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Abstract: It is well known that the step from a dense packing of colloidal beads to the inverted
systems was important for the optimization of photonic crystal properties. Inverted opals made
of high-refractive index semiconductors have attracted great attention due to their supreme
optical features such as the occurrence of a photonic band-gap and because of an astonishing
behavior in photocatalysis or for photovoltaics caused by so-called slow photons. It is much
less known that photonic glasses, despite being disordered, exhibit unique optical properties too
like random lasing or high-contrast structural colors. In analogy to opals and inverted opals,
one can expect that inverted colloidal glasses may lead to an amplification of photonic
properties as well or even to the emergence of unexpected features. An inverted photonic glass
is characterized by a dense packing of monodisperse voids with colloidal dimensions without
any long-range order. The preparation of inverse photonic glasses has rarely been reported by
now and cases for materials composed of a semiconductor as a pore-wall material are unknown.
The synthesis of porous carbon nitride (CsNs) with inverted colloidal glass structure is
demonstrated here using a template approach. The formation of the template with glass-like

order is achieved by analytical ultracentrifugation (AUZ) of size-selected silica colloids,
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followed by infiltration of a precursor sol, transformation to carbon nitride and the final removal
of the template. The use of AUZ is particularly important because it even allows to use a mixture
of differently sized template particles, which are gradually fractionated. Monoliths with
optimized morphological features exhibiting a gradient porosity and highly accessible pores are
obtained. The result are materials with a graded structure. What makes such functional gradient
material interesting is, a dependence of the optical features on the position can be expected. In
addition, the method presented here allows to synthesize materials with adjustable composition
ranging from carbon over nitrogen-doped carbon to C3N4 with either graphitic or polymeric
structure. Therefore, the optical band gap is highly adjustable and tunable with regards to the

photonic properties, as confirmed by optical absorption and photoluminescence measurements.

1. Introduction

Emerging energy technologies ask for a precise control over the functionality and morphology
of porous solids.!'! Within this class of compounds, the tailored combination of various pore
sizes with different network-building materials has led to improved functional properties for a
plethora of applications like catalysis and separation.[?! The optimization of porosity for
sustainability and better performance in the field of energy conversion and storage are among

(15 31 The synthesis of porous

the most promising fields of research in material chemistry.
materials is mainly realized using so-called nanocasting processes employing colloidal or self-
assembled templates.[*l As most templating nanoparticles form colloidal crystals during
assembly, dielectric structures, called photonic crystals, with a photonic band structure are
formed.®! This property is maintained respectively even improved if the structures are inverted
into a porous material, as it is a result of the periodically changing refractive index of the

materials dictated by their structure.[®! The synthesis of these so called inverse opals can be

realized by infiltrating preformed colloidal templates with network forming precursors resulting
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in promising applications, for example as sensors, in photovoltaics or in batteries.[’”! Especially
the synthesis of semiconductors, mainly titanium dioxide (TiO2), has drawn intensive interest
in research, as the photonic band structure can enhance the photocatalytic activity.[®! Besides
the advantageous high accessible surface of porous materials in general, the periodically
changing refractive index between the network forming TiO: and air filled voids leads to
enhanced properties in photocatalysis.[’! This leads to a localization of the light in the high

refractive index TiO»!!%]

, enhanced light harvesting by light trapping!'!! as well as the slow
photon effect!!?]. An impressive study was reported by Low et al. using layered TiO: inverse
opals with varying pore sizes for the photocatalytic CO; reduction. The combination of two
different photonic structures resulted in a significantly enhanced catalytic activity due to
improved light harvesting.[!*]

In contrast to highly ordered photonic crystals, the experimental realization of amorphous
structured photonic glasses has been rarely reported.['*) While special photonic properties like
random lasing!!], isotropic structural color!!®! and Anderson localization of light!!”! have been
described for colloidal photonic glasses!!®], few investigations on the inverted porous structures
have been performed. While some process has been made towards inverted photonic glasses

§[20

consisting of ceramics!!'”) or polymers?%, the investigation of the properties is focused towards

(211 Because of the correlation between the

structural colour and therefore isolating materials.
photonic band structure as a function of the opal structure and the electronic gap and related
properties of the semiconductor material, it could be highly interesting to obtain materials with
pore features as a function of position.

However, the vast majority of research in porous materials in general and in inverted opals in
particular focuses on a statistical distribution of all structural and functional features, resulting
in homogeneity. If properties of a material are not separated by a sharp boundary, but gradually
[22]

change into a spatial direction, so called functional gradient materials (FGMs) are formed.

The field of FGMs is quite well researched for materials exhibiting functional chemical
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gradients!?’! with promising applications for instance in the synthesis of tailored adhesive
coatings!?¥ or in separation science!?]. Materials characterized by a gradually changing porosity
are common in nature, e.g. in bones!?¢], leading to their high mechanical stability, low density
and highly accessible pores.?”] The synthesis of such materials has been reported for large pores
(> 10 um) with applications e.g. in tissue engineering!?*! or electrophoresis!?’l. Applied methods

30]

include 3D printing®Y, emulsion templating®! or freeze-casting/*?. Stubenrauch and co-

workers reported another innovative pathway.B?]

Using a self-build combination of
microfluidics and an extrusion printer, polymer hydrogels and their composites are synthesized
with gradually changing pore sizes between 80 and 800 um. For gradients including smaller
pores in the nanometer regime, a selective swelling of copolymers can be employed.[*¥
However, the experimental realization of well-defined gradients in macroscopic materials is
challenging. The main limitation is the demanding generation of suitable templates, as well as
their infiltration. A promising pathway to overcome this problem is the application of gradient
centrifugation, which has seen a rise in research towards the structuration of colloidal
assembly.3>! While significant advances have been made on the understanding of the assembly
behavior of monodisperse spheres under centrifugal force,*! the occurrence of non-dense
structures with large scale gradients in particle sizes has scarcely been reported.[*3®! Our group
has reported the possibility of creating various ordered as well as gradually changing structures
when ultracentrifugation was used to assemble binary mixtures of polystyrene nanoparticles.*”]
This behavior could be adapted towards a templating process, resulting in the first synthesis of
a gradient porous carbon material with pores on the nanoscale, which showed direction
dependent enhanced functional properties when applied as electrode in lithium-oxygen
batteries.[*®! Based on the latter publication and the arguments given for graded inverted opals,

we ask if the method can be used for the generation of materials composed of a semiconductor

as well.



Carbon nitride (C3Ns) is a semiconductor, which is obviously strongly related to carbon
materials. It is known, that carbon materials can be tuned by the incorporation of heteroatoms
into the carbon network.*) The most discussed dopant is nitrogen due to the fact that the control
over the degree of incorporation into the carbon network allows the adjustment of the functional
properties for various applications, such as catalytic activity in electrochemistry or adsorption
capacity for CO,-capture.[*! Low to medium doping levels of nitrogen into carbon can lead to
highly active electrocatalysts applicable towards the oxygen reduction reaction in lithium-based
batteries!*! or the electro-reduction of carbon dioxidel*?l. At very high levels of nitrogen
incorporated into the carbon network, C3N4 is formed. The family of C3N4 derived compounds
is characterized by a visible band gap which can be adjusted in the range of ~1.4 —2.8 eV
depending on the stoichiometric composition**) and crystalline structure**. C3;Ny attracts
additional significant interest in research as it is eco-friendly, cheap and stable.[*>] Additionally,
the energy levels of valence and conduction bands are suitable for hydrogen (Hz) generation
and for Z-scheme based photocatalytic water purification. Therefore, applications in these fields
are currently rising.[*®) Especially the control over the pore sizes and structures leads to
enhanced photocatalytic properties, in example for water splitting or CO> reduction.[#6d 47]
Several researchers have already made notable progress on porous C3N4 materials. For instance,
Liang et al. used monolithic porous C3Ny as catalyst for photocatalytic water splitting.[*8] The
enhanced turnover rate of the macroscopic structure was attributed to a better light capture,
charge separation and mass diffusion, which could be further improved in monoliths with an
ordered porosity as reported by Sun and coworkers.[*’]

In a recent paper®®, we showed that nitrogen and other dopants can be introduced into the pure
carbon materials described beforel*8]. The nitrogen atoms were introduced by the template
particles, e.g. poly-aniline modified polystyrene lattices. However, our results showed

clearly®%, that the maximum amount of incorporated nitrogen is insufficient for the conversion

to C3N4. Therefore, we refrain from using template particles as nitrogen source, and present a
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newly developed approach. Accordingly, inverted colloidal glasses consisting of the
semiconductor C3N4 with a gradient structure in porosity can now be afforded. The paper is
organized as follows. First, we will show how colloidal photonic glasses, consisting of
differently sized silica nanoparticles (SiO2-NPs), can be formed using preparative
ultracentrifugation (PUC). We will then present the applicability of these novel structures as
templates for the generation of gradient porous materials. The infiltration of the structures with
commercially available precursors will ultimately result in the first synthesis of gradient porous
graphitic (g-C3N4) and polymeric (p-C3N4) carbon nitrides. Finally, the optical properties of the

materials are studied.

2. Results and Discussion

As described before, we could successfully use binary mixtures of colloidal dispersions of two
monodisperse polystyrene spheres (PS) for the co-assembly with a resorcinol-aldehyde (RA)
precursor mixture using ultracentrifugation.®® 3°-3!1 The desired carbon materials were obtained
after crosslinking to a RA-gel followed by carbonization accompanied by thermal removal of
PS. Our initial idea was to substitute the RA process by reactions, which are known from
literature to end up in different carbon nitride compounds.[** 321 Although, the conversion to
carbon nitride materials was successful as shown for a guanidine-based approach in Supporting
Information Figure S1, the structural information is lost entirely. Instead of an inverted opal
structure, a porous agglomerate of ill-defined particles in the size-range 100 nm — 1 um was
obtained according to scanning electron microscopy (SEM). Extensive work showed that PS
latexes are unsuitable as templates. Therefore, we developed a more flexible approach as shown
in Scheme 1. Using SiOz-nanoparticles (SiO»-NPs) results in the flexibility to tune the precursor

composition (Supporting Information Scheme S1) towards the successful synthesis of



monolithic materials with compositions ranging from carbon over nitrogen doped carbon

towards carbon nitride.

1) Pyrolysis
2) HF

Photonic Glass Silca/Precursor Gradient Porous Monolith
Gradient Template Composite with Adjustable Composition

Scheme 1. Schematic illustration of the synthetic approach towards gradient porous monoliths
with adjustable nitrogen contents. First, gradient templates are formed by ultracentrifugation.
These can be infiltrated either in situ or by melt infiltration with different precursors as shown
in Scheme S1. After a thermal conversion and template removal with hydrofluoric acid,
gradient porous monoliths with adjustable compositions are yielded.

2.1. Ultracentrifugation-assisted construction of gradient templates composed of silica

spheres.

Monodisperse spheres are also available for silica from the so-called Stéber method.!>3! The
usage of colloidal glasses formed by SiO,-NPs as templates offers several advantages. First,
Si0,-NPs can form stable dispersions in a wide range of precursor solutions. Second, SiO>-NPs
sediment in high density solutions, allowing for a precise control over the assembled structure.
This was not possible using PS-NPs, which float on dense solvents when the solvent density
exceeds 1.05 g/mL. Thus, we show results for the assembly behavior of binary mixtures of
Si02-NPs inside centrifugal fields, resulting in the formation of gradient templates. We aim to
create a slight separation between the particles, resulting in a gradual change in the local
concentrations of the differently sized particles. Investigations of the assembly behavior of
monodisperse colloids have drawn renewed interest in research®>*! as colloidal assembly is a

promising pathways towards the creation of nanoparticle-based materials.*¥ However, most



research is focused on the assembly into homogenous and highly ordered structures. The reason
for this is, that contrary to intuition, the formation of highly ordered structures from
monodisperse nanoparticles is much more favorable than our desired disordered gradient
structure.['* 13- 371 We have prepared colloidal silica spheres with diameters of 129 + 14 nm
(denoted as Si0,-129) and 310 + 20 nm (denoted as Si0»-310); the characterization is given in
Supporting Information Figure S2. The assembly behavior under centrifugal force was then
analyzed in situ using analytical ultracentrifugation (AUC), because recent studies have shown
that AUC is very suitable to reveal information about the sedimentation of binary mixtures of
small SiO»-NPs.% It is worth noting that the pure SiO>-129 and Si0>-310 both show a typical
sedimentation behavior expected for monodisperse samples. As shown in Supporting
Information Figure S3, a constant decrease in nanoparticle concentration with increasing time
of centrifugation can be observed. In contrast, the sedimentation behavior of binary mixtures
of Si02-129 and Si02-310 presented in Figure 1a is characterized by the formation of a plateau
in the local NP concentration separating the two steps representing each particle size. This is a

clear indication of the temporal separation of the individual NPs sedimentation.
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Figure 1. (a) Radial Rayleigh interference scans over time from red to blue in a sedimentation
velocity run of a binary mixture of Si02-129 and Si0»-310 at a rotational speed of 1500 rpm.
The time interval between two scans is 120 s. SEM micrographs of (b) a Cross-section of
silica opal with gradient in particle size, arrow indicating the direction of the gradient;
scalebar = 50 um and (c) micrographs taken along the gradient indicating the gradient in
particle size; scalebar = 500 nm. Micrographs at lower magnifications given in the Supporting
Information Figure S4.

In binary mixtures, SiO2-310 completely and rapidly sediments within the first 30 min of
centrifugation, as indicated by a decrease in maximal fringes above the plateau. A complete
sedimentation of Si0»-129 can only be observed after 150 min. However, a decrease in
concentration of Si02-129, detectable by a slight loss in intensity at the plateau, is detected from
the start of the sedimentation velocity experiment as an effect of radial dilution in the sector-
shaped AUC centerpieces. In addition, sedimentation occurs only partially separated and a
gradient formation seems possible. To further investigate this, we performed additional AUC
measurements using UV-detection and compared them with simulations (see Supporting
Information Figure S3b), confirming our findings of a gradual fractionation according to the

particle size. Interactions between the different particle species can be excluded as the
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hydrodynamic diameters calculated from the presented AUC data (see Supporting Information
Figure S3c¢) are identical to the values determined from monomodal samples. As AUC is
limited to highly diluted samples and therefore hardy applicable to the synthesis of macroscopic
materials, we tested the transfer of the observed gradual separation to concentrated solutions
and larger scales using PUC. After sedimentation of binary mixtures of Si02-129 and Si0»-310

at intermediate centrifugal forcesl*”]

, a monolithic colloidal structure with macroscopic
dimensions as shown in Figure 1b was formed after drying. Using SEM, we investigated the
structuration of the nanoparticles at distinct points along the direction of the centrifugal force
indicated by the arrow in the cross-section. As predicted by AUC measurements, mixtures of
Si02-129 and Si0:-310 assemble in a gradient structure shown in Figure 1c. While the upper
part of the monolith (x — 0) is composed of only SiO;-129, showing some degree of close-
range order in an overall glassy state, the local fraction of SiO2-310 increases gradually along
the direction of the centrifugal force. Finally, in the lower part of the gradient structure (x — 1)
only large particles, again assembled in a glassy state, can be observed. For intermediate
positions, no ordered aggregates are observed, indicating a kinetically driven assembly,
overcoming the expected formation of ordered aggregates over the whole monolith (see also
Supporting Information Figure S4).14 3] The assembly behavior can easily be adjusted by the
relative ratio of the individual particles and centrifugal force. At higher centrifugal forces,
ordered structures of SiO»-129 can be observed and no regions consisting of exclusively

Si02-310 can be observed as the initial sedimentations occurs rapidly (see Supporting

Information Figure S5).

2.2. Carbon nitride materials with gradient porosity.

The disordered, but dense packings of silica spheres presented in the last paragraph can now be

used as templates (Scheme 1). The viability of the approach can be proven by using the silica
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template instead of PS, but for the moment, for the preparation of a porous carbon material from
a RA sol in analogy to ref. 38. During fractionation of the nanoparticles according to their size
by PUC, the voids in the template are filled by the present precursor. After drying, the formed
composite is converted to the final product by a single pyrolysis step. Gradient porous graphitic
carbon materials were obtained successfully (see Supporting Information Figure S6).
Beneficially, the detailed investigation of the infiltration and network forming process can be
adopted towards the synthesis of a broader range of carbon-based materials with graded
porosity, which was not possible using PS templates. Exemplarily, Figure S7 shows the
successful synthesis of highly graphitized carbon materials with gradient porosity using
Si02-NPs dispersed in furfuryl alcohol. Lightly nitrogen doped carbons are accessible by
infiltration with pyrrole acting as precursor and nitrogen doping agent simultaneously. However,
the usage of disordered colloidal assemblies of SiO.-NPs as templates offer possibilities in
material design inaccessible until now. Due to the higher colloidal stability and density of
Si02-NPs compared to PS, a temporal separation between the template formation step and the
gelation of the precursor sol is feasible. Consequently, we can now use more demanding
precursor sols, which is the key for the synthesis of materials with high nitrogen contents
increasing from nitrogen-doped carbon (N@C) to C3N4as shown in Figure 2. To achieve this,
we dispersed binary mixtures of Si02-129 and Si0-310 in concentrated precursor solutions
(see (I),(IT) in Supporting Information Scheme S1), and fractionated the SiO>-NPs by their size
using PUC, followed by a thermal transformation step and removal of the SiO> template by HF
etching. Depending on the nitrogen content of the precursor, either highly nitrogen doped
carbon materials, further denoted as N@C (Figure 2(a)) or gradient porous g-C3Ny4 (Figure
2(b)) is yielded. A third possibility (III, Supporting Information Scheme S1) to synthesize
gradient porous materials is melt infiltration. We covered the monolithic templates with

5-aminotetrazole (SAT). A slow heat up to 550 °C leads to an infiltration with molten SAT
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which then polymerizes to form p-C3;Ns (Figure 2(c)). After etching with HF, orange

monolithic p-C3Ny is obtained.

Direction of Centrifugal Force x

oney N/D

Figure 2. Gradient structure of inverted colloidal glasses with increasing nitrogen content from
(a) to (c) as shown by subsequent SEM images taken along the internal coordinate x with scale
bars of 1000 nm. SEM micrographs for (a) highly nitrogen doped carbons (C@N) (b) graphitic
carbon nitride (g-C3N4) and (c) polymeric carbon nitride (p-C3Ny).

All materials were yielded in a monolithic cylindrical shape with dimensions of ~0.7 cm and a
gradient in pore sizes in the direction of the centrifugal force (~0.15 cm). The presence of the
gradient structure can be proven by SEM micrographs as shown in Figure 2. Evidently, only
smaller pores with a diameter of 88 + 8 nm can be observed at the beginning of the gradient
(left side, x — 0). The portion of larger pores with average diameters of 316 + 27 nm gradually

increases towards the end of the gradient (right side, x — 1). The accessibility of the internal
12



surface (~50 m?/g) completely contributed by macroporous can be confirmed by
N2-physisorption analysis (see Supporting Information Figure S8). This is further confirmed
by recording higher magnified SEM micrographs given in Figure S9 for all materials showing
interconnected pores of uniform sizes. Importantly, the structural features do not significantly
differ for the presented samples as evident by comparing the local pore sizes displayed for the
individual samples presented in Figure 2(a)-(¢) which is in accordance with the postulated

formation process. To better compare the formed porosity gradients of the synthesized materials,

[56 [57]

we employed trainable Weka segmentation®® implemented in Image]®”), as previously
reported®*->!1. This allows an objective calculation of the local area fraction of small pores,
templated from SiO2-129 at specific positions x in the gradient region. As shown in Figure 3,
all presented materials exhibit a gradual changing pore size along the gradient of the centrifugal
force, confirming the analysis from SEM micrographs. Due to the different synthetic procedures,
the density of the dispersion changes, resulting in a slight change in sedimentation coefficients
and therefore gradient structure. This is evident as p-C3N4 (red curve in Figure 3), synthesized
by melt infiltration shows a sharp transition between regions with predominantly small and
large pores as observed during the investigation of the assembly process. In contrast, the
gradient region is extended for C@N (black curve) and g-C3Ny (blue curve). This is a result of

the high density of concentrated precursor solution, leading to a less pronounced fractionation,

presenting an easy possibility to control the extension of the gradient region.
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Figure 3: Correlation between the position in the gradient region and the calculated fraction
of small pores according to WEKA image segmentation for C@N (black), g-C3N4 (blue) and
p-C3Ny (red).

2.3. Chemical structure of the carbon nitride materials.

We know up to this point that monolithic glassy materials with the desired gradient porosity
have been obtained by all presented methods, but it should be proven next, that the deliberately
chosen methods lead to different kinds of materials. Therefore, a characterization of the
chemical structure is necessary. First, we have investigated the network formation in the
template’s voids using thermogravimetric analysis (see Supporting Information Figure S10).
For C@N (black curve), a stepwise mass loss is observed due to the elimination of water and
ammonia during condensation reactions between 150 °C and 550 °C. The final formation of a
graphitic carbon networks occurs during an isothermal treatment at 550 °C, resulting in the
formation of a C@N-SiOz-composite. A similar slow and stepwise condensation under
cleavage of ammonia and water is observed during the formation process of g-C3N4 (blue curve)
both synthesized after in situ infiltration. For p-C3N4 (red curve) synthesized by melt infiltration,
a loss of water of crystallization from the precursor (SAT monohydrate) is detected at ~100 °C.

Subsequently, the self-condensation of SAT starts shortly after melting and infiltration at
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~200 °C. After a rapid initial mass loss, the final p-C3N4/SiO, composite is formed after slower
secondary condensation reactions and after an isothermal treatment at 550 °C. To clarify the
underlying chemical processes leading to the network formation, we used ATR-IR given in
Figure 4, and compared the spectra before and after pyrolysis. Besides the Si-O-Si-signal at
1051 cm™!, strongly visible in all samples due to the presence of SiO»-NPs, important insight
into the process can be gained by an evaluation of the additional signals assignable to the
precursor present in voids. In case of C@N (grey curve) strong signals are observed at
1668 cm™! corresponding to C=0 vibrations and 1554 cm! assignable to ring deformations in
triazine units stemming from melamine. As only minor amine signals in the range of 3200 cm!
and 3600 cm™! are observable, we conclude that the precursor sol consisting of formaldehyde,
guanidine, and melamine undergoes condensation reactions during drying of the composite

resulting in a fixation of the precursor network.
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Figure 4: IR-spectra of the infiltrated precursor-SiO2-composites (light curves) and the final
gradient porous materials after template removal by HF etching (dark curves) for C@N
(black), g-C3N4 (blue) and p-C3N4 (red).

Similar observations can be made for the synthesis of g-C3N4 synthesized using mixtures of

urea and cyanamide. The dried infiltrated template (light blue curve) shows a reduced intensity

for amine groups between 3334 cm™ and 3061 cm™ in the infiltrated template after drying in
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comparison to untreated cyanamide (Supporting Information Figure S11). Additional C-N and
C=N bonds are observable between 1633 cm™! and 1459 cm’!, indicating a self-condensation of
cyanamide occuring during drying. The importance of these primary condensation reactions is
shown by a comparison to the synthesis of C3N4 using only guanidine, which remains
unchanged during drying (Supporting Information Figure S12), resulting in a collapse of the
network due to an insufficient stability. Therefore, we derived two requirements for the
synthesis of monolithic gradient porous materials using in situ infiltration during template
formation. First, a primary reaction of the precursor must occur during drying of the composite
yielded after fractionation to fix the structure. Second, the final matrix-building material must
densely fill the template’s voids. Otherwise, voids and cracks persist in the final structure
leading to a collapse of the monolithic structure and therefore to a formation of porous powders.
As expected, the situation is different for the p-C3N4 prepared by melt infiltration, showing a
physical mixture of SAT and silica before pyrolysis (light red curve). After pyrolysis and
template removal by HF, the signal corresponding to Si-O-Si disappears in all presented
samples (dark curves in Figure 4). This indicates a complete removal of the template, which is
confirmed by Energy-dispersive X-ray spectroscopy (EDX, Supporting Information
Figure S13) showing no remaining silicon signal.

The binding situation between carbon and nitrogen atoms as well as the ratio of carbon to
nitrogen in the class of carbon/nitrogen-based solids is important to control the optical
properties of the resulting materials.[*8 The synthetic method presented here allows the precise
control of the resulting functionalities. The IR spectrum of N@C (black curve) is characterized
by broad, overlaying signals between 1660 cm™ and 1050 cm! assignable to various N-C and
N=C bonds in heterocycles and C=C bonds stemming from the graphitic network. In contrast,
g-C3Ny (blue curve) and porous p-C3Ny (red curve) are characterized by separated strong signals
in the range between 1650 cm™ and 1250 cm™!. This is characteristic for a sp?-hybridized

heterocycle with the signals at 1605 cm™ and 1564 cm™! corresponding to C=N bonds and the
16



signals at 1416 cm’!, 1305 cm™! and 1241 cm™! assignable to C-N bonds. Furthermore, the
characteristic fingerprint signal of the triazine unit at 809 cm™ is clearly visible, indicating the

formation of stoichiometric C3Ny.[46¢ 48

1 To confirm the conclusions drawn from IR and gain
information of the amount of nitrogen incorporation, we investigated the exact binding situation
within the materials by X-ray photoelectron spectroscopy (XPS) given in Figure 5. Quantitative
analysis reveals an atomic C/N ratio of 1.61 for C@N expected for nitrogen doped carbons
synthesized at low carbonization temperatures.[>®! Accordingly, we expect the occurrence of
distinguishable energy levels for nitrogen atoms as schematically shown in Figure Sa. The N 1s
region (Figure Sb) shows contributions at 398.1 eV, which can be assigned to pyridinic
nitrogen species (shown in magenta), and 399.6 eV characteristic for pyrrolic nitrogen species
shown in green respectively.[® In the C s region (Figure 5¢) two species can be observed as

well. The signal at 284.8 eV is characteristic of C=C bonds while the second contribution at

287.2 eV can be assigned to carbon atoms bound to nitrogen.
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Figure 5: (a) Schematic depiction of the chemical structure of nitrogen doped carbon.

Detailed XPS spectra for N@C of the (b) N 1s region and (c) C 1s region. Detailed XPS
spectra for g-C3N4 of the (d) N 1s region and (e) C 1s region. (f) Schematic depiction of the
chemical structure of carbon nitride. Detailed XPS spectra for g-C3N4 of the (g) N 1s region
and (h) C 1s region.
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This binding Situation in N@C is clearly distinguishable from the stoichiometric carbon nitride
compound g-C3N4 and p-C3Na. The corresponding N 1s spectra (Figure 5(d),(g)) are composed
of two equivalently contributing species. The signal detected at 400.3 eV (red curve) can be
assigned to nitrogen atoms bound to three carbon atoms while the contribution at 399.0 eV (blue
curve) is characteristic for sp?>-hybridized nitrogen atoms in the heterocyclic ring forming C-
N=C-bonds. In comparison, the fraction of N-C3 is species is slightly reduced for p-C3Nas. The
C Is region (Figure 5e) shows characteristic energy levels for carbon atoms bound to three
nitrogen atoms in heterocycles at 288.8 eV. Only a minor component at 285.1 eV caused by
C-C bonds, likely located at surface defects, can be detected. As the atomic ratio C/N is
calculated to of 0.73 for g-C3N4, we propose a structure close to the ideal heptazine-based
polymer shown in Figure 5f.[°!] For p-C3Na, the signal corresponding to carbon atoms in the
triazine unit (blue curve in Figure 5h) is slightly shifted to 288.6 eV indicating a change in
binding situation. As the atomic C/N ratio is enhanced to 0.75, we attribute this to the formation

e.[4 021 The crystalline

of a triazine-heptazine polymer as reported previously in literatur
structure determined by powder X-ray diffraction (PXRD) measurements (Supporting
Information Figure S14) showing a very broad reflex, corresponding to the interplane stacking
expected for the synthesized materials. The observed shift of the (002)-reflex to higher

interlayer distances for C@N as compared to g-C3N4 and p-C3Na, consistent with the proposed

structures and confirms the determined structures.

2.4. Optical Properties and modification of graded porous materials.

As a final distinction between the synthesized materials, we investigated their optical properties
using solid-state UV-VIS spectroscopy (Figure 6(a)). As the application fields for doped
carbons asks for high conductivity®>> 415 631 while g-C3N4 is mainly discussed in

photocatalysis/“®> %41 the modification of the electronic structure is highly important for future
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applications. We herein show the first synthetic route capable of creating graded nanoporous
materials exhibiting these highly adjustable properties. This is demonstrated by a comparison
of the synthesized N@C, g-C3N4 and p-C3N4 with different internal structures. In accordance
with the determined structure of a sp?-hybridizied nitrogen doped carbon material, N@C
(Supporting Information Figure S15) is characterized by a strong absorbance over the whole
visible range. In contrast, g-C3N4 materials (blue curves) show an absorption in the visible range
starting from ~500 nm. Importantly, the band gap of g-C3N4 can be modified by the usage of
different precursor systems, as this results in slightly altered C/N ratios and therefore a modified
binding situation.!%! This concept can be transferred to tailored gradient porous C3N4 materials,
as shown by the synthesis of g-C3N4 using pure cyanamide or cyanamide-guanidine mixtures
(see Supporting Information Fig. S16) as precursors. The resulting gradient porous monoliths
are characterized by shifted band gaps in the range 2.55 eV and 2.77 eV as calculated from

Tauc plots (inset in Figure 6(a)).

(a)

Norm. Absorbance / [a.u.]

400 500 600
Wavelength / [nm]

g

Norm. Absorbance / [a.u.]

400 500 600
Wavelength / [nm]

Figure 1: Solid state UV-VIS absorption measurements (a) normalized to the absorbance at
366 nm with Tauc plots as inset of the g-C3N4 samples (blue) synthesized using mixtures of
cyanamide-urea mixture (dark blue), cyanamide-guanidine mixtures (blue) and pure
cyanamide (light blue) and p-C3N4 (red) and a representative PL spectrum of g-C3N4.
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As matching photonic properties with the electronic band gap can lead to highly enhanced
photoelectronic features!’!, the independent adjustment of pore sizes and electronic properties
is highly important. Therefore, the modified optical properties of g-C3Ns (red curve), shown by
the broadened and red shifted absorbance in the solid state, are important. This results in a shift
of the optical band gap to a comparable low value of 1.63 eV (inset in Figure 6). This is a result
of the desired triazine-heptazine based polymeric structure, realized by a deliberately chosen
precursor approach, resulting in the formation of a donor-acceptor structure!*#» 621 showing the
tailored variability of the optical properties in semiconducting materials with gradient porosity.
For proof of concept, we have recorded photoluminescence (PL) spectra of a representative
case (Figure 6(b)). As expected, the emission signal (Amax = 443nm) is red shifted with respect

to the adsorption edge.

3. Conclusion

Possible applications of gradient porous materials have been limited due to a lack of synthetic
methods. We use preparative ultracentrifugation as a powerful tool to overcome this issue. By
carefully analyzing the sedimentation parameters and a subsequent transfer towards PUC,
SiO2-NPs can be fractionated in water or concentrated precursor-solutions. The formed
colloidal glasses with gradually changing particles size along the direction of the centrifugal
force can then be directly used as templating structures, which was not possible until now. We
demonstrate this by developing a highly flexible synthetic method towards graded porous
materials ranging from carbon over nitrogen doped carbon to C3Ns, which was not possible so
far. In addition to the described synthesis methods, relying on aqueous systems, Si0,-NPs offer
the advantage of a compatibility with various dispersion media, making a wide range of
precursors applicable, as shown by the synthesis of g-C3N4 and p-C3Ns with significantly

altered properties. A further combination with our previous finding of the possibility of the
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30-311 will allow the synthesis

introduction of chemical gradients into carbon materials by PUC!
of tailor made catalysts exhibiting graded porosity, significantly enhancing the field and
possible applications of FGM.

Since local concentration and the control of mass and photon propagation is an important factor
for catalytic processes!®®l, we propose that the herein described materials offer an ideal platform
to investigate possible synergistic effects in heterogeneous electro- and photocatalysis.
Especially the investigations on the impact of a gradient in pore sizes on the optical properties
and light propagation in our synthesized materials will allow an improvement of photocatalytic
activity, for example by highly localized light trapping.[”! Due to the high refractive index of
C3Ns, a resonant light transport seems likely for pore sizes in the range of visible light!!8]. In
combination with prolonged retention times of photons inside of photonic glasses!!®¥ an
enhancement in light harvesting is to be expected, if the photonic structure, resulting as a
function of the pore sizes matches the energy levels of the electronic band gap. However, as
our study is, to the best of our knowledge, the first report of a gradient porous semiconductors

with pore sizes in the regime of the visible light, the necessary complex measurement setups

will have to be developed first, which asks for further research.

4. Experimental Section/Methods

Materials. Tetraethylorthosilicate (TEOS, > 98 %), cyanamide ( >99 %), 5-aminotetrazole
(5AT. >97 %) and dicyandiamide (>99 %) were purchased from Sigma-Aldrich. Guanidine
carbonate (>98 %) and melamine (>99 %) were purchased at abcr. Resorcinol (>99 %) and urea
(>99.5 %) were purchased from Merck. Aqueous formaldehyde solution (37 wt%) was
purchased from Roth. Guanidine hydrochloride (>98 %) was purchased from Alfa Aesar.

Preparation of template particles. SiO>-Nanoparticles were synthesized by the Stoeber

method.[31 Si0,-129 was synthesized by first dissolving concentrated aqueous NH4OH-
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solution (4.5 mL) in ethanol (100 mL). The solution was heated to 60°C under stirring. After
30 min, TEOS (4.5 mL) was rapidly injected into the solution. The reaction was allowed to
proceed for 24 h. Si02-129 was isolated by centrifugation and washed 2 times with Ethanol and
subsequently 2 times with water. The obtained powder was dried and then dispersed and stored
in water. The solid content was determined to be 11.8 wt%. Si02-310 was synthesized by
heating a solution of MilliQ-grade water (72 mL), concentrated aqueous NH4OH-solution
(15 mL) and ethanol (100 mL) 60 °C. The solution was heated to 30°C under stirring. After
30 min, TEOS (20 mL) was rapidly injected into the solution. The reaction was allowed to
proceed for 2 h. Si0,-310 was isolated by centrifugation and washed 2 times with Ethanol and
subsequently 2 times with water. The obtained powder was dried and then dispersed and stored
in water. The solid content was determined to be 10.6 wt%.

Preparation of SiO>-Assemblies. Dispersions of Si02-129 and Si0O2-310 were mixed in a
volumetric ratio of 1:1 and diluted with MilliQ-grade water. The samples were then fractionated
in thickwall polypropylene (13x51 mm) centrifuge tubes by ultracentrifugation using a
Beckman a Beckman Optima L-70 ultracentrifuge (Beckman instruments) equipped with a
swinging-bucket rotor (SW 55 Ti, Beckman Instruments). For the detailed parameters (Volume
ratios, centrifugal force), see the Supporting Info. After centrifugation, the supernatant was
carefully removed, and the samples were dried at ambient conditions.

Preparation of gradient porous materials by melt infiltration. Si0O; assemblies formed after
PUC were overlayed with excess SAT in a corundum crucible. The sample was heated to 550 °C
over 12 h. During heat up, the monoliths were infiltrated. The full conversion to g-C3N4 was
achieved after holding the temperature at 550 °C for 2 h. After cooling down, SiO; was removed
from the monolithic composites by etching in aqueous 20 wt% HF-solutions. After washing of
the material with water, monolithic porous materials were obtained after drying at 90 °C under

ambient pressure.
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Preparation of gradient porous materials by in-situ infiltration. For materials synthesis,
aqueous dispersions of Si02-129 and SiO2-310 (volumetric ratio of 1:1) were mixed with the
respective concentrated precursor solutions (see the Supporting Info detailed parameters). The
samples were infiltrated during fractionation in thickwall polypropylene (13 mmx51 mm)
centrifuge tubes by ultracentrifugation using a Beckman a Beckman Optima L-70
ultracentrifuge (Beckman instruments) equipped with a swinging-bucket rotor (SW 55 Ti,
Beckman Instruments). After centrifugation, the supernatant was carefully removed and the
samples were dried at 90 °C for 3 days. The resulting monolithic, infiltrated samples were then
pyrolyzed in a nitrogen atmosphere at 550 °C for 2 h with a heating ramp over 12 h. After
cooling down, SiO; was removed from the monolithic composites by etching in aqueous
20 wt% HF-solutions. After washing of the material with water, monolithic porous materials
were obtained after drying at 90 °C under ambient pressure.

Materials Characterization. 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-section using a Zeiss Gemini SEM 500 operating at 3-15 kV.
EDX data were recorded using an Oxford Instruments Ultim® Max with a 100 mm? Silicon
Drift Detector mounted onto the microscope. X-ray diffraction analysis was performed with a
Bruker AXS D8 Advance diffractometer using Cu-Ka radiation. TGA-measurements were
performed using a Netzsch STA 429 F3 Jupiter. XPS measurements were performed by Tascon
GmbH, Sulzbach, Germany using a PHI Quantera SXM with Al- Ka radiation. FT-IR spectra
were obtained with a Perkin-Elmer Spectrum 100 with ATR measurement unit. N-
physisorption measurements were conducted on a Micromeritics TriStar 3000. UV VIS
measurements were recorded using a Cary-5000 including integrated sphere, Agilent 8453.
AUC measurements were conducted using an Optima XL-I analytical ultracentrifuge (Beckman
Coulter, Palo Alto, CA, USA) with Rayleigh interference optics in a titanium measurement cell

(Nanolytics, Potsdam, Germany). The optical pathway length of the cell was 12 mm.
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