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1. Abstract
Powder X-ray diffraction (XRD) patterns of ordered mesoporous CMK-8 and CMK-9 carbon
materials are simulated by geometric modeling. The materials are amorphous at the atomic
length scale but exhibit highly symmetric gyroidal structures at the nanometer scale,
corresponding to regular, continuous nanopore systems with cubic symmetry. Their
structures lead to characteristic low-angle XRD signatures. We introduce a model based on
geometrical considerations to simulate CMK-8 and CMK-9 structures with variable volume
fraction of carbon (vs. pore volume, i.e., variable 'pore wall thickness'). In addition, we also
simulate carbon materials with variable amounts of guest species (e.g., sulfur) residing in
their pores. The corresponding XRD patterns are calculated. The carbon volume fraction
turns out to have a significant impact on the relative diffraction peak intensities, especially in
case of CMK-9 carbon that features a bimodal porosity. Likewise, the presence of guest
species in the pores may also strongly affect the relative peak intensities. Our study suggests
1

that careful evaluation of experimental low-angle XRD patterns of (real) CMK-8 or CMK-9
materials offers an opportunity to obtain detailed information about the nanostructural
properties in addition to the mere identification of the pore systems geometry.

Keywords: ordered mesoporous carbon, CMK-9 carbon, X-ray diffraction, gyroid, simulation

2. INTRODUCTION
After the introduction of ordered mesoporous carbon materials by Ryoo et al. in 1999[1]
numerous studies have been published about the determination of their structural features,
characterization techniques, and applications.[2-4] They used ordered porous silica materials,
infiltrated them with metal or carbon precursor materials, and after thermal conversion and
removal of the silica ended up with the negative replica. By the so called nanocasting [1,5-7]
procedure, various structures have been realized such as hexagonal CMK-3 carbon[8] (p6mm
symmetry, SBA-15 silica[9] as structure matrix) and CMK-8 carbon[10] (𝐼𝑎3̅𝑑 symmetry, KIT-6
silica[10] as structure matrix). Both carbon materials exhibit a rod or rod-like shape but a
different symmetry. They can be synthesized by filling silica matrices with a carbon
precursor, converting it to a carbon/silica composite material, and in a final step removing
the silica matrix (Figure 1).[1,11] By only coating the surface of the silica pore walls, hollow
analogs can be obtained. In the case of SBA-15 as a structure matrix, the carbon material is
called CMK-5[12], in the case of KIT-6 silica it is called CMK-9[10]. The synthesis of CMK-8, CMK9, and various composite materials is depicted in Figure 1. Guest species such as sulfur can
be infiltrated after silica matrix removal to create various composite materials as shown in
Figure 1 A, B. If the sulfur is added before the removal of the silica in the CMK-9@KIT-6
composite material, selective deposition of the guest species in the intra-tubular carbon
2

pores can be achieved. After removal of the silica, a novel sulfur/carbon composite material
can be obtained that is still porous (Figure 1 C).

Figure 1 Nanocasting procedure based on KIT-6 silica. Depending on the amount of carbon
precursor, various carbon and composite materials are accessible.

The hollow carbon materials (i.e., CMK-5, -9) exhibit a larger surface area compared to the
rod-shaped ones (CMK-3, -8), but their identification is not trivial, especially if the size of the
intra-tubular and the inter-tubular pores are similar.[13] Powder X-ray diffraction, though, is a
valuable tool in the identification of the different carbon phases.[13-18] Evidenced by several
studies (experimental[12,13,17,19-21] and theoretical[17,19-22]), the wall thickness of hollow
ordered mesoporous CMK-5 carbon has a strong impact on the relative intensity of the
diffraction peaks. At certain wall thicknesses, the typically most intense 10 reflection
vanishes while the 11 reflection drastically increases in intensity.[12,13,17,19-22] Upon a selective
3

deposition of a guest species in the intra-tubular pore of CMK-5, the 10 reflection increases
in dependence of the amount and electron density of the incorporated material. [20,21,23-25]
Sulfur, for example, is a good model guest species because of its similar electron density
compared to carbon.[20,21]
Similar experimental observations were made in case of the CMK-9 carbon structure.[10,2629]

The 211 reflection might decrease or vanish for certain thicknesses. Initial studies of Ryoo

and coworkers present low-angle diffraction patterns of CMK-8 and CMK-9 carbon. While
the first exhibits an intense 211 reflection, the latter one shows a rather noisy looking region
at angles between 0.5° < 2θ < 3° [10] because higher reflections than the 200 possess similar
intensities.[26] Kim et al. present a more recent utilization of CMK-9 in various catalytic
systems. They support previous results from Ryoo that the diffractogram of CMK-9 carbon
consists of several reflections with an overall low, but comparable intensity.[27-29] While the
reasons for strong variations of the relative intensities of the reflections of CMK-5 carbon are
explained in literature in detail, corresponding investigations for cubic carbon materials are
missing. Therefore, this study is aiming to close the gap of the description of the diffraction
pattern of cubic CMK-9 carbon and related structures. It has to be mentioned that the
analysis of experimental diffractograms requires profound crystallographic background to
avoid misleading conclusions. Nevertheless, this manuscript investigates which features of
cubic ordered mesoporous carbon materials influence the diffractograms on a theoretical
level. In principle, these results are in agreement with previously published diffractograms of
CMK-8 and CMK-9 carbon materials, as well as with experimental results obtained in our lab
(not shown). A deconvolution of experimental diffractograms requires a high resolution and
a large signal to noise ratio at the same time. More information about detailed structural
4

analysis based on diffraction methods of ordered mesoporous materials can be found in a
tutorial review from Solovyov.[18]
In the present study, the dependency of the X-ray diffraction pattern on the wall thickness
of the parental structure, the carbon wall thickness, and the amount of guest species within
the intra-tubular pores was investigated for CMK-8 and CMK-9. In comparison to these two
structures, single gyroid analogs have been simulated to investigate the structural origins of
the theoretical observable X-ray diffraction features. Furthermore, data were collected for
novel sulfur-filled CMK-9 carbon composite materials (S@CMK-9), where the guest species
were selectively deposited in the intra-tubular carbon pores. The investigated and
symmetry-related structures are summarized in Figure 2.

5

Figure 2 Ordered mesoporous carbon materials related to the structure of KIT-6 silica from
[111] direction ([100] direction is shown in the Supplementary Information Section Figure
S1). In case of double gyroid structures with a certain displacement (blue arrow), the gyroids
are depicted in different colors (blue and black). The guest species in the composite
materials is colored in red.
CMK-8 represents an inverse replica of KIT-6 silica. Due to randomly orientated micropores
between the two pore channels of KIT-6 silica, the resulting CMK-8 carbon retains its
inversion center in the middle of the unit cell. The situation is different in case of no or too
small micropores.[30,31] The two single gyroids show a displacement that leads to a reduction
6

in symmetry (𝐼41 /𝑎 or lower), which was described for CMK-1 carbon,
previously.[1,14,15,30,32,33] It has to be mentioned that in the original publication, CMK-1[1]
refers to two displaced gyroids that resulted from nanocasting from MCM-48 silica[34] and
not from KIT-6 silica. Beside the thickness of the gyroids, the displacement has an impact on
the relative intensities of the reflections, as well (which is described in the literature but not
within this study).[15] Additionally, in the present study, single enantiomeric carbon
frameworks (single gyroid; not to be confused with CMK-1, which contains two gyroidal
carbon sub-frameworks that exhibit a displacement between each other[1]) were
investigated as well as hollow single gyroid analogs. To the best of our knowledge, the latter
carbon structure has not been synthesized yet.
3. Experimental
̅𝒅 and related
3.1. Description of cubic ordered mesoporous materials with 𝑰𝒂𝟑
symmetry
KIT-6[10] (as well as MCM-48[35-37]) silica consists of two independent pore systems with
opposite handedness. The structure can be described by the utilization of infinitely triply
periodic minimal surfaces (also called gyroids). Alan Schoen firstly described such structures
in 1970.[38] A single gyroid surface (FSG) of constant mean curvature can be approximated by:
𝐹𝑆𝐺 (𝑥, 𝑦, 𝑧) = 𝑠𝑖𝑛(2𝜋 𝑥)𝑐𝑜𝑠(2𝜋 𝑦) + 𝑠𝑖𝑛(2𝜋 𝑦)𝑐𝑜𝑠(2𝜋 𝑧) + 𝑠𝑖𝑛(2𝜋 𝑧)𝑐𝑜𝑠(2𝜋 𝑥) = 𝑢
𝑋

𝑌

(1)

𝑍

with 𝑥 = 𝑎,, 𝑦 = 𝑎 , 𝑧 = 𝑎

(2)

Where 𝑋, 𝑌, 𝑍 are the absolute coordinates; 𝑎 is the lattice constant of the cubic unit cell,
and 𝑢 is the parameter that determines the position of the surface. For 𝑢 = 0, the surface
separates the unit cell in two spaces of equal volumes.
Squaring equation (1) leads to a so-called double gyroid surface 𝐹𝐷𝐺 .[38]
𝐹𝐷𝐺 (𝑥, 𝑦, 𝑧) = 𝐹𝑆𝐺 (𝑥, 𝑦, 𝑧)2 = 𝑢2 = 𝑡
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(3)

For simplicity we substitute 𝑢2 by 𝑡. For 𝑡 > 0, 𝐹𝐷𝐺 can be imagined by two single gyroid
surfaces interpenetrating each other, as depicted in Figure 3 (a,c). The space between the
red and the blue surface can be filled with atoms to describe KIT-6 silica and related
materials. The inverse structure represents CMK-8 carbon (and CMK-4[33], which is a CMK-8
analog utilizing MCM-48 as a structure matrix), respectively.
The wall thickness in a double gyroid material such as KIT-6 silica (𝑤) is related to the solid
volume fraction φ of the material. Without assuming any pore geometry, it is possible to
approximate 𝑤(𝜑) by:[39]
𝑤(𝜑) ≈

𝑎√3
⋅ arcsin(𝜑)
2𝜋

(4)

By increasing the silica wall thickness, the volume fraction increases nearly linearly up to
filling fractions of 80%, where 𝑤/ 𝑎 < 0.28.[39] With the wall thickness, the parameter 𝑡 can
be derived to describe KIT-6-like structures with the surface function 𝐹𝐷𝐺 (equation 2):
3
2𝜋 ⋅ 𝑤 2
𝑡(𝑤) = ( ⋅ sin {
})
2
√3 𝑎

(5)

Equations (2) and (5) can then be used to define an atomic density distribution 𝜌𝐾𝐼𝑇6 for
KIT-6-like structures,
𝜌 ,
𝜌𝐾𝐼𝑇6 (𝑥, 𝑦, 𝑧) = { 𝑥
0,

𝐹𝐷𝐺 (𝑥, 𝑦, 𝑧) < 𝑡(𝑤)
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(6)

where 𝜌𝑥 represents the atomic density of the desired material. A similar approach, using
the electron density, was utilized by Solovyov et al. to calculate diffractograms of different
ordered mesoporous materials.[18,30,40-42]
Based on KIT-6 silica, other structures of ordered mesoporous materials can be
synthesized by the nanocasting procedure described above.[10] The most common cubic
example is CMK-8, which is a negative replica of KIT-6 (Figure 1 and Figure 2), therefore the
density distribution 𝜌𝐶𝑀𝐾8 can be defined by the inversion of equation (6):
8

𝜌 ,
𝜌𝐶𝑀𝐾−8 (𝑥, 𝑦, 𝑧) = { 𝑥
0,

𝐹𝐷𝐺 (𝑥, 𝑦, 𝑧) > 𝑡(𝑤)
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(7)

where 𝑤 is the wall thickness of the former KIT-6 matrix.
Another example of a structure derived from KIT-6 silica is CMK-9 carbon, which can be
synthesized by coating the pore walls of the silica matrix. Therefore, CMK-9 consists of
hollow tubes (Figure 2 and Figure 3).

Figure 3 KIT-6/CMK-8 (a, c) and CMK-9 (b, d) limiting surfaces in [111] (a, b) and [100]
direction.

For a description of the structure of CMK-9 carbon in terms of gyroidal surfaces, another
limiting surface at 𝑡(𝑤 + 2 𝑤𝑐 ) = 𝐹𝐷𝐺 (𝑥, 𝑦, 𝑧) is needed (and depicted in Figure 3):
𝜌 , 𝑡(𝑤 + 2 𝑤𝑐 ) > 𝐹𝐷𝐺 (𝑥, 𝑦, 𝑧) > 𝑡(𝑤)
𝜌𝐶𝑀𝐾9 (𝑥, 𝑦, 𝑧) = { 𝑥
0,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(8)

Where 𝑤𝑐 is the thickness of the coating and, therefore, the wall thickness of the hollow
CMK-9 structure. The factor of 2 originates from the surface definition and the fact that KIT9

6 has two independent surfaces, which are both coated to form CMK-9. 𝑤𝑐 can be calculated
from the volume fraction of the parental matrix 𝜑𝐾𝐼𝑇6 (compare to eq. 4) and the volume
fraction 𝜑𝐶𝑀𝐾9 of the CMK-9 itself:
𝑤𝑐 =

𝑎√3
[arcsin(𝜑𝐾𝐼𝑇6 + 𝜑𝐶𝑀𝐾9 ) − arcsin(𝜑𝐾𝐼𝑇6 )]
4𝜋

(9)

It has to be mentioned that experimentally obtained CMK-8 and CMK-9 carbon materials
exhibit randomly distributed carbon bridges between the carbon sub-frameworks to remain
the initial symmetry (𝐼𝑎3̅𝑑). These were neglected as they only slightly increase the electron
average density in the “pores”. In comparison, the fraction of bridging carbon atoms
compared to the pore walls is negligible.[21,22]

3.2. Modeling of cubic mesoporous structures and calculation of their diffraction
patterns
The mesoporous structures have been modeled using point scatterers representing an
amorphous arrangement of atoms. These were randomly distributed in a cubic unit cell,
according to the density functions described above, using an experimental lattice constant a
and the atom density of the respective material. With a lattice constant of 𝑎 = 21.55 nm
(used for all later illustrations) and the apparent carbon density 𝜌𝑐 (2.04 g mL-1 [43]) this
results in 1004500 atoms per completely filled unit cell. The lattice constant value was
obtained from a synthesized CMK-8 carbon material; the experimental results are not
included in this manuscript. Similar values can be found in the literature.[10] Summation over
the scattering in a certain direction of all the atoms 𝑟 in the unit cell and weighting it with
the corresponding atomic form factor 𝑓𝑟 gives the structure factor
10

𝐹(ℎ𝑘𝑙) = ∑ 𝑓𝑟 (ℎ𝑘𝑙)𝑒 2𝜋𝑖(ℎ𝑥𝑟 +𝑘𝑦𝑟 +𝑙𝑧𝑟 )
(10)

𝑟

for each set of planes (ℎ𝑘𝑙).[44] The structure factor can also be split into terms sine (A)
and cosine (B) terms (where the square sum of the latter is zero for centrosymmetric
structures such as 𝐼𝑎3̅𝑑).[44]
2

|𝐹(ℎ𝑘𝑙)|2

2

= [∑ 𝑓𝑟 𝐴𝑟 (ℎ𝑘𝑙)] + [∑ 𝑓𝑟 𝐵𝑟 (ℎ𝑘𝑙)]
𝑟

(11)

𝑟

𝐴(ℎ𝑘𝑙) = cos 2𝜋 (ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)
𝐵(ℎ𝑘𝑙) = sin 2𝜋 (ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)

(12)
(13)

The relative intensity of the peaks of a theoretical diffractogram can then be calculated by:
𝐼ℎ𝑘𝑙 = |𝐹(ℎ𝑘𝑙)|2 ∙ 𝐻 ∙ 𝐿𝑃𝐺

(14)

Where H is the multiplicity, and LPG is the Lorentz-Polarization-Geometric factor.[45] For
the diffractometer in this study, we assumed the LPG as:
1 + cos 2 2𝜃𝑀
𝐿𝑃𝐺 =
sin2 𝜃 ⋅ cos 𝜃

(15)

𝜆

With the diffraction angle 𝜃 = sin−1 (2 𝑎 √ℎ2 + 𝑘 2 + 𝑙 2 ) and the angle of the singlecrystal monochromator 𝜃𝑀 , which here is the 111 reflection of Si, 𝜃𝑀 = 28.44°. The
wavelength of the X-rays was assumed to be copper Kα radiation, with 𝜆𝐾𝛼 = 1.54 Å.
Results were normalized with respect to the most intense peak of each structure unless
stated otherwise. Diffractograms were plotted assuming a Gaussian peak shape with a full
width half maximum of 0.02° 2θ (which is comparable to measured diffractograms of
ordered mesoporous carbon structures but obviously depends on the experimental set-up).
Hence, there is no structural information included. Matlab R2018a[46] was used to perform
these operations.
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4. RESULTS AND DISCUSSION
4.1. Model validation and intensity error calculation
For each calculation of a diffractogram, a new random set of atom positions is generated.
Thus, variations between two diffractograms calculated with the same structural parameters
might occur. Figure 4 a) shows a contour plot of 50 diffractograms of CMK-8 carbon material
with a volume fraction of 80%, which is a realistic value with respect to previously published
results.[10] Figure 4 b) shows the mean value of the 50 calculations, including the standard
deviation of every peak as an error bar. The 211 reflection is, as explained above, always the
most intense peak and serves as a reference value with a standard deviation of 0.032. The
110 reflection is symmetry forbidden in space group 𝐼𝑎3̅𝑑, and thus, not visible in the
calculated diffractogram. These results corroborate that the amount of carbon atoms is
sufficiently large to calculate diffractograms with a small range of intensity variation.
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Figure 4 a) Contour plot of the relative intensity of the diffraction peaks of CMK-8 carbon for
a carbon volume fraction of 80% (50 individual calculations). b) Averaged intensities and
standard deviations for each reflection of CMK-8 carbon.
A single unit cell contains enough carbon atoms to calculate the diffractogram of cubic
CMK-8 carbon structures reproducibly. For smaller unit cells (e.g., CMK-3 and CMK-5 carbon
derived from SBA-15), several unit cells need to obtain a sufficient amount of atoms.[21,22]
4.2. Influence of the volume fraction of CMK-8 carbon
The variation of the volume fraction has a direct impact on the rod diameter of CMK-8
carbon. Pores separate the carbon rods. This pore size is determined by the wall thickness of
the parental KIT-6 silica structure matrix. A systematic variation of the volume fraction
between 5 – 95% was performed, and the calculated diffractograms are depicted in Figure 5.
The 211 reflection is the most dominant peak over the entire range (and thus used to
normalize the diffractogram) while the 220 reflection gradually increases in intensity (up to
14%) with increasing volume fraction. The 400 and 332 reflections exhibit an intensity of up
to 16% but completely vanishes between a volume fraction of about 25-45%. KIT-6 silica
materials typically exhibit a larger pore volume to wall volume ratio, which means that for
comparison with experimental results, the region of higher carbon volume fraction is more
interesting (>70%) to compare with experimental results.[10] There the 211, 220, and 332
reflections are the most intense peaks, and thus, most important when it comes to the
interpretation of experimental data. The other reflections might not be observable due to
their low relative intensity, structural damage, and/or a poor signal to noise ratio.
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Figure 5 Relative intensity of the diffraction peaks of simulated CMK-8 carbon in dependence
of the carbon volume fraction (step size of 2.5%).
Overall, the variation of the carbon volume fractions has a minor influence on the
diffractogram of CMK-8 carbon. More significant variations can be observed for low volume
fractions of carbon, i.e., KIT-6 silica with thick walls. The diffractograms with absolute
intensity values of the peaks are shown in Figure S2 in the Supporting Information Section.
4.3. Influence of the volume fraction of single gyroid carbon structures
The impact of the volume fraction on the diffractogram was investigated for a single gyroid
carbon structure as well. Figure 6 summarizes the dependence of the volume fraction on the
relative intensity of the diffraction peaks. The single gyroid exhibits a 𝐼41 32 symmetry.[38]
The volume fraction is plotted between 5-95% (steps of 2.5%) in Figure 6. It is evident that
the 110 reflection is the most dominant over the entire range, followed by the 211
14

reflection. These calculated diffractograms are in agreement with the literature concerning
the diffractogram of CMK-1[1,14,15,32,47] (carbon volume fraction about 31%[1]; and a large pore
analog of CMK-1 casted of poorly interconnected KIT-6 silica[30]), although this structure
consists of two single gyroids that are displaced. This displacement influences the relative
intensity of the diffraction peaks, which is extensively discussed in the literature[15,33], but
not investigated in this study. Compared to the 110 reflection, all other reflections (except
220) decrease in intensity with an increasing carbon volume fraction and even vanish over a
vast volume fraction range. The diffractograms are symmetric around 50% of volume
fraction, because of Babinet’s principle.[48]

Figure 6 Relative intensity of the diffraction peaks of simulated single gyroid carbon in
dependence of the carbon volume fraction (step size of 2.5%).
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The Diffractogram with the absolute intensity of the peaks is shown in Figure S3 in the
Supporting Information Section.

4.4. Influence of structural parameters of CMK-9 carbon and sulfur@CMK-9 carbon
composite materials
Literature information about the carbon wall thickness in CMK-9 carbon is scarce. For the
hexagonal analog CMK-5, however, wall thickness values of 𝑤𝑐 ≥ 1.5 nm are reported (at
lattice constants around 10 nm).[13,49] In general, the wall thickness of the structure is limited
by the parental KIT-6 matrix, which is coated, i.e., the wall can only extend to half of the pore
size 𝐷𝑠𝑖𝑙𝑖𝑐𝑎 of the KIT-6 silica (𝑤𝑐 ≤

𝐷𝑠𝑖𝑙𝑖𝑐𝑎
2

).

Therefore, the CMK-9 structure mainly depends on two parameters: the wall thickness of
the parental KIT-6 matrix 𝑤 and the wall thickness of the afterwards applied coating 𝑤𝑐 .
These two depend on each other since they are limited by the lattice constant of the
parental matrix 𝑎 > 2 √ 2 𝑤 + 4 𝑤𝑐 , where surfaces in the above definition of 𝜌𝐶𝑀𝐾9 will
start to intersect and no longer represent a proper CMK-9 structure.
The dependency of the theoretical X-ray diffraction peaks in this parameter space was
calculated for CMK-9 and according to sulfur-carbon composites (S@CMK-9).
In Figure 7 a) the intensities of the most prominent peaks of CMK-9 carbon are plotted in
dependence of the diffraction angle and the wall thickness 𝑤 of the KIT-6 precursor matrix,
with a fixed lattice constant of 𝑎 = 21.55 nm and silica wall thichness 𝑤/𝑎 = 0.057. The
intensity is normalized with respect to the maximum intensity of the depicted parameter
space.

16

In comparison to the single gyroid diffractions, the most significant difference is the
absence of the 110 reflection which is symmetry forbidden for the 𝐼𝑎3̅𝑑 space group. It is
evident that the 211 reflection is the most prominent peak for 0 < 𝑤𝐶 /𝑎 ≤ 0.10 and
0.13 ≤ 𝑤𝐶 /𝑎, but it vanishes around 𝑤𝐶 /𝑎 = 0.12. The 220 reflection is roughly
proportional to the 211 intensity and also vanishes in the same region. The most dominant
diffraction peaks, especially where the 211 and 220 reflection disappear, are the 332 and
420. The latter is the most intense around 0.10 < 𝑤𝐶 /𝑎 < 0.13.
In the case of the S@CMK-9 carbon composite materials in Figure 7 b), the 211 reflection
is always present and by far the most intense, followed by the 220 of which the intensity
varies between 10-15%. The 332 and the 420 only weakly appear around 0.09 ≤ 𝑤𝐶 /𝑎 ≤
0.15.
The different behavior of the 211 reflection seems characteristic for these structures.
Therefore, the intensity of the 211 reflection for both structure is compared in Figure 7 c) in
dependence of both structure-defining parameters 𝑤 and 𝑤𝑐 . The diagonal line separating
the two plots, which are depicted rotated 180° to each other, corresponds to the limit the
lattice constant imposes on the structures. The fixed thicknesses (w for the parental silica
wall thickness and wC for the carbon wall thickness of hollow CMK-9 carbon) of Figure 7 a)
and b) are indicated by the dashed lines.
The lower half of Figure 7 c) shows that the 211 reflection of the hollow CMK-9 carbon
disappears in a certain region, which depends on 𝑤 and 𝑤𝑐 . Whereas the sulfur in the filled
CMK-9 prevents the extinction of the 211 reflection. The intensity of the 211 reflection of
the sulfur filled S@CMK-9 only depends on 𝑤, but is almost constant for varying carbon wall
thicknesses 𝑤𝑐 due to the similar electron density of sulfur and carbon.[20,21]
17

Figure 7 Intensity maps of the diffraction peaks in dependency of the silica wall thickness
𝑤/𝑎 of a) CMK-9 carbon and b) sulfur-filled S@CMK-9 carbon composite materials (both
with a carbon wall thickness of 𝑤𝑐 /𝑎 = 0.057). c) Intensity map of the 211 reflection for
211
both structures in dependence of 𝑤 and 𝑤𝑐 (relative to each other: 1 ∝ 𝐼𝑚𝑎𝑥
), lower half:

CMK-9, upper half: S@CMK-9 (rotated 180°; step size of w/a and wC/a = 0.005).
The comparison between the diffractograms of CMK-9 carbon and S@CMK-9 carbon
composite materials confirms previous findings of CMK-5 carbon and composite materials,
that the electron density of carbon and sulfur is so similar, that an entirely filled intra-tubular
carbon pore leads to a diffractogram of the sulfur-carbon composite material that is identical
to the CMK-3/CMK-8 carbon.[20,21] Therefore, the intensity of the 211 peak of the sulfur-filled
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structure is more or less independent of the carbon wall thickness of the CMK-9 carrier
structure. These findings show that sulfur is an ideal guest species to confirm a selective
guest species deposition in the intratubular carbon pores.[20,21]
4.5. Influence of structural parameters of hollow gyroid carbon structures and
composites
The extinction of the 211 reflection in a certain parameter region of CMK-9 carbon can
also be observed in hollow single gyroids, as depicted in Figure 8. It shows the intensity maps
of the X-ray diffraction of a hollow single gyroid carbon and the corresponding sulfur filled
carbon composite in analogy to Figure 7. Contrary to Figure 7, the most prominent peak in
Figure 8 (a, b) is the 110 reflection, which is systematically extinct in the double gyroid.
However, the intensity of the 211 reflection not only appears much weaker relative to the
110 reflection for the single gyroid structures (Figure 8 a) and b)), but also relative to the 211
intensity of the double gyroid. Figure 8 is normalized in the same color code to the same
intensity value as Figure 7. Therefore, the intensities are directly comparable. The 211
reflection map of the single gyroid structure (Figure 8 c)) shows the very same behavior as
the double gyroid (Figure 7 c)). The only difference between them is a factor of four in
intensity. These findings agree with the difference of a factor of 2 between the structure
factor of the 211 reflection for the same scattering unit placed in the space groups of 𝐼𝑎3̅𝑑
and 𝐼41 32.[44] Since, 𝐼 ∝ |𝐹|2, the 211 reflex of the double gyroid is four times more intense
than of the single gyroid. Whereas the 110 reflection of the single gyroid is not
systematically extinct and therefore, the most significant and between 1.5 and 3 times as
intense as the 211 reflection of the double gyroid. All other reflections are barely visible and
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do not exceed intensities of about 4.3%. The low intensities might lead to a very challenging
interpretation of experimental diffraction data because only one reflection is visible.

Figure 8 Intensity maps of the diffraction peaks in dependency silica wall thickness of w/a of
a) hollow single gyroid carbon and b) sulfur filled single gyroid carbon composite materials
(both 𝑤𝑐 /𝑎 = 0.057). c) Intensity map of the 211 reflection for both structures in
211
dependence of 𝑤 and 𝑤𝑐 (relative to the doubly gyroid: 1 ∝ 𝐼𝑚𝑎𝑥
of Fig 6), lower half: hollow

single gyroid, upper half: filled single gyroid (rotated 180°; step size of w/a and wC/a =
0.005).
4.6. Investigation of the structural origin of the extinction of the 211 diffraction peak
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Since the extinction behavior of the 211 reflection changes significantly with the filling of
the pores, the origin of the extinction conditions was further investigated, where the
influence of the sulfur filling is comparably significant, i.e., at 𝑤/𝑎 = 0.19 with a thin carbon
layer of 𝑤𝐶 /𝑎 = 0.04. The results are shown in Figure 9 a), where the diffraction pattern of a
single gyroid of carbon shows a strongly enhanced 211 reflection if it is filled with sulfur.
The extinction of the 211 reflection of the hollow structure is not a systematic one, but can
be explained by a coincidental destructive interference, as demonstrated in Figure 9 b),
where the single hollow gyroid is depicted from the 1̅11 direction. The amorphously
distributed carbon atoms are colored by 𝐴(211), their contribution to the structure factor of
the 211 planes. The positive (red) and negative (blue) contributions to 𝐴 balance each other
to zero in a certain parameter space of 𝑤 and 𝑤𝑐 . In this parameter space, the walls of the
“cylindrical” carbon rod-like structures are situated, where their scattering is minimized, as
can be seen by the white regions in Figure 8 b), where 𝐴(211) equals zero. If the pore walls
are centered around these 𝐴 = 0 regions their positive and negative contributions to 𝐴 lead
to the extinction of the 211 reflection. Since the double gyroid simply consists of two single
gyroids, this extinction behavior is also observed in CMK-9. This effect is illustrated in Figure
9 c), where the second gyroid is depicted slightly shaded compared to the first one but
shows the same contributions to 𝐴(211) as the single gyroid.
The above-described extinction condition for the 211 reflection can be disturbed easily if
the pores of the gyroid are filled, as depicted in Figure 9b. The sulfur atoms (cyan) filled into
the intra-tubular pores are mostly localized in regions that exhibit a negative contribution to
𝐴, which leads to a nonzero structure factor and a 40 times more intense 211 reflection
(Figure 9 a)).
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Figure 9 a) Powder X-ray diffraction pattern of single gyroid of carbon, hollow and with sulfur
(cyan) locating in the intra-tubular pores (intensities normalized to the 211 reflection of the
hollow gyroid). b) Single hollow gyroid atoms colored corresponding to their contribution to
𝐴(211), (c) double gyroid colored by 𝐴(211) (second gyroid slightly shaded for better
differentiation). Structures are shown from [1̅11] direction.

5. CONCLUSION
Powder X-ray diffraction is a powerful tool in the identification and characterization of
ordered mesoporous carbon materials. The diffractograms of double gyroid-based structures
(e.g., CMK-8) are less influenced by changes in the rod diameter as compared to hollow
carbon structures (e.g., CMK-9). It could be shown that for CMK-9 carbon the typically most
22

intense 211 reflection vanishes, when the carbon walls are situated in the unit cell at certain
positions, which depends on their wall thickness 𝑤𝑐 , and is tunable via the parental KIT-6
silica wall thickness 𝑤. When the 211 reflection is extinct, the 332 reflection is enhanced and
becomes the most dominant one.
The more the intra-tubular pore system of CMK-9 carbon is filled, the more the
diffractogram transforms into a CMK-8 carbon-like pattern. Due to higher pore
interconnectivity, these new materials might be exciting alternatives to sulfur@CMK-5
composite materials as electrode materials in lithium-sulfur batteries. Furthermore, novel,
not yet synthesized, (single gyroid) carbon (composite) structures were simulated, and the
diffractograms calculated, showing similar trends in the evaluation of the diffractograms
compared to double gyroid structures such as CMK-8 and CMK-9 carbon. Results from
simulated and synthesized carbon structures shown in the literature match quite well. A
more comprehensive analysis of experimental results in comparison to simulated gyroidal
carbon materials will be performed in a separate study.
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