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Characterization of silica spheres with a solid core and a mesoporous shell 

 

 

Figure S1: SEM image of monodisperse silica spheres with a solid core and a mesoporous shell. The diameter 

of the solid core was determined to be 380 nm by dynamic light scattering, while the diameter of the core–

shell particles was about 515 nm. From SEM images a diameter of about 490 nm was determined for the core–

shell spheres. 

 
 

 

Figure S2: a) Powder X-ray diffraction (XRD) pattern of silica spheres with a solid core and a mesoporous shell, 

b) nitrogen physisorption isotherm (measured at 77.4 K) and c) pore size distribution calculated by non-local 

density functional theory (NLDFT). 
The powder XRD pattern shows two diffraction peaks at 2 = 2.34° and 2 = 4.67°. These can be assigned to 

the (100) and (200) diffraction peaks of a wormlike pore structure. In literature this pattern is assigned to a 

hexagonal pore structure in which the (110) reflection is scarcely pronounced because of the curved shell [1,2]. 

From the nitrogen physisorption isotherm a surface of 404 m²/g can be determined by the Brunauer–Emmett–

Teller method. The pore size distribution is narrow and centered at 3.78 nm. 
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Characterization of hollow carbon spheres 

 

 

Figure S3: a) Carbon dioxide physisorption isotherm (measured at 273.15 K) of hollow carbon spheres (HCS), b) 

pore size distribution and c) cumulative pore volume. Pore size distribution and cumulative pore volume were 

obtained from the isotherm by NLDFT analysis. 

From the pore size distribution and plot of cumulative pore volume it can be seen that HCS contain a 

considerable amount of pores smaller than 1.5 nm. The cumulative pore volume of these small pores is as high 

as 0.26 cm
3
/g. 
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Calculation of the total possible sulfur loading in HCS 

 

 

 

 

 

Equations derived from the formula 

for the volume of a sphere: 
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Figure S4: a) Schematic presentation of a hollow carbon sphere with an inner diameter di, an outer diameter do 

and a volume of the shell Vshell. b) Formulas for the volumes of the outer and inner sphere Vo and Vi and the 

volume of a single shell Vshell calculated from that. 

The basic equation for calculating the sulfur loading is Equation 4. 
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Expressing the mass of sulfur by its volume Vsulfur and density ρsulfur (Equation 5) leads to Equation 6. 

 sulfursulfursulfur Vm  (5) 
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The volume of sulfur in the case of complete pore filling can be described by the sum of the volume 

of all cavities Vcavities in 1 g of HCS and the pore volume of the shells Vpores in 1 g of HCS. 

 porescavitiessulfur VVV   (7) 
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In Equation 7 Vpores is known from the calculation of the pore volume in the shell (see regular article) 

while Vcavities can be determined by multiplication of the volume of a single cavity Vi with the number 

of spheres Nspheres in 1 g of HCS. 

 ispherescavities VNV   (8) 

From here on the geometry of a sphere can be taken into account. The equations that will be used 

are summarized in Figure S4. The volume of the inner sphere Vi of a single hollow sphere is given by 

Equation 3. The number of spheres can be derived by dividing the volume of all shells Vshells by the 

volume of a single shell Vshell (Equation 3 in Figure S4). 
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The volume of all shells is amounted to by the volume of the pure carbon Vcarbon and the volume of 

the pores in the shell Vpores. 

 oresVVV pcarbonshells   (10) 

The volume of the carbon can be calculated from the mass of HCS mHCS and the density of carbon 

ρcarbon. 
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By inserting Equations 7–11 in Equation 6, Equation 12 is derived to calculate the total possible 

sulfur loading. 
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Characterization of HCS/sulfur composites 

 

 

Figure S5: Thermogravimetric measurements (in air, heating rate: 5 °C/min) of HCS/sulfur composites obtained 

by melt impregnation a) at ambient pressure, b) in vacuum, c) under increased pressure and d) by 

impregnation from a solution of sulfur in carbon disulfide. From the two distinct steps of sulfur and carbon 

decomposition the mass fractions of sulfur and carbon in the composites can be determined. 
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Figure S6: SEM images of HCS/sulfur composites obtained by melt impregnation a) in vacuum (58 wt % sulfur, 

HCS-58-vac), b) under increased pressure (59 wt % sulfur, HCS-59-press) and c) by impregnation from a 

solution of sulfur in carbon disulfide (56 wt % sulfur, HCS-56-sol). In none of the images additional sulfur can 

be found outside the carbon spheres. 
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Figure S7: SEM images and EDX measurements of HCS/sulfur composites obtained by melt impregnation a, b) 

at ambient pressure (68 wt % sulfur, HCS-68-melt), c, d) under increased pressure (67 wt % sulfur, 

HCS-67-press) and e, f) by impregnation from a solution of sulfur in carbon disulfide (76 wt % sulfur, 

HCS-76-sol). The measured areas are marked in the images by corresponding colors. If the amounts of carbon 

and sulfur are compared it becomes obvious that the darker areas in the SEM images contain more sulfur than 

the HCS. Thus, it can be assumed that they consist of molten and recrystallized sulfur. 
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Figure S8: Nitrogen physisorption isotherms (measured at 77.4 K) of the HCS/sulfur composites (a, c, e, g) and 

cumulative pore volumes of the composites containing up to 60 wt % sulfur calculated by a quenched solid 

density functional theory model (b, d, f, h). The pore volumes of composites containing more sulfur were not 

calculated because the pores in the shell are supposed to be completely filled. 
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Calculation of the theoretical pore volume of HCS/sulfur composites 

 

The theoretical pore volume in the shell of a HCS/sulfur composite Vpores,HCS-S can be calculated by 

subtracting the volume of sulfur Vsulfur from the pore volume of the shell of the hollow spheres Vpores. 

 sulfurporesS-HCSpores, VVV   (13) 

The volume of sulfur can easily be derived from the mass and density of sulfur (Equation 14), while 

the pore volume of the shell is obtained by multiplying the specific pore volume V’pores,HCS by the 

mass of HCS mHCS (Equation 15). 
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 HCSHCSpores,pores ' mVV   (15) 

When the Equations 14 and 15 are inserted into Equation 13, Equation 16 is obtained. 
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For the specific pore volume of the composite V’pores,HCS-S Equation 16 has to be divided by the mass 

of the composite mHCS + msulfur. 
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