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Abstract 

It is possible to infiltrate a guest species selectively in one pore system of bimodal mesoporous CMK-5 

carbon by an optimized nanocasting procedure. The selective filling has a drastic impact on the low-

angle X-ray diffraction pattern of this novel class of materials. The structures of CMK-5, CMK-5 

composite materials (sulfur and SnO2 as guest species), and CMK-3 carbon were simulated to 

investigate the influence of the pore filling with different guest species on the diffraction pattern and 

compared with experimental results. Additionally, the impact of structural defects is taken into 

account. The nature of the guest species strongly influences the relative intensity of the diffraction 

peaks. It turns out that the diffraction patterns of sulfur-carbon composite materials are nearly 

identical as those of CMK-3 carbon, which is attributed to a similar electron density of carbon and 

sulfur. Thus, sulfur is an ideal guest species to investigate the selective pore filling in CMK-5 carbon. 

Keywords: ordered mesoporous carbon, CMK-5 carbon, composite, low-angle X-ray diffraction, 

simulation 

1. Introduction 

Ordered mesoporous CMK-5 carbon consists of a hexagonal arrangement of hollow carbon tubes and 

was introduced in 2001 by Ryoo et al.[1] The material can be synthesized by infiltrating a certain amount 

of carbon precursor into the pores of a SBA-15 silica matrix, followed by thermal conversion to carbon. 

After leaching of the SiO2, the remaining carbon structure exhibits two distinct pore systems, i.e. the 

intra-tubular pores (within each carbon tube) and the inter-tubular pores (between adjacent carbon 

tubes), as depicted in Figure 1. Since the first discovery of CMK-5 in 2001 an enormous number of novel 

(composite) materials with a huge potential for catalysis[1-8], energy storage/conversion[9-14] and 

adsorption-/desorption studies[15-21] based on the initial CMK-5 structure have been synthesized. 
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In the original publication, the authors observed that the intensity of the 10 reflection is lower than 

that of the 11 reflection, caused by destructive interference.[1] Experimental results and simulations of 

the diffraction patterns of CMK-5 structures with varying structural parameters confirmed that the 

wall thickness of the carbon tubes has a major impact on the relative diffraction intensities in the low-

angle region and may lead to a vanishing of the 10 reflection.[22-26] 

In 2010, Schüth et al. introduced an innovative technique to selectively deposit metal oxides in the 

intra-tubular pore system of CMK-5 (the inter-tubular pore system remains empty), to use these novel 

carbon-composite materials as stable and efficient catalysts for NH3 decomposition (γ-Fe2O3@CMK-

5[3]) or in electrodes of Li-ion battery cells (Co3O4@CMK-5).[27] Surprisingly, even if the ordered pore 

structure remains (as confirmed by electron microscopy) after infiltration of the precursor and 

decomposition to the desired metal oxide, the reflections in the low-angle X-ray diffraction 

measurements vanish.[3,27] The authors attribute this to diffuse scattering of the metal oxide 

nanoparticles which is much higher compared to the scattering of the ordered carbon structure.[27]  

We have recently expanded the synthesis strategy towards sulfur as a guest species.[28] In this case, 

the infiltration does not cause the reflections to disappear, but the relative intensities dramatically 

change. To investigate these effects CMK-5 carbon and carbon composites (sulfur and SnO2) were 

modeled and compared to CMK-3 structures with the same structural parameters. Despite the 

development of novel CMK-5-based composite materials, the current literature is short on explanation 

of the corresponding XRD patterns. In this study, we try to reduce this gap and to understand the 

selective pore filling mechanism in detail.[29-31] The influence of the carbon wall thickness, the amount, 

and the density of the different guest species (sulfur and SnO2) within the intra-tubular pore system 

on the diffraction peaks in a 2θ region between 0.5-4.5° are investigated. Also, structural defects are 

taken into account. Additionally, the theoretical simulations are compared to experimental results, 

showing a good overall agreement. 

 

2. Experimental 

2.1. Synthesis of SBA-15 silica 

SBA-15 silica was synthesized by a modified literature procedure.[32] Pluronic P123 triblock copolymer 

(16.0 g, Sigma-Aldrich) was dissolved in hydrochloric acid (48 mL, 37 %, Stockmeier) and deionized 

water (480 mL) for 24 h. Tetraethyl orthosilicate (37.0 mL, 99 %, ABCR) was added and the mixture 

stirred for 24 h at 35 °C, followed by a hydrothermal treatment in a glass-lined autoclave at 140 °C for 

24 h. The white precipitate was collected by filtration. After washing with water and drying at 120 °C 
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overnight, the powder was calcined at 550 °C (heating ramp 2.5 °C min-1) in a tube furnace for 6 h in 

flowing air.  

2.2. Synthesis of CMK-5-SBA-15 composite material and CMK-5 

carbon 

CMK-5-SBA-15 composite material was synthesized by a modified procedure from Schüth et al.[24] 

SBA-15 silica was grinded with a mixture of furfuryl alcohol (98 %, ABCR) and oxalic acid dihydrate 

(9.0 mg for 1.0 mL of furfuryl alcohol, 98 %, ABCR). The amount of the solution can be calculated by 

multiplying the mass of the SBA-15 silica with its pore volume (1.29 mL g-1) and the factor 1.3 (130 % 

theoretical pore loading). After a thermal treatment (60 °C for 24 h and 90 °C for 48 h) the composite 

material was carbonized in a tube furnace under vacuum (150 °C, 2 °C/min; 300 °C, 1 °C/min; 850 °C, 

5 °C/min for 4 h).  

The silica was removed by repeated treatment (three times at room temperature) with aqueous 

hydrofluoric acid (12 %, Sigma-Aldrich), followed by washing with water and drying overnight at 60 °C.  

2.3. Synthesis of sulfur-CMK-5 composite materials 

Sulfur (0.14 g-0.58 g per 1 g of carbon-silica composite material, 99 %, ABCR) was grinded with CMK-

5-SBA-15 composite material and heated to 155 °C for 1 h. Silica was removed by aqueous hydrofluoric 

acid solution as described above (100 mL per 1 g of the composite  material).[28] 

2.4. Synthesis of SnO2-CMK-5 composite materials 

A saturated solution of SnCl2 (98 %, ABCR) in water was grinded with CMK-5-SBA-15 composite 

material (incipient wetness method). The volume can be calculated by multiplying the mass of the 

carbon-silica composite material with its pore volume (0.23 mL g-1). After thermal conversion at 500 °C 

(heating rate 2 °C min-1) in a tube furnace for 4 h the impregnation and conversion was repeated to 

achieve SnO2 loadings of 46% (first impregnation-conversion cycle), 61% (second cycle) and 75% (third 

cycle).  

The silica was removed by repeated stirring with aqueous KOH (99 %, Stockmeier) solution (5 n, 100 mL 

for 1 g of composite material) for at least 6 h each.[28] 

2.5. Material characterization 

N2 physisorption analysis was conducted with a Quantachrome Autosorb 6 at -196 °C after degassing 

of the samples at 120 °C in vacuum for 12 h. Sulfur-CMK-5 samples were degassed at room 
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temperature. Pore sized were calculated using suitable density functional theory (DFT) kernels from 

Quantachrome (ASWIN 2.01).  

Powder X-ray diffraction was performed on a Bruker AXS D8 Advance diffractometer (Cu Kα, 40 kV, 

40 mA) with a step size 0.0075° (2θ). In addition to a previous manuscript[28], a baseline subtraction 

(curvature parameter 0.38) and smoothing (smooth parameter 0.02) of the original low-angle X-ray 

diffraction data were performed by utilization of EVA 16.0 software (Bruker AXS). 

TEM measurements were performed on a Joel JEM-1200EX electron microscope. 

2.6. Geometrical parameters for CMK-5 carbon construction 

Experimental results from a previous study were utilized to construct a suitable model for the 

simulation of low-angle X-ray diffraction patterns of CMK-5 like materials.[28] To describe CMK-5 carbon 

properly different geometrical parameters are necessary as depicted in Figure 1 (a). The unit cell has a 

P1 symmetry with lattice constants a = b = 33.0 nm, c = 2.0 nm and angles of α = β = 90° and γ = 120° 

(unit cell volume = 1886.2 nm3). This size corresponds to a 3,3 supercell of the experimentally 

determined lattice parameters, which is necessary to secure a suitable number of individual carbon 

sites. By utilization of Materials Studio 2017 software, the unit cell was filled with 192156 carbon atoms 

to obtain an amorphous arrangement with a density of 2.03 g mL-1, which is in agreement with the 

literature.[33] After relaxation of the structure, selected carbon atoms were removed to create different 

structures (i.e. CMK-5 and CMK-3); one example is shown in Figure 1 (b). Carbon bridges between 

adjacent tubes are not included in the model. These are distributed randomly within the structure and 

will likely not affect the overall diffractogram, significantly.[23] For CMK-5 the intra-tubular carbon pore 

radius r was kept constant (24 Å, which is in agreement with experimental results[28] as shown in Figure 

2 (a) and in transmission electron microscopy in Figure S1) and the carbon tube thickness w was varied 

between 4 Å and 31 Å (which corresponds to an outer tube diameter R between 27 Å and 55 Å, see 

Figure 1 (a)). For CMK-3, the “intra-tubular radius” is zero; in this case, the wall thickness is the same 

as the rod radius. Thus, CMK-5 samples with an outer carbon tube radius R (= r + w) are comparable to 

CMK-3 samples with the same radius R of the rods. 
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Figure 1 Geometrical description of the ordered mesoporous carbon cell (a), and an example of the 

constructed unit cell (b) containing nine entire carbon rods (104277 carbon atoms), utilized for the 

simulation of the low-angle X-ray diffraction (XRD) patterns. 

 

After the creation of different CMK-5 carbon structures, the intra-tubular volume was filled with an 

amorphous arrangement of sulfur, assuming a density of 2.07 g mL-1.[34] In case of SnO2 tubes with a 

radius of 24  Å were cut out of a single crystal (tetragonal α-SnO2, Cassiterite, density 6.85 g mL-1 [34]). 

Thus, every carbon tube contains a single crystal of the metal oxide. The SnO2 crystallites were turned 

around the c-axis to create a random orientation.  

The diffractograms were calculated by the diffraction module of Materials Studio 2017 software in a 

range of 0.5° ≤ 2θ ≤ 4.5°. However, the intensity of the reflections for 2θ > 2.6° is lower than 10% of 

the highest peak. Thus, in the manuscript, angles between 0.5° ≤ 2θ ≤ 2.6° are discussed and the 

diffractograms up to 4.5° are depicted in the Supporting Information Section (Figure S3 and Figure S4) 

for completeness. Cu Kα-1 (1.540562 Å) and Kα-2 (1.54439 Å) radiation with a relative intensity of 2:1 

were used. Peaks were fitted assuming a pseudo-Voigt shape (pseudo-Voigt fitting parameter: U = 0.01, 

V = -0.01, W = 0.02, NA = 0.5) which approximately matches with experimental results.  

3. Results and Discussion 

3.1. Impact of the wall thickness of the carbon tubes on the 

diffractogram of CMK-5 carbon 

The carbon-silica composite shows two maxima in the pore radius distribution (Figure 2 (a), a detailed 

structural analysis can be found in a previous manuscript[28]; the corresponding N2 sorption isotherms 

are depicted in Figure S2), which are attributed to the intra-tubular carbon pore (24 Å), and the silica 
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pore (49 Å) that is not coated with carbon. As shown in Figure 2 (b) the wall thickness w (25 Å) of the 

CMK-5 carbon tube can be estimated by the difference between the silica and the intra-tubular carbon 

pore radius. 

 

Figure 2 Pore radius distribution (a) of the CMK-5 carbon SBA-15 composite (red circles, N2 at 77 K on 
silica, cylindrical pore, non-local density functional theory (NLDFT) equilibrium model) and CMK-5 
carbon (black squares, N2 at 77 K on carbon, cylindrical pores, quenched solid state functional theory 
(QSDFT) equilibrium model, shifted 0.5 cm3 nm-1 g-1). The intensity of the latter was reduced to one-
third of the original values. Model of the carbon-silica composite material (b). The wall thickness w of 
the carbon tube can be estimated by the difference of the pore radius of the silica and the carbon pore. 

Figure 3 depicts simulated low-angle X-ray diffraction patterns of CMK-5 (a), sulfur-CMK-5 composites 

selectively filled with sulfur in the intra-tubular pore system (b), and comparable CMK-3 structures (c). 

The intra-tubular pore radius for CMK-5 is 24 Å for a realistic comparison with experimental results.[28] 

w was varied between 4 Å and 31 Å (i.e. 28 Å ≤ R ≤ 55 Å) to investigate the influence of the wall 

thickness on the relative reflection intensities. It should be noted that a wall thickness of only 4 Å may 

not yield to a stable structure in synthesized materials. In literature, experimentally obtained wall 

thicknesses between 15 Å and 18 Å are usually discussed.[24,35] For reasons of clarity, the theoretical 

position of the expected reflections was marked with a dotted vertical line, which can be calculated by 

using equation 2 described in the Supporting Information Section. 

CMK-5 carbon (Figure 3 (a)) shows four well-resolved reflections between 0.5° and 2.6°, which are 

attributed to the 10, 11, 20 and 21 planes in the corresponding materials. In the case of an outer tube 

radius of 28 Å, the 10 reflection has a relative intensity of 100%, compared to 15-23% for the 11, 20, 

and 21 reflection, respectively. With increasing wall thickness, the intensity of the 10 reflection 

decreases and finally vanishes between 28 Å and 48 Å and increases again for w ≥ 49 Å. The 11 

reflection shows an opposite trend (as well as the 20 reflection) and is the strongest peak for 37 ≤ R ≤ 

52 Å. The intensity of the 21 reflection varies between 2% and 18%. These results clearly show that the 

intensities, especially of the 10 and 11 reflections, are very sensitive to the carbon wall thickness, which 
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is vividly discussed in the literature.[1,23,25] At a certain thickness which depends on the exact structure 

it is possible to observe an the extinction of the 10 reflection. This observation is the result of a 

destructive interference between the x-rays scattered at the inner and outer wall of the CMK-5 carbon 

tubes. Terasaki and coworkers explain the mathematical background in their study about the 

“accidential extinction” in porous crystals, in detail.[25] 

3.2. Impact of the wall thickness of the carbon tubes on the 

diffractogram of sulfur-CMK-5 carbon composite materials and 

CMK-3 carbon 

Since more advanced techniques for the selective deposition of guest species within the intra-tubular 

carbon pores have been developed, it has become necessary to model such novel composite materials, 

as well. Recently published results by the groups of Schüth and Tiemann have shown that if a metal 

oxide is selectively infiltrated into the intra-tubular pores of a CMK-5, the resulting materials do not 

show any reflections at all (or only a very weak ones) in the low-angle region.[3,27,28] Even more 

surprising is the fact that in case of selectively infiltrated sulfur, a strong 10 reflection occurs even if 

the parental CMK-5 structure does not show any maximum (or a very weak one) for that certain 

reflection.[28] Thus, an in-depth study of CMK-5 materials with varying wall thickness and selectively 

infiltrated sulfur within the intra-tubular pore system is shown in Figure 3 (b). The intra-tubular pore 

size was kept constant (r = 24 Å) as it was already the case for the sulfur-free CMK-5 samples in Figure 

3 (a). The results in Figure 3 (b) clearly show that the 10 reflection is the most intense in all samples 

independently of the outer tube radius R. The 11 reflection has a relative intensity of 3% (w = 28 Å) 

and nearly vanishes for R = 34 Å. With increasing outer tube radius, the relative intensity increases up 

to 68%. The 20 and 21 reflections show a very similar trend and have an overall low intensity (below 

12%). The simulations clearly confirm that in case of a selective intra-tubular infiltration of sulfur in the 

CMK-5 framework the intensity of the 10 reflection increases compared to the guest species-free 

carbon material. This observation is attributed to the fact that the electron density of amorphous 

carbon 98 C m-3 is very similar to the value for sulfur 100 C m-3 as, recently stated in the literature.[28] 

To prove this statement, CMK-3 structures (same carbon rod/outer tube radius R) were constructed 

which are comparable to the sulfur-CMK-5 composite materials. The results are depicted in Figure 3 

(c) and confirm the same trend as for the carbon-sulfur composites. The differences are marginal and 

are only visible in the detailed intensity comparison between the different materials in Table S1-Table 

S3 in the Supplementary Information Section. These results confirm that sulfur-CMK-5 composite 

materials have a very similar electron density compared to CMK-3. 
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Figure 3 Simulated low-angle X-ray diffraction (XRD) patterns of mesoporous CMK-5 carbon (a) (carbon atoms in black), sulfur-CMK-5 carbon composite (b) (sulfur 
atoms in orange) and CMK-3 carbon (c) with varying carbon wall/tube thickness. The CMK-5 carbon exhibits an intra-tubular pore radius of 24 Å in all cases. The 
sum of the intra-tubular pore radius r and the wall thickness w in case of the CMK-5 carbon corresponds to the outer tube radius R. The theoretical positions of 
the expected reflections are marked with vertical dotted lines.
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3.3. Impact of sulfur content on the diffractogram of sulfur-

CMK-5 carbon composite materials 

Figure 4 depicts a comparison of simulated (a) and experimentally obtained (b) sulfur-CMK-5 

composite materials with a varying amount of sulfur in the intra-tubular pore system (r = 24 Å, w = 

25 Å, R = 49 Å). The materials were constructed by assuming an apparent density of 2.07 g mL-1 of 

sulfur[34], but only a partial volume of the intra-tubular carbon tubes are filled with the guest species. 

The unoccupied intra-tubular pore volume remains empty and so do the inter-tubular pores. The wall 

thickness of the simulated materials is 25 Å, which is in agreement with the experimental results as 

depicted in Figure 2.[28] The diffractogram gradually changes from the typical appearance of a CMK-5 

(weak 10 reflection and more intense 11 and 20 reflections [23,24]) in case of no sulfur, towards a CMK-

3-like appearance, as already discussed in the previous section.  

 

Figure 4 Impact of the sulfur content on the intensity of the diffraction peaks in from simulated 
structures (a) and synthesized materials (b), r = 24 Å in both cases, w = 25 Å in case of simulations.  

The trend in the simulation results is in good agreement with the experimental results depicted in 

Figure 4 (b). After baseline subtraction and smoothing of the curves, the results were normalized with 

respect to the most intense peak attributed to the periodic carbon structure. The CMK-5 carbon 
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material exhibits a weak 10 reflection (≈ 3% relative intensity) while the 20 reflection has an intensity 

of about 18% compared to the most intense 11 reflection, which is generally in very good agreement 

with the simulation results summarized in Table S4. As the trend of the simulated and experimental 

series are similar, the basic assumptions of the model seem to be appropriate. Nevertheless, there is 

an offset according to the sulfur content. In the structural simulations a completely filled intra-tubular 

carbon pore (r = 24 Å, w = 25 Å) results in an overall sulfur content of around 24%. In case of the 

experimental results, the highest sulfur content is 53%. This can be attributed to the neglected 

microporosity, a slightly different composition of the carbon material (i.e. including oxygen and 

hydrogen atoms), pore size variations within the material or a difference in the wall thickness, and 

probably most significantly, structural defects (e.g. broken carbon tubes, surface roughness, 

inhomogeneous distribution of the carbon). The latter seems to be the most reasonable explanation. 

Wide-angle XRD patterns confirm that the sample does not contain significant amounts of bulk 

sulfur.[28] 

Additionally, it should be mentioned that the apparent density of nanomaterials or materials in 

confined space may drastically differ from their bulk values, which is currently under investigation in 

our lab.[33,36,37] Nevertheless, a wall thickness of 25 Å was chosen because the diffractograms of the 

simulated and the experimentally obtained material are nearly perfectly matching in their relative 

reflection intensities and due to the agreement with N2 sorption results. The discrepancy in the 

elemental composition is obvious, but due to the fact that the general trend is the same in both cases 

(i.e. simulation and experimental), it seems that the utilized model is valid. Nanoparticular 

arrangements within a confined space tend to vary in their apparent density compared to their 

apparent bulk density.[33] Thus, another set of samples have been modeled assuming a varying density 

of sulfur between 0.21-2.07 g mL-1 occupying the entire intra-tubular pore volume. The results are very 

similar compared to the gradual filling of the intra-tubular pores and summarized in Table S5 in the 

Supplementary Information Section. 

 

3.4. Impact of SnO2 content on the diffractogram of SnO2-CMK-5 

carbon composite materials 

The impact of the SnO2 content on the diffractograms of the carbon-SnO2 composites is depicted in 

Figure 5. The simulation results (Figure 5 (a)) show a similar trend compared to the selective pore filling 

with sulfur. The 10 reflection increases while all other reflections decrease in their relative intensities 

upon increased metal oxide loading. Due to the much higher electron density, already quite low 
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loadings of SnO2 cause a vanishing of the 11 reflection. For a SnO2 content above 24% the 11 reflection 

is not visible at all and increases slightly for the highest metal oxide loading. 

The simulation results are in agreement with the experimental data in Figure 5 (b). The CMK-5 carbon 

shows a 11 reflection with the highest intensity and even the 21 reflection is visible. For a loading of 

46% with SnO2 the 10 reflection starts to rise while the 11 reflection reduces in intensity. At the same 

time the overall intensity is reduced (compared to CMK-5 carbon), which is clearly visible from the 

decreasing signal-to-noise ratio. For the highest loading of about 75%, the first two reflections are 

visible while the others cannot be distinguished from the noise. 

 

Figure 5 Impact of the SnO2 content on the intensity of the diffraction peaks in from simulated 
structures (a) and synthesized materials (b), r = 24 Å in both cases, w = 25 Å in case of simulations.  

As already discussed in case of sulfur the general trend between the simulated and the synthesized 

materials is comparable but with an offset regarding the loading of the guest species. In case of SnO2 

this might be attributed to the fact that during synthesis, parts of the metal oxide are formed outside 

of the intra-tubular carbon pores (even if the inter-tubular carbon pores remain empty). This effect is 

discussed in detail in previous work.[28] Another important factor is that the metal oxide is highly 

dispersed within the intra-tubular carbon pore system. The nanoparticular arrangement might lead to 

stronger diffuse scattering compared to a complete filling with single crystals, in the case of this very 

simplified model.[27] The general observations of the impact of the guest species on the relative 
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intensities of the reflections are similar between sulfur and SnO2, despite the fact that a much lower 

content of SnO2 is sufficient to change the relative intensities of the reflections compared to sulfur. 

This stands to reason because SnO2 exhibits a much higher density (and electron density 292 C m-3 [28]) 

and the much heavier Sn ions scatter more intensely compared to S atoms.  

The utilized structural model is very simplified in this case. In future studies we are going to investigate 

the crystallite size and shape of metal oxide guest species. For that purpose, it will be necessary to 

increase the dimensions of the supercell (especially in c directions).  

3.5. Impact of structural defects on the diffractogram 

The simulated materials discussed so far assume a close to perfect curvature of the intra- and inter-

tubular pores. Obviously, real materials always contain structural defects. Thus, we modified our 

model to account for structural imperfection. The utilized model adds/removes random carbon atoms 

within a certain range of the outer tube diameter R. The same kind of defects are added within each 

tube, thus, with respect to the intra-tubular pore radius r. The parameter for the thickness of the defect 

layer is x and scales with R, and r, respectively. Thus, in case of R = 48 Å, and x = 10% additional carbon 

atoms are randomly added within a range of 4.8 Å around R, and some carbon atoms are randomly 

removed within a range of 4.8 Å smaller than R. The same applies to the intra-tubular surface, as 

depicted in Figure 6. 

This model can also be used for materials other than amorphous carbon. Especially for 

connected/sintered nanocrystals, such as the metal oxides with CMK-5-like hollow tube structure 

recently presented by Schüth et. al.[38], a model like this may be helpful to describe structural defects. 

While the carbon wall can be assumed quite smooth, the surface roughness of metal oxide CMK-5-like 

structures are likely much higher due to the connection of several nanocrystals to form a hollow tube 

structure (Figure 6 (a)). 
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Figure 6 Influence of the thickness of density variation (x) around the tube like arrangement in CMK-5 
carbon. The density variation increases with bigger x, thus, x = 0% corresponds to no defects at all.  

These structural defects were applied to two CMK-5 structures, which differ in their wall thickness and 

a corresponding CMK-3 material. The results are summarized in Figure 7. The first CMK-5 model is 

shown in Figure 7 (a), and exhibits an intra-tubular pore radius r of 24 Å, and a wall thickness w of 24 Å. 

These parameters were chosen due to the fact that here the 10 reflection is barely visible (1% relative 

intensity). Thus, even small intensity changes should be easily visible. Surprisingly the structural 

damage has only a minor effect on the relative intensity of the 10 reflection; it increases from 1% to 

4% while the intensity of the 11 and 20 reflections are constant (100% and 23-24%, respectively). The 

21 reflection intensity decreases from 14% to 7%.  

The effect of the described structural defects is bigger for the second CMK-5 assembly (r = 24 Å, w = 

13 Å, R = 37 Å) that is depicted in Figure 7 (b). In case of the defect-free structure, the 10 and 11 

reflections have the same intensity. With increasing x the intensity of the 10 reflection reduces to less 

than 90%, as well as the 20 reflection from 76% to 64% while the 10 and 21 remain constant. 

Also, the CMK-3 structure depicted in Figure 7 (c) shows only a minor influence of structural defects; 

the intensity of the 11 reflection decreases from 17% to 10% while the 10 reflection remains constant. 

The intensity of the 20 and 21 reflections reduce from 4% to 2% and 1%, respectively. This might be 

attributed to the fact that the structural damage is only present outside of the carbon tubes. CMK-3 

exhibits no intra-tubular tube, and thus the effect of structural defects in this model might be reduced 

compared to CMK-5 carbon. 
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Figure 7 Influence of the thickness of density variation around the tube like arrangement in CMK-5 
carbon (r = 24 Å) with a wall thickness w of 24 Å (a), 13 Å (b) and CMK-3 with an outer pore diameter 
of 48 Å (c), on the diffraction pattern. 

In summary, the impact of the investigated defects on the relative intensity of the reflections is rather 

small. Thus, it might be worthwhile to investigate other kinds of defects (e.g. missing or broken carbon 

tubes) with respect to their influence on the overall intensity of the simulated materials. The intensity 

data are summarized in the Supplementary Information Section (Table S7). 

4. Summary 

The influence of the infiltration of a guest species (amorphous sulfur and crystalline SnO2) within the 

intra-tubular pores of ordered mesoporous CMK-5 carbon on the relative XRD reflection intensities in 

the region 0.5 ≤ 2θ ≤ 4.5 were studied. Different CMK-5 carbon materials were simulated with a 

constant intra-tubular pore size and varying carbon wall thickness. The wall thickness has a major 

influence on the relative intensity of the reflections, as well as the selective infiltration of sulfur or 

SnO2. In case of sulfur, the relative intensity is nearly identical compared to CMK-3 with the same 

structural parameters. The simulation results show good agreement with experimental data. A similar 

trend is observed for crystalline SnO2. Additionally, the effect of structural defects was studied which 

does not show a major influence to the relative intensities of the reflections. The results show that 



15 
 

sulfur is a suitable model guest species to investigate the selective pore filling by low-angle X-ray 

powder diffraction as a powerful tool to understand the distribution of guest species within ordered 

mesoporous structures. 
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7. Supplementary Information 

 

 

Figure S1 Transmission electron microscopy measurement of CMK-5 carbon. The hollow carbon tubes 
are clearly visible at the edges of the material. 

 

 

Figure S2 N2 sorption isotherms (triangles adsorption, diamonds desorption) of the CMK-5 carbon SBA-
15 composite (red) and CMK-5 carbon (black). The intensity of the latter was reduced to one-third of 
the original values. 
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Table S1 Summary of the relative intensity of the reflections between 0.5 ≤ 2θ ≤ 2.6° of CMK-5 carbon 
depending on the outer tube radius R/wall thickness w, as depicted in Figure 3 (a). 

  relative intensity of the reflection / % 

R / Å w / Å 10 11 20 21 

28 4 100 15 23 18 

31 7 100 29 35 13 

34 10 100 54 52 7 

37 13 100 100 76 2 

40 16 50 100 59 1 

43 19 19 100 45 6 

46 22 3 100 32 11 

47 23 1 100 28 13 

48 24 1 100 24 14 

49 25 3 100 20 15 

52 28 34 100 11 14 

55 31 100 66 3 6 

 

Table S2 Summary of the relative intensity of the reflections between 0.5 ≤ 2θ ≤ 2.6° of sulfur-CMK-5 
carbon composite materials depending on the outer tube radius R/wall thickness w, as depicted in 
Figure 3 (b). 

  relative intensity of the reflection / % 

R / Å w / Å 10 11 20 21 

28 4 100 3 0 1 

31 7 100 1 0 1 

34 10 100 0 1 1 

37 13 100 1 2 0 

40 16 100 3 3 0 

43 19 100 7 4 1 

46 22 100 12 4 2 

47 23 100 14 4 3 

48 24 100 16 3 4 

49 25 100 18 3 5 

52 28 100 29 1 9 

55 31 100 59 8 13 
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Table S3 Summary of the relative intensity of the reflections between 0.5 ≤ 2θ ≤ 2.6° of CMK-3 carbon 
depending on the rod radius R, as depicted in Figure 3 (c). 

 relative intensity of the reflection / % 

R / Å 10 11 20 21 

28 100 3 0 1 

31 100 1 0 1 

34 100 0 1 1 

37 100 1 3 0 

40 100 4 4 0 

43 100 7 5 1 

46 100 13 5 2 

47 100 15 4 3 

48 100 17 4 4 

49 100 20 4 5 

52 100 32 2 8 

55 100 68 6 12 

 

Table S4 Summary of the relative intensity of the reflections between 0.5 ≤ 2θ ≤ 2.6° of sulfur-CMK-5 
carbon composites depending on the sulfur content (r = 24 Å, w = 25 Å, R = 49 Å), as depicted in Figure 
4 (a). The sulfur density is 2.07 g mL-1 in all cases. 

 relative intensity of the reflection / % 

sulfur content / % 10 11 20 21 

0 3 100 20 14 

2 0 100 20 15 

5 3 100 20 16 

7 13 100 19 17 

10 33 100 19 18 

12 64 100 18 19 

15 100 91 17 19 

17 100 56 10 13 

19 100 37 6 9 

22 100 25 4 7 

24 100 17 3 5 
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Table S5 Summary of the relative intensity of the reflections between 0.5 ≤ 2θ ≤ 2.6° of sulfur-CMK-5 
carbon composites depending on the sulfur density (r = 24 Å, w = 25 Å, R = 49 Å). 

sulfur content sulfur density relative intensity of the reflection / % 

/ % / g mL-1 10 11 20 21 

0 0.00 3 100 20 14 

2 0.17 1 100 20 15 

5 0.43 3 100 20 16 

7 0.60 13 100 19 17 

10 0.86 31 100 19 18 

12 1.04 61 100 19 19 

15 1.29 100 97 18 20 

17 1.47 100 60 11 13 

19 1.64 100 39 7 9 

22 1.90 100 26 4 7 

24 2.07 100 17 3 5 

 

Table S6 Summary of the relative intensity of the reflections between 0.5 ≤ 2θ ≤ 2.6° of SnO2-CMK-5 
composites depending on the amount of SnO2 (r = 24 Å, w = 25 Å, R = 49 Å), as depicted in Figure 5 (a). 

 relative intensity of the reflection / % 

SnO2 content / % 10 11 20 21 

0 3 100 20 14 

8 6 100 20 16 

15 53 100 19 18 

21 100 56 10 11 

26 100 22 4 5 

31 100 10 2 3 

35 100 5 1 2 

38 100 2 0 1 

41 100 1 0 1 

44 100 1 0 0 

47 100 0 0 0 

49 100 0 0 0 

51 100 1 0 0 
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Figure S3 Simulated low-angle X-ray diffraction (XRD) patterns of mesoporous CMK-5 carbon (a), sulfur-CMK-5 carbon composite (b) and CMK-3 carbon (c) with 
varying carbon wall/tube thickness between 0.5 ≤ 2θ ≤ 4.5°. The CMK-5 carbon exhibits an intra-tubular pore radius of 24 Å in all cases. The sum of the intra-
tubular pore radius r and the wall thickness w in case of the CMK-5 carbon corresponds to the outer tube radius R. The theoretical position of the expected 
reflections is marked with a vertical dotted line.
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Figure S4 Simulated low-angle X-ray diffraction (XRD) patterns of sulfur-CMK-5 carbon composite (a) 
and SnO2-CMK-5 carbon composite (b) with varying amount of the guest species between 
0.5 ≤ 2θ ≤ 4.5°. The CMK-5 carbon exhibits an intra-tubular pore radius r of 24 Å and a carbon wall 
thickness w of 25 Å in all cases. 
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Table S7 Influence of the thickness of density variation around the tube like arrangement in CMK-5 
carbon (r = 24 Å) with a wall thickness w of 24 Å, 13 Å and CMK-3 with an outer pore diameter of 48 Å, 
on the diffraction pattern as depicted in Figure 7. 

r w R x relative intensity of the reflection / % 

/ Å / Å / Å / % 10 11 20 21 

24 24 48 0 1 100 24 14 

24 24 48 10 1 100 24 13 

24 24 48 20 1 100 23 12 

24 24 48 50 4 100 23 7 

        

24 13 37 0 100 100 76 2 

24 13 37 10 99 100 75 2 

24 13 37 20 98 100 73 2 

24 13 37 50 89 100 64 1 

        

- - 48 0 100 17 4 4 

- - 48 10 100 17 4 4 

- - 48 20 100 16 4 3 

- - 48 50 100 10 2 1 

 

 

Calculation of the theoretical position of the reflection maxima in the diffractograms of CMK-5 

carbon. 

The theoretical position 2θ of the hkl (Miller indices) reflection can be calculated by equation 1. For a 

two dimensional periodic structure the last summand (a2l2c-2, with a,c = lattice constants) gets zero. By 

taking into account Bragg´s law[39] the theoretical position θ of the hkl reflection can be calculated for 

a known lattice constant a (only taking into account the first maximum, equation 2). 

𝑎 = 𝑑ℎ,𝑘,𝑙 (
4

3
(ℎ2 + ℎ𝑘 + 𝑘2) +

𝑎2𝑙2

𝑐2 )

−0,5

  equation 1 

 

2𝜃 = 2𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑛𝜆

2 𝑎
(

4

3
(ℎ2 + ℎ𝑘 + 𝑘2) +

𝑎2𝑙2

𝑐2 )

−0,5

)  equation 2 

 

 


