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Abstract: Porosity is of high importance for functional materials, as it allows for high surface areas
and the accessibility of materials. While the fundamental interplay between different pore sizes and
functionalities is quite well understood, few studies on gradually changing properties in a material
exist. To date, only a few examples of such materials have been synthesized successfully. Herein,
we present a facile method for synthesizing macroscopic carbon aerogels with locally changing pore
sizes and functionalities. We used ultracentrifugation to fractionate differently functionalized and
sized polystyrene nanoparticles. The assembly into gradient templates was conducted in a resorcinol–formaldehyde (RF) sol, which acted as a liquid phase and carbon precursor. We show that the
modification of nanoparticles and a sol–gel precursor is a powerful tool for introducing dopants
(sulfur and phosphorous) and metal nanoparticles (e.g., Ni) into gradient porous carbons formed
during the carbonization of the RF sol. Understanding the underlying interactions between particles
and precursors will lead to a plethora of possibilities in the material design of complex functionally
graded materials. We showed this by exchanging parts of the template with magnetite–polystyrene
composites as templating nanoparticles. This led to the incorporation of magnetite nanoparticles in
the formed gradient porous carbon aerogels. Finally, gradually increasing concentrations of magnetite were obtained, ultimately leading to macroscopic carbon aerogels with locally changing magnetic properties, while the graded porosity was maintained.
Keywords: hierarchical porosity; aerogel; functional gradient material; graded porosity; composite
materials; magnetism; carbon; magnetite
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1. Introduction
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Nature is the premier example of enhanced material properties in complex hierarchical structures where multiple separated functionalities act in synergy. The transfer of
these concepts to synthetic material chemistry is highly researched and leads to enhanced
properties, e.g., in energy technology [1–5]. Hierarchy in solids is mainly understood as
the occurrence of structural elements with different dimensions in a single material. A
prominent example is nanostructured carbon, where a combination of heteroatom doping, porosity and the introduction of metal(-oxide) nanoparticles leads to significantly improved performance when the materials are applied as electrodes for energy generation
and conversion [6–8]. Further improvements are observable when these concepts are
transferred to monoliths with macroscopic dimensions [9]. Furthermore, the usage of corresponding materials allows for an additional level of complexity. Instead of a statistical
distribution of various functional properties, a graded transition between them can be
implemented, resulting in so-called functional gradient materials (FGM) [10,11]. A relatively well-studied class of FGMs are materials exhibiting surface gradients. In this case,
mostly thiols or silanes are used to modify gold or silicon surfaces [12]. A focus in this
area of research is the creation of tailored hydrophilic/hydrophobic gradients influencing
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the wettability of the substrate to gain a local control over the contact angle [13]. Another
possibility is the modification of surfaces with nanoparticles, where external fields can be
used to assemble them into gradient structures [14]. By contrast, examples of synthetic
materials exhibiting graded 3D structures are less common, mainly due to a lack of established synthetic procedures. Progress in method development has been made using, for
example, layer-by-layer casting [15], 3D printing [16], gradient density gelation [17] or
structuration via external forces [18]. Especially, the field of materials exhibiting nanoparticle gradients is highly interesting, reasoned by the improved catalytic activity of composite materials [19,20]. Only a few possibilities capable of introducing directionality into
such materials exist. Cölfen and co-workers investigated the sedimentation behavior of
various nanoparticles, resulting in the synthesis of nanoparticle gradients in a gelatin matrix using ultracentrifugation [21]. In an impressive report, Niederberger et al. reported
the first synthesis of porous materials exhibiting directionally changing magnetic properties. Synthesizing monolithic nanoparticle-based aerogels in external magnetic fields led
to the introduction of locally changing concentrations of magnetite nanoparticles in a porous anatase matrix [18].
In the field of three-dimensional FGMs, materials exhibiting a graded porosity hold
an important position. In addition to their enhanced mechanical stability and cell adhesion for biomedical applications [22], benefits have been reported in gas diffusion layers.
This is attributed to the changing wettability, pore sizes and, therefore, diffusion properties along the gradient structure [23–25]. However, studies regarding porous FGMs are
mostly of a theoretical nature, mainly due to the lack of established synthesis procedures
[26]. The employed synthesis methods include, among others, anisotropic microphase
separation [27], foam templating [28] and sintering–dissolution processes [29]. Among
these methods, only a few allow for a precise control over the final pore sizes. Guzowski
and co-workers recently published a remarkable study. Using highly flexible microfluidics, graded porous gelatin and hydroxyapatite monoliths with pore sizes ranging from 80
to 800 μm for potential applications in the field of biomimetics could be formed [30]. For
smaller pore sizes, mainly polymeric membranes exhibiting graded porosity have been
synthesized. This can be performed either postsynthetically by selective swelling approaches [31] or during synthesis by diffusion-controlled assembly processes [32]. Similar
approaches can be transferred to fully inorganic materials, resulting in graded porous carbons after carbonization [27]. While a porosity gradient has been reported as beneficial,
e.g., for electrodes [33–35], material development is hindered, as most examples only involve very large pores above 10 μm, and often, no controllable pore structure is obtainable. Furthermore, the synthesis of functionalized carbons and their composites exhibiting
adjustable porosity gradients with pores smaller than 1 μm was not possible until now.
As these materials are prominently discussed for next-generation electrode materials
[19,20,36,37], the experimental validation of the theoretical studies remains difficult. Furthermore, gradient structures could improve various functional properties. It is also worth
noting that the interplay between pore sizes and material properties is an important factor
for various applications, e.g., the tailored modulation of the thermal conductivity and flexural strength in macroscopic materials [38]. These special thermal effects might be enhanced by a gradual change between the functional features. Special effects resulting from
functional gradients are also expected in the field of electromagnetic interference shielding [39] and microwave adsorption [40], as the reflection and adsorption of electromagnetic waves is highly dependent on the local functional properties [41]. The wide field of
possible applications makes the understanding of the formation mechanisms of FGMs
highly interesting. A promising method for overcoming the shortage of suitable materials,
finally allowing the creation of tailormade materials with graded functionalities, is gradient centrifugation [42].
We previously reported the synthesis of gradient porous carbon materials by fractionating mixtures of differently sized polystyrene spheres dispersed in resorcinol–formaldehyde in a preparative ultracentrifuge. The resulting materials showed promising
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direction-dependent properties when applied as electrodes in lithium–air batteries [43].
The method was further refined in a paper published in 2019, culminating in the generation of materials exhibiting independent chemical and structural gradients [44]. Herein,
we report the introduction of locally changing magnetic properties into gradient porous
carbon materials. This seems promising due to potential synergistic effects in applications.
Magnetic separation is already a powerful technique, which can be improved using ferromagnetic membranes to manage the retention of magnetic compounds [45,46]. Additionally, the enhancement of catalytic activity using magnetic fields is well studied [47], which
can also be observed in carbon composite materials [48]. However, no investigations on
the effects of locally graded functionalities and pore sizes in corresponding macroscopic
materials exist to date, as their synthesis was not feasible until now.
2. Materials and Methods
2.1. Materials
Sodium styrene sulfonate (NaSS, >90%), sodium carbonate (Na2CO3, >99.8%), potassium persulfate (KPS, >99%), oleic acid (>90%), iron(III) chloride hexahydrate (FeCl3,
>97%), 2,4-dihydroxybenzaldehyde (>98%) and iron(II) chloride tetrahydrate (FeCl2,
>98%) were purchased from Sigma-Aldrich, St. Louis, MO, US. Sodium sulfite (Na2SO3,
>97%), sodium bicarbonate (NaHCO3, >99.7%), resorcinol (>99%) and styrene (>99%) were
purchased from Merck KGaA, Darmstadt, Germany. Silver nitrate (>99.9%) was purchased from abcr, Karlsruhe, Germany. Aqueous formaldehyde solution (37 wt%) was
purchased from Carl Roth, Karlsruhe, Germany. The styrene was distilled at 40 °C under
reduced pressure before use, to remove the polymerization inhibitor; all the other chemicals were used as received. Deoxygenated Milli-Q-grade water was used for all the experiments.
2.2. Synthesis of Modification Agents
Poly(styrene-co-styrene sulfonate) (PSS) nanoparticles of various sizes were synthesized by emulsifier-free emulsion polymerization. Ag@PSS nanoparticles were synthesized by modifying the synthesized PSS particles by a surface-mediated reduction of silver
nitrate to metallic silver. Both processes were performed as reported in our recent research
[44]. After synthesis, the nanoparticle dispersions were purified by dialysis against water.
Synthesis of metal-salen complexes: Modified salen ligands of the chemical structure
4,4′-((1E,1′E)-(ethane-1,2-diylbis(azanylylidene))bis(methanylylidene))bis-(benzene-1,3diol) were synthesized by the condensation of ethylenediamine and 2,4-dihydroxybenzaldehyde. The ligand was further reacted with metal acetates (M(OAc)2 with M2+ = Ni, Co
or Mn), yielding the corresponding metal-salen complex. The synthesis was performed as
previously reported [49].
Synthesis of Mag@PSS: Mag@PSS nanoparticles were prepared by a modification of
a previously reported procedure [50]. First, magnetite nanoparticles where synthesized
by precipitating FeCl2 (60.3 mmol) and FeCl3 (90.2 mmol) from aqueous solution (50 mL)
by the addition of ammonium hydroxide (40 mL, 25 wt%) in the presence of oleic acid
(17.9 mmol) at 70 °C. The resulting magnetite nanoparticles were recovered by centrifugation and washed three times with water. The remaining residue was dried under vacuum. The magnetite nanoparticles were converted into a water-stable ferrofluid by first
dispersing the obtained residue (1 g) in heptane (6 g), followed by the addition of an aqueous SDS solution (0.1 M, 24 mL). After stirring for 1 h, the mixture was homogenized by
ultrasonication (Bandelin Sonopuls TT13/FZ, 90% amplitude, 2 min) in an ice-cooled bath.
The heptane was removed at 80 °C while stirring, resulting in a water-based magnetite
dispersion. Magnetite–PSS nanocomposites (Mag@PSS) with low magnetite contents
where then synthesized by emulsion polymerization. First, a styrene-in-water suspension
was obtained by mixing an organic phase containing styrene (6 g) and hexadecane (0.25
g) with an aqueous SDS solution (0.1 M, 24 mL). After homogenization by ultrasonication
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(90% amplitude, 2 min) at 0 °C, a water-based magnetite dispersion (6 mL) was added,
and the mixture was again homogenized by ultrasonication (50% amplitude, 1 min). The
polymerization was initiated by the addition of KPS solution (5 mL, 14.8 mM) and a subsequent heating to 80 °C. After 30 min, acrylic acid (0.416 mmol, 30 mg) was added, and
the reaction was allowed to continue for 18 h. The resulting brownish dispersion was filtrated and, afterwards, purified by dialysis against water.
Synthesis of carbon materials: Resorcinol–formaldehyde (RF) sols were prepared by
mixing resorcinol (3.77 g) with aqueous formaldehyde solution (37 wt%, 10 mL). The RF
sol (1.8 mL) was mixed with binary polystyrene suspensions (1 mL total) and sodium bicarbonate solution (75 μL, 1.51 M). In the case of metal-doped carbon materials, solutions
of salen complexes (200 μL, 0.15 M in dimethyl sulfoxide) were added. The resulting dispersion was transferred to a polyallomer (13 mm × 51 mm) centrifuge tube. PSS–RF composites were then prepared using a Beckman Optima L-70 ultracentrifuge (Beckman Instruments) with a swinging-bucket rotor (SW 55 Ti, Beckman Instruments) to maintain
the centrifugal force parallel to the length of the tube. As the density of PSS is lower than
the density of RF sols, all the PSS latex spheres floated to the top of the centrifuge tube,
forming a packing of the PSS spheres, while RF filled the interstices between the PSS
spheres. The centrifugation was performed at 40 °C and 20,000 to 30,000 rpm and typically
lasted for 12 h to ensure the RF sol had gelled before removing the centrifugal force. The
PSS–RF composite, which was located at the top of the sample, was then cut from the
sample and aged in pressure-resistant laboratory bottles at 85 °C for three days, followed
by drying at 85 °C for 1 day in a convection oven. Afterwards, the PSS–RF composite was
calcined at 900 °C for 3 h (heating ramp, 5 °C min−1) in a flow of N2 to carbonize the RF
polymer while the polystyrene template was concurrently removed.
2.3. Material Characterization
TEM: The samples for TEM analysis were prepared by drop casting diluted dispersions onto carbon-coated copper grids. After the evaporation of the solvent, HR-TEM images were acquired with a JEOL JEM 2200FS at an accelerating voltage of 200 kV.
SEM: For SEM imaging, monolithic carbon samples were cut into two pieces along
the direction of the centrifugal force. Images were then acquired at several positions along
the resulting cross-sections using a Zeiss field-emission (FE)–SEM Auriga Crossbeam operating at 3–15 kV. EDX data were recorded at the same positions using an Oxford Instruments X-Max 20 mm2 Silicon Drift Detector mounted onto the microscope.
Further characterization: X-ray diffractions were performed with a Bruker AXS D8
Advance diffractometer using Cu-Kα radiation. TGA measurements were performed using a Netzsch STA 429 F3 Jupiter. XPS measurements were performed by Tascon GmbH,
Sulzbach, Germany. Superconducting quantum interference device (SQUID) measurements were performed using a Quantum Design MPMS-XL5 magnetometer.
3. Results and Discussion
Gaining a precise control over the porosity and functionality in carbon materials is a
focus of current research, as enhanced properties in applications such as catalysis and
separation seem likely. However, no possibilities for obtaining a precise control over the
local environments of different functionalities in carbon materials have existed until now.
We herein report a facile and highly flexible process using ultracentrifugation for making
functionalized carbon materials, overcoming this scientific gap. The paper is structured as
follows: first, we briefly describe the synthesis of homogenously modified carbons characterized by gradient porosity. Then, we report the first synthesis of magnetite–carbon
composite materials (Mag@C) exhibiting combined porous and magnetic gradients. The
final method is compatible with our developed doping methods leading to highly complex material architectures as shown in Scheme 1.
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Scheme 1. Synthetic pathway for synthesizing gradient porous modified carbon aerogels with
magnetic gradients. Yellow dots: poly(styrene-co-styrene sulfonate) (PSS) nanoparticles; brown
dots: magnetite nanoparticles; gray/brown dots: Mag@PSS nanoparticles; magenta dots: metal (Ni,
Co and Mn) nanoparticles.

3.1. Homogeneous Doping of Gradient Porous Carbons
The synthesis of gradient porous carbon materials with pore diameters between ~20
nm and ~1 μm can be realized using preparative ultracentrifugation (PUC) based on our
previous reports [43,44]. Our process is based on the fractionation of differently sized polystyrene nanoparticles into templating structures characterized by gradually changing
particle sizes. During centrifugation, an in situ infiltration with an RF sol, which gels during the centrifugation and fixes the gradient structure, is achieved. A following single pyrolysis step results in a concurrent carbonization and template removal. Importantly, this
approach allows the introduction of different functionalities in the final carbon material
through various pathways. First, we explored the introduction of a continuous modification over the entire gradient, realizing the decomposition of functionalized nanoparticles.
The most basic material within our scope was synthesized by introducing a homogenous
sulfur doping into the gradient porous carbon network. Therefore, we employed differently sized PSS nanoparticles acting as a template and doping agent simultaneously. The
predicted continuous porosity gradient was maintained, as proven by scanning electron
microscopy (SEM) micrographs taken along the direction of the centrifugal force (Supporting Information Figure S1). A sulfur doping was achieved during pyrolysis by the
thermal decomposition of sodium styrene sulfonate to inorganic salts, which subsequently decomposed to sulfur oxides, acting as the doping agent [51]. The incorporation
of sulfur into the material was confirmed using energy dispersive X-ray spectroscopy
(EDX, Supporting Information Figure S2). X-ray photoelectron spectroscopy (XPS) further
confirmed an incorporation of sulfur into the sp2-hybridized carbon network. The main
contribution in the S 2p region (Supporting Information Figure S3a) was detected at a
binding energy of 164.5 eV, corresponding to C–S bonds, with only minor amounts of C–
SOx species observable at 169.5 eV. In parallel, no significant S–O bonding was observed
in the O 1s region (Supporting Information Figure S3b), confirming that the postulated
doping from template decomposition was successful. Importantly, this process is easily
transferable to other dopants such as phosphorous (P). A P-doping can be achieved by
employing nanoparticles synthesized by the copolymerization of styrene and vinyl phosphonic acid as templates during synthesis (Supporting Information Figure S4).
3.2. Homogeneous Modification of Gradient Porous Carbon Composites
While the introduction of heteroatoms into gradient porous carbons by template decomposition works well, it is obviously limited by the need for heteroatom-containing
monomers that can be polymerized into templating nanoparticles. As we aimed for the
introduction of various potentially catalytically active modifications acting in synergy, we
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investigated the synthesis of gradient porous carbon nanocomposites using modified precursors. We showed this by using hydroxyl-modified salen nickel complexes (see 5 in
Supporting Information Scheme S1). The hydroxyl groups introduced into the complex
underwent condensation, resulting in a binding to the RF sol during gelation [49], and
were therefore incorporated in the carbon precursor gel, which was subsequently carbonized. We first showed the perseverance of the gradient porous structure by recording SEM
micrographs at several positions along the cross-sections (Figure 1a) corresponding to the
directions of the applied centrifugal force of the obtained macroscopic aerogels (Figure
1b).

Figure 1. Ni@C material synthesized using PSS-137 and PSS-480 and a modified Ni2+-salen complex. (a) SEM micrographs (scale bar: 500 nm) taken along the cross-section and (b) SEM micrograph of the cross-section (scale bar = 200 μm); arrow indicates the direction of the centrifugal
force (start corresponds to x = 0; end, to x = 1). (c) Fraction of small pores along the gradient region
as indicated in the cross-section determined by trainable Weka segmentation. (d) powder X-ray
diffraction (PXRD) of a homogenized Ni@C sample, marked signals representing crystalline Ni.

The gradient porosity is clearly observable in the micrographs, as only small pores,
templated by PSS-137, are visible at the beginning of the monolithic structure (x → 0),
while the fraction of large pores, templated by PSS-480, increases towards the upper part
of the monolith (x → 1). To verify that our introduced modifications did not influence the
sedimentation behavior of the templating PSS nanoparticles, we evaluated the gradient
region using machine learning provided by trainable Weka segmentation [52] implemented in ImageJ [53] as an objective parameter. As shown in Figure 1c, we calculated the
local area fraction of small pores in dependence of the internal coordinate x. The correlation clearly shows a strong separation of the different pore sizes at the beginning and end
of the gradient structure as previously reported [44]. At intermediate positions, a broad
gradient region with both pore sizes and gradually increasing fractions of larger pores
was formed. Besides the gradient formation, the incorporation of sulfur, resulting from
the decomposition of the PSS, and nickel, formed by the decomposition of the modified
salen complexes, could be observed by EDX (Figure S5). To clarify the structure of the Ni
species, powder X-ray diffraction (PXRD, Figure 1d) of the composites was performed. In
addition to the broad signals expected for turbostratic carbon at 2θ = 23.3° and 2θ = 43.9°,
additional reflexes from metallic nickel (2θ = 44.3° and 2θ = 51.7°) are clearly observable.
This is in accordance with the bright structural features visible in the SEM micrographs
(see Supporting Information Figure S6 for enlarged micrographs), which we attribute to
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nickel nanoparticles with diameters of ~30 nm. These are formed from molecular precursors by carbothermic reduction during carbonization. The broad applicability of our procedure was further shown, as other metal nanoparticles could be introduced by utilizing
salen complexes with other bivalent cations, as shown in Supporting Information Figure
S7, for materials containing cobalt and manganese. The observed modification is promising for the synthesis of composite materials and highly suitable for modification with low
levels of metal incorporation (the metal contents in the hybrid material are calculated to
be 0.3–0.7 wt% according to EDX quantification), already leading to a high level of complexity.
3.3. Synthesis of Gradient Porous Magnetic Carbons
After showing the possibility of a homogenous modification of gradient porous carbon aerogels, we now focused on the synthesis of materials exhibiting dual gradients in
magnetization and porosity. To achieve this, we identified Mag@PSS composite nanoparticles as a suitable template in the synthesis of gradient porous carbon materials. The successful encapsulation of small magnetite nanoparticles with diameters of 5 to 15 nm into
the Mag@PSS template was confirmed by transmission electron microscopy (TEM), EDX
linescan measurements, thermogravimetric analysis (TGA) and PXRD, all given in Supporting Information Figure S8. The magnetic properties of Mag@PSS were investigated
using a superconducting quantum interference device (SQUID, Supporting Information
Figure S9), confirming that the ferrimagnetism of the magnetite particles was retained in
Mag@PSS nanoparticles, which were subsequently used in the synthesis of gradient porous carbon materials.
Carefully optimizing our synthetic procedure resulted in the formation of a magnetite/carbon composite, further denoted as Mag@C. During carbonization, the polystyrene
portion of Mag@PSS decomposed, while magnetite nanoparticles remained bound to the
pore walls of the final material. We first proved this using a polydisperse Mag@PSS sample as the template. As shown in Figure 2, the Mag@PSS/RF composite yielded after ultracentrifugation could be successfully converted to gradient porous magnetite–carbon composites, further denoted as Mag@C. Due to the, in this case beneficial, polydispersity of
Mag@PSS, a gradient structure characterized by a smooth transition between pores from
~80 nm to ~5 μm was formed. The monolithic material (Figure 2a) was again investigated
by SEM at distinct positions along the cross-section in the direction of the centrifugal force.
At the start of the gradient region (Figure 2b), only small pores with an average diameter
of 80 nm could be observed. The average diameter increased to 270 nm with a broad pore
size distribution at intermediate positions (Figure 2c). As expected for a full fractionation
of the polydisperse Mag@PSS sample, only very large pores with diameters between 1 and
5 μm were detectable at the end of the gradient area (Figure 2d), proving the formation of
an extended gradient structure. The successful and homogeneous incorporation of magnetite and sulfur from the decomposition of the Mag@PSS nanoparticles was confirmed
by EDX (Supporting Information Figure S10), supported by the visibility of magnetite nanoparticles as bright features in the SEM images (Figure 2b–d).
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Figure 2. Analysis of a gradient porous Mag@C material by SEM. (a) SEM micrograph of the crosssection, showing the monolithic structure (scale bar: 200 μm), with rectangles indicating scanning
positions, and arrow indicating direction of the centrifugal force with the internal coordinate x. (b–
d) Enlarged SEM images (scale bar: 1000 nm) taken along the direction of the centrifugal force;
positions according to the squares in (a).

A prerequisite for the aimed synthesis of carbons exhibiting gradually changing magnetic properties is the retention of the magnetism stemming from the magnetite nanoparticles. To investigate this, SQUID measurements (Figure 3) were performed on the templating Mag@PSS nanoparticles (blue curves) and the Mag@C composites (black curves).
Measurements at 300 K (Figure 3a) revealed that both materials could be easily magnetized, exhibiting a quick equilibration magnetization as expected for ferrimagnetic materials. To clarify the origin of the magnetic properties, additional measurements were performed at 4 K (Figure 3b). The increase in saturation magnetization, as well as the formation of a hysteresis, observed for Mag@PSS and Mag@C is characteristic for materials
exhibiting ferrimagnetic properties below the Curie temperature. As the shape of the hysteresis was similar, we conclude that the magnetite nanoparticles underwent no significant change in structure during template removal.

Figure 3. Superconducting quantum interference device (SQUID) measurement at (a) 300 K and
(b) 4 K of Mag@PSS templates (blue curve) and the resulting gradient porous Mag@C material
(black curve), with respective inlets showing the hysteresis region.

3.4. Synthesis of Carbons Exhibiting Gradient Porosity and Anisotropic Magnetization
Using the obtained knowledge, it was then straightforward to synthesize complex
dual gradient materials as shown in Figure 4. Using mixtures of Mag@PSS and PSS-137 as
templates, a gradual increasing magnetite content in the carbon material was expected, as
magnetite was only incorporated at locations previously occupied by Mag@PSS. As these
particles retain their magnetism, we proposed a resulting establishment of anisotropic
magnetic properties. The resulting monoliths exhibit the expected structural gradient as
revealed by SEM micrographs (Figure 4a) taken along the direction of the centrifugal
force. At the start of the macroscopic gradient structure (x → 0), only small pores, templated by the less dense and smaller PSS-137, were observed. The fraction of larger pores,
templated by Mag@PSS, increased in the direction of the centrifugal force (x → 1), showing
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the successful gradual separation of the templating nanoparticles. As the polydisperse
Mag@PSS was further fractionated, the average pore size further increased along the gradient region, reaching a maximum at x = 1. The enlarged SEM images indicate the formation of an additional gradient characterized by a changing magnetite concentration.
While no magnetite nanoparticles can be observed at x → 0 (Figure 4b), bright features
with diameters of 15 to 25 nm assignable to magnetite particles are clearly observable in
regions with larger pores, as indicated by arrows in the inlets in Figure 4c. The incorporation of magnetite and sulfur into the material could be confirmed by EDX measurements
(Supporting Information Figure S11) recorded along the direction of the centrifugal force.
The increasing intensity of the iron signal clearly reveals an increasing magnetite content
along the gradient of the centrifugal force coinciding with a constant sulfur doping homogenously detected at all the positions.

Figure 4. Analysis of a gradient porous Mag@C material with additional magnetite gradients. (a)
SEM micrographs taken along the direction of the centrifugal force (scale bar: 1000 nm). Enlarged
SEM micrographs (scale bar: 200 nm) at (b) x → 0 (left side of the gradient region) and (c) x → 1
(right side of the gradient region), arrows in (c) indicating magnetite nanoparticles. (d) TGA showing the carbonization process under nitrogen atmosphere and subsequent decomposition under
oxygen atmosphere and isothermal conditions. TGA trace given in black, temperature given in
gray. (e) PXRD measurements of homogenized Mag@C with magnetite reference (COD: 2101926)
given in blue.

To clarify the formation mechanism for Mag@C, the thermal decomposition of an RF–
Mag@PSS composite was investigated by TGA as shown in Figure 4d. Prominently, a
sharp mass loss was detected between 350 and 400 °C under a nitrogen (N2) atmosphere.
This was caused by a rapid thermal depolymerization of the PaSS template, occurring
concurrently with condensation reactions in the RF composite employed as the carbon
precursor. The process culminated in a slow carbonization of the aged RF sol, indicated
by the convergence towards a plateau at 900 °C, yielding gradient porous Mag@C materials. The magnetite concentration in the composite was determined by further heating
under the addition of oxygen (O2) to the atmosphere. This led to a complete decomposition of the carbon network after an isothermal treatment at 1100 °C with a residue of 2.3
wt%, formed by the oxidation of magnetite nanoparticles to hematite, remaining after the
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measurement. PXRD measurements (Figure 4e) of the material further confirmed the incorporation of magnetite particles into the final Mag@C materials. In addition to the expected broad reflexes for turbostratic carbon, broad reflexes assignable to crystalline magnetite were clearly visible as indicated by the blue bars in the diffractogram.
As a final step, we investigated the proposed magnetization gradient. To achieve this,
the material was mechanically separated into two macroscopic pieces along the direction
of the centrifugal force and analyzed using SQUID (Figure 5). One half corresponded to
the low-magnetite side (x → 0, black curves), while the other half corresponded to the
high-magnetite side (x → 1, blue curves). Measurements at 300 K (Figure 5a) revealed the
retention of the magnetic properties under strong magnetic fields without significant hysteresis, as expected above the Curie temperature. Importantly, the observed saturation
magnetization on the low-magnetite side (black curve) was smaller than on the highermagnetite side (blue curve), indicating a gradually changing magnetization. The difference became more distinct below the Curie temperature at 4 K (Figure 5b), revealing a
fourfold increased saturation magnetization at x → 1 in comparison to x → 0. The hysteresis expected for ferrimagnetic materials was evident in both pieces. As the coercivity
and shape of the hysteresis were constant in both pieces, we propose no change in the
local chemical structure. However, the remanence was increased from 0.056 to 0.170
emu/g as expected for the proposed locally changing magnetizability in the carbon composites. The reason for this was the gradually increasing magnetite concentration in the
graded porous sulfur-doped Mag@C, which is visualized in the red curves given in Figure
5a.

Figure 5. SQUID measurement at (a) 300 K and (b) 4 K on a mechanically separated sample at
sides with high (blue curve) and low (black curve) magnetite concentrations, with respective inlets
showing the hysteresis region.

3.5. Tailored Adjustment of Gradients and Functionalities
With the developed knowledge of the synthesis procedure, wide ranges of complex
gradient materials are obtainable. For possible future applications, it will be important to
control the pore sizes in the gradient region, as this would allow for a controlled modulation of the mass diffusion supported by the anisotropic magnetization. To achieve this, we
showed the synthesis of dual gradient Mag@C materials (see Supporting Information Figure S12 for the SEM micrographs and EDX raw data) using differently sized PSS nanoparticles. Again, trainable Weka segmentation [52] was used to analyze the local fraction of
the area composed of small pores templated by pure PSS particles, while the functional
gradient was locally investigated using EDX. In all cases, a separation of PSS and
Mag@PSS was achieved, resulting in the formation of a graded pore structure (dotted lines
in Figure 6a). Accordingly, an additional functional gradient manifested in a gradually
changing magnetite concentration (solid lines in Figure 6a) was realized, showing the flexibility of our method.
Besides the optimization of the gradient structure, the introduction of additional
functionalities is promising, as their local environments can be customized. On the one
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hand, this can be achieved by introducing a homogeneous modification with metal nanoparticles, as the previously described addition of modified salen complexes during synthesis led to an incorporation of metallic nanoparticles into the Mag@C material (Supporting Information Figure S13). Beneficially, our approach offers an additional sophisticated
method for synthesizing model systems for future investigations of synergistic effects in
catalysis. Using Mag@PSS mixed with differently modified PSS particles as templates during synthesis leads to the introduction of other modifications. We demonstrated this by
synthesizing gradient porous carbon nanocomposites templated by Mag@PSS and silvermodified PSS (Ag@PSS) nanoparticles. While a gradient porosity was maintained (Figure
S14), the local concentrations of silver (dotted lines) and magnetite (solid lines) particles
in the material could be precisely influenced as shown in Figure 5b. Depending on the
diameters of the templating nanoparticles, either concurrent (orange curves) or separated
(green curves) gradients could be achieved. PXRD (Supporting Information Figure S15)
revealed the clearly distinguishable crystalline features from silver and magnetite, respectively. These materials could be employed as catalytically active membranes, combining
the catalytic properties of silver/carbon composites [48] with a strong separation effect,
caused by a gradually changing magnetization [46] and anisotropic porosity. As the complexity of the herein-reported materials is unparalleled, the catalytic performance will
have to be investigated in detail and will be subjected to further research.

Figure 6. (a) Correlation of the Fe content (solid lines) and the area occupied by small pores (segmented lines) with the relative position in the gradient in various Mag@C. Black curves: combination of PSS-38 and Mag@PSS; red curves: combination of PSS-137 and Mag@PSS; blue curves: combination of PSS-288 and Mag@PSS. EDX spectra and SEM micrographs given in Figure S12. (b)
Correlation of the Fe content (solid lines) and Ag content (segmented lines) determined by EDX
with the relative position in the gradient in various Ag/Mag@C materials with different pore sizes.
Green curves: Ag@PSS-480 + Mag@PSS; orange curves: Ag@PSS-138 + Mag@PSS. EDX spectra and
SEM micrographs given in Figure S14.

4. Conclusions
Ultracentrifugation-guided templating is a powerful tool in the synthesis of complex
gradient porous carbon materials. The introduction of various functionalities is possible
by the careful adjustment of the synthesis process. While the decomposition of modified
templating particles can lead to a heteroatom doping (S, P) of the carbon matrix, metal–
carbon hybrids (Ni, Co and Mn) can be realized by the decomposition of metal complexes
bound to the RF precursor by polycondensation during the formation process. As these
additives do not alter the structuration of the materials, additional functional gradients
can be introduced using hybrid Mag@PSS particles during the templating process. This
results in materials exhibiting gradually changing magnetite concentrations in addition to
pore size gradients ranging from 20 nm to 2 μm. An investigation of the magnetic properties showed that the local magnetization could be influenced using this approach. These
complex architectures allow the generation of porous hybrids with highly controllable
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directional properties. Our introduced functionalities will allow for a broad range of possible applications, offering the possibility of performing detailed investigations, e.g., in
magnetically enhanced catalysis and magnetic separation, in our future research. However, as the research on nanostructured gradient porous materials is only starting to attract interest, due to the to-date difficult and scarcely available synthesis methods, suitable
test setups will have to be built up and validated first. Additionally, our method greatly
enhances the range of material architectures of porous monolithic materials in contrast to
classical approaches. As the possibility of locally optimizing the structural and chemical
compositions of macroscopic aerogels could be transferred to other types of materials,
timely realizable applications sparked by further research seem likely.
Supplementary Materials: The following are available online at https://www.mdpi.com/23115629/7/1/22/s1. Figure S1: SEM micrographs of a sulfur doped gradient carbon material, Figure S2:
EDX measurement of a sulfur doped carbon material before and after washing, Figure S3: XPS spectra of a sulfur doped gradient porous carbon material, Figure S4: Analytic data of a phosphorous
doped carbon material, Figure S5: EDX spectrum of a homogenized Ni@C sample, Figure S6: Enlarged SEM micrograph of a Ni@C sample, Figure S7 Metal-Carbon composites synthesized using
5, Figure S8: Analytical data of the synthesized MagPS nanoparticles, Figure S9: SQUID measurements of magnetite particles and MagPS Particles, Figure S10: EDX spectra recorded along the direction of the centrifugal force of the material presented in Figure 2, Figure S11: EDX spectra of a
material prepared using PSS-137 and Mag@PSS, Figure S12: Additional dual gradient materials,
Figure S13: Analytical data for a material synthesized using PS-137, Mag@PSS and 5, Figure S14:
Analytical data for Ag+Mag@C materials, Figure S15: PXRD of a dual gradient magnetite/silver material, Scheme S1: Synthesis of modified metal salen complexes.
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