
The catalytic activity and thermal stability of the meso-
porous ceramics was tested in the total oxidation (combus-
tion) of methane,37 a reaction relevant to energy technology
and environmental catalysis. It should be noted that these
experiments were primarily performed as proof-of-principle
experiments to demonstrate feasibility of the materials as
catalyst supports, as further optimization to obtain high
conversions would clearly be necessary, but was beyond the
scope of this study. Figure 3d presents the catalytic activity
(conversion) as a function of the reaction temperature for
two heating-cooling cycles. The methane conversion versus
temperature plots show the typical hysteresis behavior
observed for platinum-catalyzed methane oxidation during
heating and subsequent cooling cycles. The almost identical
curves for the cooling cycles suggest that the catalytic activity
of the material became stable after the first heating cycle.
The strong change of the slope of the conversion versus time
curve at approximately 540 °C is probably due to a change
of the reaction mechanism induced by the transition from
PtOx surface species to metallic Pt upon heating to higher
temperatures. The catalytic tests clearly showed the potential
of the developed ceramics for catalytic applications at high
temperature such as methane oxidation. The system combines
excellent size control and high thermal stability of the

catalytically active platinum with high structural flexibility
rendering this system especially interesting for size-selective
catalysis, monolith- and microreactor applications.
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Supporting Information 

 

Experimental 

 
Block copolymer synthesis: The poly(isoprene-block-dimethylaminoethylmethacrylate) (PI-b-

PDMAEMA) was polymerized by anionic polymerization as previously reported.38, 39 Gel 

permeation chromatography (GPC) was used to determine the molecular weight of the first 

block (polyisoprene, PI) and the polydispersity of the block copolymer. 1H NMR was used to 

determine the overall molecular weight of the block copolymer. The resulting polymer had a 

molecular weight of 31 kg mol-1 comprised of 33 wt.-% PDMAEMA with a net 

polydispersity of 1.04. 

Packed beds of PS spheres in PDMS microchannels: To make the PDMS molds a silicon 

master was photolithographically replicated as described elsewhere.40 Polystyrene (PS) 

spheres were purchased from Polysciences and used as received.  Best results were obtained 

using the following procedure: A 2.7 wt % suspension of the 3 µm PS spheres was 

concentrated to a 15 wt % solution. 350 nm PS spheres (2.7 wt% in water) were added to the 

3 µm PS spheres, resulting in a relative concentration ratio of C350nm/C3µm of 0.08. The 

suspension was sonicated for 1 min to ensure complete dispersion of the particles. Silicon 

substrates were soaked in freshly prepared piranha solution (Concentrated H2SO4 and 30 wt % 

H2O2, in a 2:1 v/v mixture) for 30 min, rinsed several times with water, and dried under 

flowing nitrogen. The PDMS mold was mounted on the freshly cleaned substrate and placed 

on a hotplate at 30 °C. A drop of PS sphere suspension (20 µl) was placed at one end of the 

channels and left for several hours to complete the packing process.17 

 These optimized conditions were found by varying the PS sphere sizes, concentrations 

and assembly temperature. PS sphere sizes tested included combinations of 16.0, 3.0, 2.0 and 

1.0 µm diameter spheres with 1.0 µm, 600, 350, 200 and 100 nm sized beads. It was found 

that very large beads (16 µm) did not flow into the 60 µm channels, small sphere size ratios 

(dlarge/dsmall < 2)  did not lead to binary lattices and large sphere size ratios (dlarge/dsmall > 30) 



led to poor order. The concentration ratio of the spheres C350nm/C3µm was varied between 

0.017 and 0.17. A low C350nm/C3µm led to inhomogeneous crystal formation, where parts of the 

crystal were composed of 3 µm spheres only, whereas a high C350nm/C3µm led to poor order.  

The assembly temperature was varied between 0 and 60°C. Assembly temperatures above 40 

°C led to water evaporation within the channels, causing bubble formation and poor structure 

formation. For temperatures between 0 and 40 °C the assembly process proceeded faster for 

higher temperatures, but no significant changes in the resulting colloidal crystal were 

observed.  

Larger colloidal crystals for physisorption, powder X-ray diffraction (XRD), stability and 

activity measurements were made by convective assembly. A 1.2 wt% suspension of 3 µm 

and 350 nm PS spheres with a relative concentration ratio of C350nm/C3µm of 0.08 was placed 

in a vial and sonicated for 1 min to ensure complete dispersion of the particles. The solution 

was transferred to a glass Petri dish and freshly cleaned substrates were dipped diagonally 

into the particle solution. The setup was placed in an oven at 60 °C. Samples were left 

overnight until the liquid evaporated. 

Infiltration: The five component infiltration solution consisted of hexane as a solvent, the 

block copolymer (PI-b-PDMAEMA), the ceramic precursor, a radical initiator and the catalyst 

nanoparticle precursor. The (1,5-cyclooctadiene) dimethylplatinum (Pt-DMCOD) was 

synthesized as described previously.41 The anhydrous hexane (Aldrich), the ceramic 

precursor, Ceraset (KiON Corp.) and the radical initiator, dicumyl peroxide (Aldrich) were 

used as received. Hexane was chosen as a solvent, because it dissolves all components, but 

does not dissolve the PS spheres. Other solvents, like THF, toluene and chloroform led to 

significant deformations of the colloid shape, even when crosslinked PS spheres were used.  

In a typical synthesis, 0.10 g of block copolymer was dissolved in 0.6 g anhydrous 

hexane in a 20 mL vial. 0.20 g of the ceramic precursor was added and the solution was 

stirred for 1h. Next, 0.0141 g Pt-DMCOD and 0.009 g radical initiator (1 wt.-% with respect 



to the mass of PUMVS added) were added and the vial was stirred for another 15 min. A drop 

of the block copolymer/ precursor solution was subsequently placed at one side of the PDMS 

mold. Samples were left for several hours until the liquid evaporated followed by crosslinking 

of the PUMVS at 130 ºC for 3 h. All steps (preparation of the solution, infiltration and 

crosslinking of the ceramic precursor) were carried out in a glove box under a nitrogen 

atmosphere owing to the sensitivity of the PUMVS to moisture.27 The composite was finally 

heat treated using 1 ºC min-1 ramps under argon 95%/hydrogen 5% up to 1000 ºC for 

conversion into the high-temperature ceramic material and reduction of the catalyst.  

Stability tests: Materials were reheated using 5 ºC min-1 ramps in air up to 600 ºC.  

 

Structure Characterization 

The films were sputtered with gold before being characterized with SEM. SEM images were 

obtained on a LEO 1550 field-emission scanning electron microscope. For TEM, samples 

were crushed and then dispersed in ethanol. Bright field TEM micrographs were taken on a 

Tecnai T12 Spirit Twin TEM/STEM operating at 120 kV and high resolution energy filtered 

(zero loss) TEM was performed on a Tecnai F20 with a Gatan Tridium Spectrometer at 200 

kV.  Small Angle X-Ray Scattering (SAXS) data were collected on a Rigaku RU300 copper 

rotating anode X-ray spectrometer (λ = 1.54 Å) operated at 40 kV and 50 mA. X-rays were 

monochromated with a Ni filter and focused using orthogonal Franks mirrors. SAXS patterns 

were collected with a homebuilt 1 K × 1 K pixel CCD detector similar to that described in ref. 

42. PXRD was performed on a Scintag XDS 2000, with a scan rate of 0.1° min-1. 

Thermogravimetric Analysis (TGA) was performed using a Netzsch Jupiter 449 C instrument 

with a gas flow of 50 mln min-1 of 20% O2 in He. Physisorption was performed on a 

Micromeritics ASAP 2020 using nitrogen as the adsorption gas.  

Catalytic Tests were carried out by mixing 15 mg of the 100 – 200 µm fraction of the 

catalyst with 70 mg α-Al2O3 of 100-200 µm. This mixture was shaken until a homogeneous 

mixture was obtained, which was subsequently loaded into a quartz U-tube with an inner 



diameter of 5 mm. The catalyst bed was fixed by quartz wool plugs. The quartz U-tube was 

placed in a tubular oven (Carbolite Furnaces) and connected to a mass flow controller 

(Brooks, 5895E) and gas chromatograph (Hewlett Packard 6890N, equipped with GS GasPro 

column and capable of automatic gas sampling) by Swagelok couplings with Teflon O-rings. 

A manometer was used to monitor the pressure before the catalyst bed, which was constant at 

0 barg during all experimental conditions.  

Each catalytic experiment consisted of two cycles from 200 to 600°C and back with a 

heating and cooling ramp of 2.5 °C min-1. Prior to each run, the catalyst was pre-treated at 200 

°C in the reaction mixture of 1 vol% CH4, 4 vol% O2 in balance He. The total flow during 

each run was 130 mL min-1. The experimental conditions were set so that the conversion 

never reached 100%. Carbon dioxide was the only reaction product detected. Blanc 

experiments demonstrated that the diluent, α-Al2O3 was not active under the chosen 

conditions. 

 



TGA analysis 

 

 
Figure S1: TGA analysis. Ceramic material was heated at 5 °C/min to 850 °C under flowing 

air. 

 

Porosity  

The porosity is calculated assuming the housing around the monolith would fit just 

around the sample. The 12 small and 6 large air-channels in this volume give rise to a porosity 

of: 

52.0
500050012

500050069506012
=

⋅⋅
⋅⋅+⋅⋅

=
+

=
sample

lcsc

ch
V

VV
φ  

where φch is the porosity from the channels, Vsc is the volume of the small channels, Vlc is the 

volume of the large channels and Vsample is the volume of the entire sample.  

The porosity from the colloidal crystal templating is calculated assuming the large 

spheres pack in a fcc lattice. Calculations and experimental SEM data show that for a sphere 

size ratio of 350 nm/3.0 µm = 0.117 one tetrahedral site holds 20 small spheres and an 



octahedral site 69. There are two tetrahedral sites and one octahedral site for each large 

sphere. Therefore: 

( )
84.0

3
4

69202
3
4

4 33
arg

=







 +⋅+
=

fcc

smallel

cc
V

rr ππ
φ  

where φcc is the porosity from the colloidal crystal, Vfcc is the volume of one cubic fcc unit cell 

and rlarge (1350 nm) and rsmall (145 nm) the radius of the large and small spheres, respectively. 

The mesopores in the wall give rise to porosity of the framework. From the lattice parameter 

determined by SAXS (19.9 nm) together with the BJH average pore size (11 nm) an 

additional porosity of: 

φm = 0.21  

arises, where φm is the porosity from the mesoporous framework.  

The overall porosity of the material including the micromold channels is therefore: 

94.0)))1((1()1( =+−−+−+= mchccchccchchtotal φφφφφφφφ  

and the overall porosity of the material excluding the micromold channels is: 

87.0)1( =−+= mcccctotal φφφφ  
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