Ko2Poz + KeansPeans)

k/x10°mol g's?! Kcsns / kPa™ Koz / kPa
1 Pt/BN 3.0 0.11 2.01
1 Pt-7 W/BN 16.7 0.12 0.20

pathways on these two catalysts and new active sites may exist on the 1
Pt-7 W/BN catalyst. Finally, the parity plot and residual analyses of the
data (Fig. S2) vindicate the validity of the kinetic results.

The kinetics on the 1 Pt/BN catalyst are similar to those on Pt/Al,03
catalysts for total oxidation of light alkanes (methane and ethane) [23].
Particularly, the negative reaction order of oxygen is a strong im-
plication that the RDS is the activation of propane on partially oxygen
covered Pt surface (*-*O) [18], which has also been well recognized in
catalytic combustion of light alkanes over Pt catalysts [23,51,52].
Therefore, elementary steps on the 1 Pt/BN catalyst could be proposed,
which are similar to those proposed by Garcia-Diéguez et al. for me-
thane and ethane oxidation over Pt/Al,03 catalysts [23]. As shown in
Table 3, the catalytic cycle mainly includes: 1, Dissociative adsorption
of oxygen on Pt surface atom (egs. 1 and 2); Adsorption of propane on
Pt surface atom (eq. 3); 3, Reaction between adjacent adsorbed oxygen
and propane to break the first C-H bond in propane (eq. 4), which is the
RDS step [18]. The sequential oxidation of the intermediate requires
nine oxygen atoms to form the final products (CO, and H,0), which is
very fast [53]; Desorption of CO, and H,O from Pt surface atoms (egs. 5
and 6).

Table 3
Proposed elementary steps on 1 Pt/BN and 1 Pt-7 W/BN catalysts.
K
0, +* <9>202* (eq. 1)
O, *+*—>20* (eq. 2)
K
C3Hg + * By Hg (eq-3)
k 90*
C3Hy *+0*5CyHy *—OH*(RDS) T2 CO»*+H,0* (eq- 4
k1 +90* (eq, 4%)
C3Hg *+ W03 — C3H; *~WO; — OH(RDS) — COy*+H,0*
COy*—COy + * (eq. 5)
H,O*=H,0 + * (eq. 6)

C3Hg + 50, — 3CO; + 4H,0 Overall reaction

*Refers to vacant Pt surface sites.

Thus, the rate expression could be derived as follows, assuming the
adsorbed oxygen species are the most abundant surface intermediate
(MASID)

r = kKcsusPesus/(1 + KcesnsFesns + Ko2Foz)

This rate expression implies that the inhibiting role of oxygen in the
reaction is due to its competitive adsorption with propane on the sur-
face Pt atoms. According to the high reaction order of propane (very
low adsorption equilibrium of propane, Kcspg), this rate expression
could be simplified to r = kKc3ygPosns/(1 + KopPoz), which gives a
unity reaction order of propane and a negative reaction order of
oxygen.

For the 1 Pt-7 W/BN catalyst, although the kinetics are similar to
those on the 1 Pt/BN, the much lower Ea (96.1 + 14.3 kJ mol™l)
compared to that on the 1 Pt/BN (149.0 = 24.6 kJ mol) strongly
implies the presence of different active sites in the W-containing cata-
lyst, which possess higher activity than the Pt sites. Similar additional
active sites were also proposed on Pt/CeO, catalyst for propane com-
bustion. Avila et al. [49] found that the Ea on the Pt/CeO, catalyst (37
kJ mol!) was much lower than that on the Pt/Al,05 (60 kJ mol ™) and
they proposed Pt°-Ce®* interfacial sites in the former catalyst in addi-
tion to Pt°-Pt™* sites. In the current case, the 7 W/BN is inactive and the
1 Pt/BN is much less active at 220 °C, the new active sites are most
likely located at Pt-WO, interface. On such Pt-WOj, interfacial sites, the
propane adsorbed on metallic Pt surface atoms could facilely react with
the active oxygen species on WOy (either adsorbed oxygen or lattice
oxygen in WO;3 or surface hydroxyl groups) to break the C-H bond
(RDS), which could be further oxidized to CO5 and H-0, as shown in eq.
4’. Indeed, such Pt-WO, interfacial sites were also proposed by Wu et al.
[26], as the authors attributed the enhanced activity of propane com-
bustion over the WO3-promoted Pt/WO,/Al,03 than than over the Pt/
Al,O3 to the generation of Pt-WOx interface.

The derived rate expression according to eq. 4’ is similar to that on
the 1 Pt/BN, which is

r = ki KcspsPeans/(1 + KesusPesus + Koz Foz)

Therefore, the reaction on the 1 Pt-7 W/BN catalysts follow two
different pathways, which take place on Pt>-Pt"* pairs and Pt>-WO,
interfacial sites. The combination of the rate expressions on the two
sites lead to

r = k'KesusPesns/(1 + KeapsPesns + Koo Poz), where K = k + k.

Unfortunately, the proportions of the Pt"-Pt"* pairs and Pt’-WO,
interfacial sites in the 1P-7W/BN catalyst could not be successfully
quantified. Nevertheless, the kinetic parameters (rate constant of the
RDS, k; adsorption equilibrium constants of propane (Kcsps) and
oxygen (Ko2) could be derived by nonlinear data regression. As shown
in Table 2, the 1Pt/BN gives a much lower rate constant k (3.0 X 10°
mol g' s) than the 1Pt-7W/BN (16.7 x 10° mol g s?), which
highlights the significant contribution of the Pt-WOy, interfacial sites in
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the reaction. The adsorption equilibrium constants of propane on both
catalysts are low (0.11-0.12 kPa), indicating weak adsorption of
propane on the catalysts. It was reported that the surface acid sites are
beneficial to the adsorption of propane [22,47,54]. However, the low
and similar adsorption equilibria of propane on both 1Pt/BN and 1Pt-7
W/BN (0.11 - 0.12 kPa™!) suggest that the surface acidity does not play
significantly role in the reaction (at least in the current work) although
the latter has higher surface acidity than the former. Considering the
adsorption equilibrium of oxygen, it is found that the 1Pt/BN gives a
much higher value (2.01 kPa') than the 1Pt-7W/BN (0.20 kPa™),
suggesting the higher oxygen coverage on the former catalyst. This is
because the 1Pt/BN contain higher concentration of surface metallic Pt
species (60.6 %, Table S1) than the 1Pt-7W/BN (37.8 %), on which
oxygen could be easily adsorbed.

3.4. In-situ DRIFTS investigation

Although the kinetics on the 1Pt/BN and 1Pt-7W/BN catalysts dif-
ferentiate reaction behaviors of the catalysts, some essential questions
still need answers. For example, the nature of the active oxygen species
on the 1Pt-7W/BN catalyst is unclear. Therefore, in-situ spectroscopic
investigations were conducted in order to further clarify the behaviors
of the catalysts and the mechanistic role of WO3; promotion.

Considering the possibility that the adsorbed propane on the me-
tallic Pt species could react with oxygen on either PtO, or WO, species,
we conducted propane oxidation over 1 t/BN and 1Pt-7W/BN catalysts
in the absence of oxygen in the feed. As shown in Fig. 7a, the in-
troduction of propane to the 1Pt/BN for 3 min results in the formation
of a band at 2069 cm™ assigning to linearly adsorbed CO on metallic Pt
[26] and weak band at 2326 and 2378 cm™ assigning to gaseous COs.
With the extended exposure, bands in 2800 — 3000 cm™ assigning to 8¢.
u in the gaseous C3Hg emerge. some changes of the spectra with reac-
tion time could be clearly observed. The band intensity of adsorbed CO
gradually declines while those of 8¢y in propane continuously increase,
indicating that the propane molecules could be rapidly decomposed to
CO. Meanwhile, the intensities of CO, reach the maximum at 7 min
then decline up to 15 min. Such findings imply that CO might be in-
termediates in propane oxidation over the catalyst, which could be
further oxidized to CO,. However, when the oxygen species in the
catalysts are consumed, the formation of CO, ceases. Moreover, the CO
band gradually shifts to lower wavenumber upon the exposure, prob-
ably due to combined effects of reduction of Pt oxides by propane and
less CO coverage on the Pt surface, which could both cause red-shift of
the band. Our DRIFTS results are in agreement with those in literature.
For example, Wu et al. [17] conducted propane adsorption on the Pt/
TiO, catalyst, and the authors found adsorbed CO on the catalyst (al-
though they attributed CO as the final product). The authors also re-
vealed various surface species such as propylene, actone and formate.
However, in the current case, the bands in 1200 - 1800 c¢m region are
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rather weak and overlapped, which makes it very difficult to un-
ambiguously assign these bands. Nevertheless, the possible presence of
such surface intermediates and various carbonates could not be ruled
out. In the case of 1Pt-7W/BN (Fig. 7b), the introduction of propane to
the catalyst for 5 min results in very different spectroscopic features.
Negative bands at 3688, 3420 and 3392 cm™ emerge. The assignment
of these bands is confirmed by the comparison of the IR spectra of the
BN, 7W/BN and 1Pt-7W/BN catalysts (Fig. S3a). It is clear that the
bands at 3420 and 3392 cm™ are due to the surface hydroxyl groups on
the BN support, while the band at 3688 cm™ is due to the surface hy-
droxyl groups on WO3. The continuous consumption of the surface
hydroxyl groups in the initial stage (up to 20 min) suggests such groups
may participate in the reaction, which is evidenced by the increasing
intensities of the bands of CO in 2300 — 2400 cm™ (Fig. 7b). However,
the band intensities remain constant after 20 min, implying the quantity
of the hydroxyl groups are limited. Moreover, although the hydroxyl
groups on BN support (bands at 3420 and 3392 cm™) are also consumed
during the reaction, its role might be quite limited compared to those
on the WO3 because such groups also exist in the 1Pt/BN but with much
lower catalytic activity. The consumption of surface hydroxyl groups on
the 1Pt-7W/BN are also confirmed by the DRIFT spectra with the en-
vironment being taken as the background (Fig. S3b), as the bands at
3688, 3420 and 3392 cm™ continuously decline in intensities upon the
exposure in propane. Another feature of these spectra is that the shapes
are very different from those on the 1Pt/BN, probably due to the
structural changes of the 1Pt-7W/BN catalyst by the interaction with
propane. When propane was stopped and the sample was purged by N,
the spectra remain unchanged. However, purge with O for 1 min im-
mediately recovers the spectrum to its initial state (a flat baseline,
Fig. 7b), suggesting the introduction of O, to the system can easily
restore the structure of the catalyst. Wu et al. [17] also conducted
propane adsorption on the WO3-promoted Pt/TiO, catalyst, and they
concluded that the higher intensity of the CO band on the catalyst
compared to that on the Pt/TiO, is a reflection of its higher activity. In
the current work, obvious differences are found on the two catalysts. On
the one hand, the CO band on the 1Pt/BN catalyst is absent on the 1Pt-
7W/BN, probably due to its fast oxidation to CO5 on the 1Pt-7W/BN.
Indeed, the intensities of CO, band on this catalyst is significantly
higher than those on the 1Pt/BN, implying its higher activity. On the
other hand, the consumption of surface oxygen species on the 1Pt-7W/
BN lasts much longer than that on the 1Pt/BN (40 min versus 15 min),
due to the presence of WOx species in the catalyst.

Fig. 8 illustrates the reaction behaviors of the catalyst in the pre-
sence of both propane and oxygen. For the 1Pt/BN catalyst (Fig. 8a),
compared to the spectra in the absence of oxygen, the presence of both
propane and oxygen leads to the disappearance of the adsorbed CO,
suggesting the reaction between CO and O species is rather fast, which
again confirms that CO could be the reaction intermediates. Also, the
intensities of the gaseous CO, bands remain unchanged after 10 min,
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because of the constant partial pressure of oxygen in the feed stock. In
the case of 1Pt-7W/BN (Fig. 8b), it gives similar spectra as the 1Pt/BN
except the band intensities for gaseous CO, are higher, implying its
higher activity than the 1Pt/BN. Also, the structural changes of the 1Pt-
7W/BN catalyst could not be observed because of the presence of
oxygen in the feed, which results in fast and reversible restore of the
structure, as shown in Fig. 7b. Wu et al. [26] conducted propane oxi-
dation over Pt/Al,O3 and WOj3-promoted Pt/Al,O3 catalysts and the
spectra on the two catalysts are quite similar, which leads to a con-
clusion that the addition of WO3 does not change the reaction routes of
propane oxidation. The authors therefore proposed that the addition of
WO3 may accelerate some RDS of the reaction (the cleavage of the C-H
bond at Pt-WO; interface) [26].

The similar spectra obtained on the 1Pt/BN and 1Pt-7W/BN cata-
lysts under the reaction conditions (propane and oxygen, Fig. 8) may
not differentiate the behaviors of the catalysts, however, the behaviors
of the catalysts in the absence of oxygen (Fig. 7) do provide some es-
sential information on the reaction mechanisms. On the one hand, CO
could be an intermediate during the reaction. On the other hand, the
promoting effect of WOy in the 1Pt/BN catalyst is due to facile reaction
between the hydroxyl group on WO, species and the C-H bond in the
propane molecule, which is a kinetically essential step in deep oxida-
tion of propane.

4. Conclusions

This work demonstrates that the addition of WO5 in the 1Pt/BN
catalyst could remarkably improve the low- temperature activity for the
total oxidation of propane, which makes these catalysts quite potential
in practical application. The enhanced activity could be attributed to
the generation of Pt-WOy interfacial sites for the reaction, which are
more active than the Pt°-Pt"™* sites (with TOF values enhanced by up to
45- fold). The kinetic results propose that the possible RDS on the W-
containing catalyst might be the reaction between the propane ad-
sorbed on metallic Pt and oxygen species on WO,. Furthermore, the in-
situ DRIFTS results illustrate that the facile reaction between the hy-
droxyl group on WO; and the C-H bond in the propane (adsorbed on
metallic Pt) accounts for the enhanced activity.
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