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Abstract Mesoporous silica KIT-6 with different pore

sizes was controllably synthesized by hydrothermal meth-

ods. The same contents of Pt were loaded on KIT-6 sup-

ports to apply for propane total oxidation. Low-angle X-ray

diffraction (XRD), nitrogen adsorption–desorption, CO

chemisorption and transmission electron microscopy

(TEM) were carried out to investigate the physicochemical

properties of the catalysts. The results reveal that different

pore sizes of KIT-6 supports could affect the Pt particle

sizes on KIT-6. The mesopores on KIT-6-80 and KIT-6-

130 effectively confine the size of the inside Pt nanopar-

ticles during calcining. Pt/KIT-6-80 with the appropriate

pore size as well as the Pt particle size exhibits the best

catalytic performance with T50 (the temperature at which

hydrocarbon (HC) conversion reaches 50%) of only

237 �C. However, Pt particles prefer dispersing on the

external surface of KIT-6-40 due to those too small pores.

Keywords Mesoporous silica; KIT-6; Pore size; Propane

total oxidation

1 Introduction

The trend in modern vehicular diesel engines has been

towards the lower compression ratios to improve power

density and reduce emissions [1]. Cold-start technology

becomes a mainstream technology in diesel engines devel-

opment. Owing to slow warm-up rates on cold-start diesel

engines, significant time is required for the exhaust to reach

200 �C [2]. Exhaust gases therefore contain large amounts of

unburned hydrocarbons during the cold starting period. To

reduce these cold-start hydrocarbon (HC) emissions, diesel

oxidation catalysts (DOCs) with both high activities and low

operating temperatures would be desirable. In spite of their

expensive costs, Pt supported on high-surface-area supports

is the most widely used in current commercial DOCs because

of their high specific activity, resistance to deactivation and

ability to be regenerated [3–5].

Pt/Al2O3 is one of the typical DOCs applied in current

commercial oxidation catalysts installed in diesel-driven

vehicles [6]. However, the efficient oxidation of saturated

hydrocarbons on Pt/Al2O3 catalyst generally requires rel-

ative high temperatures. T50 (the temperature at which HC

conversion reaches 50%) of the light-off curves over Pt/

Al2O3 was generally as high as 350 �C [7–9]. Supports and

additives had great effects on the oxidative activity of Pt

catalysts. Yoshida et al. [7] reported that the Pt catalysts on

the more acidic support showed higher activity, and the

catalytic activity on each of the chosen support materials

increased as the electronegativity of additives increased.

Avila et al. [9] used CeO2 and TiO2 as the replacements of

Al2O3. It was found that the propane oxidation turnover

rates of Pt/CeO2 and Pt/TiO2 were much higher than that of

Pt/Al2O3. T50 of the light-off curves over Pt/CeO2 and Pt/

TiO2 could be 60 �C lower than that of Pt/Al2O3.
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With the combination of uniform pore sizes, ultra-high

surface area and good stability under high-temperature

environment, zeolites [10–12] are considered as ideal

support materials in advanced catalysts design. Garetto

et al. [13] applied several commercial zeolites to support Pt

catalyst, and the obtained activities on low-carbon alkane

oxidation were enhanced. The light-off temperatures of

three alkanes were 50–150 �C lower than that of Al2O3,

respectively. Boulaoued et al. [14] loaded Mo and Fe with

different ratios on mesoporous silica KIT-6 and used them

for methylcyclopentane total conversion. And they found

that the highly dispersed FeOx nanoclusters in KIT-6 were

responsible for rupturing the endocyclic C–C bonding. Liu

et al. [15] prepared SBA-15-supporting Ni catalysts and

found that Ni/SBA-15 showed higher catalytic activity on

ammonia decomposition than other typical Ni-based cata-

lysts and even Ru-based catalysts. Anpo et al. [16] reported

that the zeolite structure with larger pore sizes and 3D

channel in MCM-41 and MCM-48 can not only help metal

ions highly disperse but also achieve high photocatalytic

efficiency on reduction reaction of CO2 and H2O.

In previous work, it was found that Pt in mesoporous

SBA-15 and KIT-6 exhibited superior catalytic activities

for propane total oxidation in comparison to the conven-

tional Pt/Al2O3 catalyst [8]. And the Pt nanoparticles in

KIT-6 were even smaller with homogeneous size distri-

bution and existed in lower oxidation states, which were

beneficial to the catalytic activity. To continue the deep

investigation on the effects of pore size of KIT-6 on Pt

dispersion as well as the oxidative catalytic activity, in this

paper, three KIT-6 samples with different pore sizes were

controllably synthesized. 1 wt% Pt was loaded on each of

the KIT-6 supports to apply for total oxidation of propane.

The physicochemical properties of the prepared catalysts

were investigated. The enforced ageing on such catalysts

was also carried out to investigate their resistance to high-

temperature conditions.

2 Experimental

The support materials KIT-6 were obtained according to

the procedure reported by Soni et al. [17] using a triblock

copolymer (P123, Sigma-Aldrich) as the structure-direct-

ing agent. During the synthesis, 6 g P123 was dissolved in

200 g distilled water and 10 g concentrated HCl (35 vol%).

After P123 completely dissolved in the solution, 6 g

1-butanol was added with stirring at 35 �C for 1 h. Then

12.9 g tetraethyl orthosilicate (TEOS) was added dropwise

and the mixed solution was stirred under 35 �C for 24 h,

and then it was transferred to Teflon container and

hydrothermal treatment was applied in a close condition for

24 h at 40, 80 and 130 �C, respectively. The obtained solid

products were separated by filter and dried for 24 h under

80 �C. Calcining was carried out at 550 �C for 6 h to burn

the remaining templates. The as-received powders were

denoted as KIT-6-40, KIT-6-80 and KIT-6-130, respec-

tively. The supported Pt catalysts were prepared by incip-

ient wetness method using the platinum nitrate as the

precursor. The metal loading ratio of Pt on KIT-6 was 1

wt%. Each catalyst was dried at 100 �C for 12 h after

impregnation and then calcined at 500 �C for 3 h. The

supported Pt catalysts were denoted as Pt/KIT-6-40, Pt/

KIT-6-80 and Pt/KIT-6-130, respectively. The high-tem-

perature ageing condition was 800 �C continuous calcining

for 12 h in flowing air with 10% steam.

Low-angle X-ray diffraction (XRD) patterns were

obtained on a Rigaku D/Max-2500/PC diffractometer (Ja-

pan) with a Cu Ka radiation (k = 0.15418 nm) source

operating at 30 kV and 40 mA. The diffraction patterns

were collected from 0.6� to 2.0� at 0.02� intervals with a

rate of 1(�)�min-1. The crystal phase was identified

according to Ref. [18]. The pore sizes and surface areas of

the support materials were measured by nitrogen adsorp-

tion–desorption method at liquid nitrogen temperature with

a surface area and pore size analyzer (JW-BK122F, Beijing

JWGB Sci. & Tech., China). Samples were degassed at

220 �C for 1 h under vacuum environment before mea-

surements. Morphologies of Pt/KIT samples were taken

using transmission electron microscope (TEM, JEOL 2100,

Japan). To prepare TEM sample, ultrasonic oscillation was

used to make sample uniformly disperse in ethanol, and

then two droplets of solution were made on a copper grid

for supporting a perforated carbon film.

The pulse CO chemisorption method (Autochem II

2920, Micromeritics Co.) was used to measure the dis-

persion of active Pt species. Details of the procedure for

CO chemisorption were described elsewhere [19]. The

dispersion and particle size of platinum were calculated by

the following equations in Refs. [19, 20]

DPtð%Þ ¼ 100 � VS=f

22:414CSWS

�M ð1Þ

dPt ¼
6 � 109CaMVS

qNaDPt

ð2Þ

where DPt is the metal dispersion of Pt, VS is the CO

volume adsorbed at STP (ml), f is the stoichiometric factor

which equals to 1, CS is Pt metal content equals to 1 wt%,

WS is the weight of sample (g), M is Pt atomic mass, dPt is

the particle size of Pt, Ca is the surface metal concentration

equals to 1.25 9 1019 atoms�m-2, q is the volume mass

equals to 21.45 9 106 g�m-3, and Na is Avogadro constant.

For the catalytic activity test, 100 mg catalyst was

mixed with 500 mg quartz sands to keep catalytic even

heated during reaction. The mixture was loaded in a
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reaction tube with diameter of 10 mm. The catalytic

activity was evaluated by passing a gas mixture of

1000 9 10-6 C3H8, 2% O2 and N2 in balance. The space

velocity was 60,000 h-1. The reactor was heated from

room temperature to 500 �C at a heating rate of

10 �C�min-1 after N2 pretreatment at 500 �C for 30 min.

The outlet gas from the reactor was analysed by Fourier

transform infrared spectroscopy (FTIR) gas analyzer (MKS

MultiGas 2030, USA).

3 Results and discussion

3.1 Low-angle XRD characterization

The ordered mesoporous structure can be identified by low-

angle XRD. It can be found from the low-angle XRD

patterns in Fig. 1 that all the three support materials per-

form one major characteristic diffraction peak at

2h = 0.98�–1.15�, corresponding to (211) plane

[18, 21, 22]. A series of overlapping peaks (1.5�–2.0�)
appearing in KIT-6-80 and KIT-6-130 are responsible for

(220) and (420) planes [21]. The appearance of such peaks

suggests the typical ordered mesoporous structure three-

dimensional (3D) Ia3d cubic space group in KIT-6

[18, 21]. The appearance of the overlapping peaks (1.5�–
2.0�) in KIT-6-80 and KIT-6-130 means that they have

better ordered mesoporous structure than KIT-6-40. The

difference of hydrothermal treatment temperature seems

not to change the main structure but affects the peak

positions. The shift of main peaks to smaller 2h suggests

the larger scale of the porous array in KIT-6-80 and even

larger in KIT-6-130. The Pt loading has no influence on the

structures, so that the similar XRD patterns of the three Pt/

KIT-6 catalysts are not shown in present work.

3.2 Pore structures

The N2 adsorption–desorption isotherm curves at 77 K of

the samples are shown in Fig. 2a, where p and p0 represent

the equilibrium and the saturation pressure of adsorbates at

the temperature of adsorption, respectively. According to

category sorted by International Union of Pure and Applied

Chemistry (IUPAC) [23], the adsorption curves are typical

type IV curves which confirm the mesoporous structure of

the samples. KIT-6-130 gets saturated at a relatively higher

pressure than KIT-6-80 and KIT-6-40, suggesting its larger

average pore size. The desorption process of all the three

support materials requires lower relative pressure and

shows H1-type hysteresis loop in the graph. It indicates the

typical capillary condensation and uniform pores over the

tested KIT-6 samples. The curve of KIT-6-40 performs

much lower adsorbed quantity, and the hysteresis loop

shifts to the left side in comparison to those of the other

two samples, which means the smaller pore size and lower

surface area, respectively. The corresponding pore size

distributions of the three KIT-6 samples are shown in

Fig. 2b. It directly reveals that the three support samples

exhibit distinct pore sizes, which follow the sequence of

KIT-6-130 (9–12 nm)[KIT-6-80 (7–9 nm)[KIT-6-40

(4–6 nm). It confirms the predicted trend of the porous size

in above XRD analysis. That also means that adjusting the

temperature of the hydrothermal treatment during the

synthesis process could effectively control the pore sizes of

KIT-6.

The surface area and pore volume of the KIT-6 and Pt/

KIT-6 samples are listed in Table 1. The mesoporous KIT-

6 samples show large surface areas and pore volumes, with

KIT-6-80 exhibiting the highest surface area of

878 m2�g-1, KIT-6-130 of 691 m2�g-1 and KIT-6-40 of

615 m2�g-1. The largest pore volume appears in KIT-6-130

with the pore volume of 1.678 cm3�g-1. Both surface area

and pore volume decrease after Pt loading, which implies

that the Pt species disperse not only on the surface of the

KIT-6 but also in the pores.

3.3 TEM results

TEM provided a method to directly observe the ordered

pore structures of KIT-6 and the size distribution of Pt

particles. TEM images of the three Pt/KIT-6 samples are

shown in Fig. 3. The statistical pore sizes marked on

images were calculated by counting the size of 50 pores on

each image. It is easily found that 3D cubic arrays ofFig. 1 Low-angle XRD patterns of KIT-6 samples
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mesopores in KIT-6 are conserved even after Pt loading.

Most of the Pt nanoparticles (labelled by red arrows) exist

in the 3D mesopores with sphere shape in Pt/KIT-6-80

(Fig. 3b) and Pt/KIT-6-130 (Fig. 3c), while few Pt particles

are visible in Pt/KIT-6-40 (Fig. 3a). It reveals that both

KIT-6-130 and KIT-6-80 show better Pt dispersion than Pt/

KIT-6-40 (Fig. 3a). The inset figures in Fig. 3b, c display

Pt size distributions determined by measuring 300 particles

for Pt/KIT-6-80 and Pt/KIT-6-130, respectively. For KIT-

6-130, the average pore size is measured as 7.1 nm by

TEM statistic, but the observed average Pt particle size is

only 3.7 nm. By contrast, KIT-6-80 shows the average pore

size of *4.8 nm and the average Pt particle size of 4.3 nm.

It is worthy to mention that Pt/KIT-6-80 sample has a

narrower distribution of Pt particle sizes than Pt/KIT-6-

130, although they have similar average Pt particle sizes.

Such phenomenon suggests that the host with appropriate

size mesopores could effectively control the scale of inside

Pt nanoparticles, which is related to the ‘‘nano-confinement

effects’’ on mesoporous materials as reported before

[24–26]. Figure 2b shows the pore size distribution of the

three samples, where D and dV/dD are the pore size and the

pore volume variation with pore size, respectively. The

results reveal that the average pore size of KIT-6-40 is

3.5 nm, but with few Pt particles observed in TEM images.

That might be caused by the overlap of shadow and par-

ticle, or Pt could not be accommodated in the pores of KIT-

6-40 because of its too small pore size.

Fig. 2 N2 adsorption/desorption isotherms a and pore size distribution b of KIT-6 samples

Fig. 3 TEM images of a Pt/KIT-6-40, b Pt/KIT-6-80 and c Pt/KIT-6-130 catalysts

Table 1 Surface area (SBET), pore volume, CO uptake and Pt particle sizes (dPt) of supports and Pt/supports samples

Samples SBET/(m2�g-1) Pore volume/(cm3�g-1) CO uptake/(mmol�g-1)a dPt/nm

Support Pt/support Support Pt/support CO chem.a TEMb

KIT-6-40 615 495 0.68 0.45 23.3 2.5 –

KIT-6-80 878 783 1.14 0.88 11.3 5.1 4.3

KIT-6-130 691 597 1.68 1.44 17.8 3.5 3.7

a CO uptake and dPt calculated from CO chemisorption (chem.)
b dPt Calculated from TEM particle analysis
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3.4 CO chemisorption

To obtain the more statistic data on Pt dispersion, the three

Pt/KIT-6 samples were characterized by CO chemisorption

method. The CO uptake and the deduced particle sizes of

Pt are shown in Table 1. The deduced Pt particle sizes in

Pt/KIT-6-80 and Pt/KIT-6-130 are close to those measured

in TEM images (Fig. 3b, c). It is found that Pt/KIT-6-40

displays very large CO uptake (23.3 mmol�g-1), indicating

the successful loading of Pt species on KIT-6-40 although

they are not observed in TEM image (Fig. 3a). That means

the more highly dispersed Pt on the external surface of

KIT-6-40. On the other hand, CO uptake on Pt/KIT-6-40 is

even larger than that on Pt/KIT-6-80 or Pt/KIT-6-130 and

the deduced Pt particle size in Pt/KIT-6-40 is smaller. It

suggests that the more Pt species are more highly dispersed

on the external surface of KIT-6-40 to benefit for direct

adsorption of CO. Additionally, the small difference of Pt

particle size between TEM and CO chemisorption results

in Pt/KIT-6-80 and Pt/KIT-6-130 should also be con-

tributed by those unobserved Pt species on the external

surface of KIT-6-80 and KIT-6-130.

3.5 Catalytic performance

Catalytic performance of the supported Pt catalysts is

reported in Fig. 4. In Fig. 4a, the Pt/KIT-6 catalysts per-

form good catalytic activities. The propane conversion of

all the three samples rises rapidly below 200 �C. The T50 of

the catalysts follows the sequence of Pt/KIT-6-80

(237 �C)\ Pt/KIT-6-130 (248 �C)\ Pt/KIT-6-40

(268 �C), which are much lower than that of the conven-

tional Pt/Al2O3 catalyst in the previous literature [27].

Considering the practical serving environment of the

automotive catalysts, the enforced ageing in steam/air was

further carried out on such catalysts. The catalytic perfor-

mance of Pt/KIT-6 samples after ageing at 800 �C with

10% saturated steam for 12 h is shown in Fig. 4b. The

three aged catalysts remain satisfying catalytic perfor-

mance. The T50 of the three samples rises by only

20–30 �C compared to that of the fresh ones, and the

sequence is as aged Pt/KIT-6-80 (261 �C)\ aged Pt/KIT-

6-130 (276 �C)\ aged Pt/KIT-6-40 (286 �C). The aged

Pt/KIT-6-80 exhibits the best catalytic performance. Its

HC conversion reaches upon 80% before 300 �C. How-

ever, the HC conversion of both aged Pt/KIT-6-130 and

aged Pt/KIT-6-40 meets an obvious ‘‘bottleneck region’’ at

300–400 �C and makes a breakthrough until the tempera-

ture rises up to 450 �C.

Particle sizes and valence of Pt are the important factors

of propane catalytic oxidation [28]. N2 pretreatment at

500 �C before activity test can exclude the influence of the

oxidative states of Pt on activities, so that the different

catalytic performances should be mainly attributed to the

particles. Researches [29, 30] showed that too fragmentary

Pt particles were barriers for propane oxidation and rela-

tively bigger Pt nanoparticles provided more active sites

for breaking C–C bonding. Based on this point of view, the

relatively better activity of Pt/KIT-6-80 probably benefits

from the larger average Pt particle size as well as its narrow

distribution. On the other hand, the mesopores on support

materials effectively prevent the growing of inside Pt

nanoparticles during calcining [24–26]. This would be the

main reason to explain the satisfying thermal resistance of

Pt/KIT-6-80 and Pt/KIT-6-130. Pt/KIT-6-40 performs not

very well after ageing because of its initial highly dispersed

Pt on the external surface of KIT-6-40 which could be

easily sintered during thermal ageing.

4 Conclusion

Three mesoporous silica KIT-6 with different pore sizes

were successful synthesized, and good catalytic perfor-

mance was performed with Pt loading on propane total

oxidation. Among the three catalysts, Pt/KIT-6-80 with

Fig. 4 C3H8 light-off curves of Pt/KIT-6 catalysts: a as-received samples and b hydrothermal aged samples

Controlled pore size of Pt/KIT-6 used for propane total oxidation 127

123Rare Met. (2018) 37(2):123–128



both appropriate pore size and Pt particle size exhibits the

best catalytic performance. The mesopores on KIT-6 could

effectively confine the size of the inside Pt nanoparticles

during calcining. Relatively bigger Pt nanoparticles seem

to be more beneficial for propane total oxidation. However,

Pt particles prefer dispersing on external surface of KIT-6-

40 but not in those pores with too small size.
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