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Abstract: This special issue of C—]Journal of Carbon Research is dedicated to “Functional Nanoporous
Carbon-Based Materials”. It contains contributions reporting on the synthesis of nanoporous carbons
for the adsorption of proteins, their applications in electrochemical energy storage/conversion, and on
the characterization/modification of their surface chemistry. Nanoporous carbon-based materials
are widely researched, but at the same time, the field is still full of unutilized potential. The atomic
construction of the carbon framework, pore sizes, pore geometries, presence of heteroatoms, particle
size and shape, and many other “internal screws” are available; in the end, the high potential of
carbon-based materials will only be fully explored if the interplay of these crucial factors is precisely
controlled. This article is a summary of what we consider important for future targeted improvement
of porous carbon nanomaterials for energy and environmental applications.

Keywords: carbon-based nanomaterials; carbon synthesis; porosity; adsorption; energy storage;
energy conversion; catalysis

1. The Family of Functional Nanoporous Carbon-Based Materials

Carbon is a fascinating chemical element. Due to its location in the periodic table of elements,
it can form covalent chemical bonds with elements of very high and very low electronegativity. It is one
of the elements with the highest number of existing chemical compounds. From another perspective,
it can be seen that earth, atmosphere, oceans, and organisms, all have carbon cycles that are connected
to each other, and carbon has an extremely high permanent “natural turnover”. As science writer
Eric Roston pointed out in his book The Carbon Age, “carbon is the essential building block of life
that, ironically, has become humanity’s great threat” [1]. The rise of the CO, concentrations in the
atmosphere is surely a serious problem associated with the imbalance and acceleration of the carbon
cycle, and, especially in the 1990s, chlorofluorocarbons have been the main contributor to the growth
of the hole in the ozone layer. These are just two of the many widely known examples.

Carbon-based chemical compounds obviously have a huge impact on our lives, and some of them
are the fundamental reason for many current global problems—especially those related to energy and
the environment. At the same time, it can be foreseen that this element will be one of the main building
blocks to achieve future solutions for these problems [2,3]. Research on carbon materials for energy
and environmental applications, and especially on carbon nanomaterials or “nanocarbons”, is rapidly
accelerating due to the promise of these materials for energy production and management, adsorption,
cleaning of water and air, as catalysts or catalyst supports, in biolomedical applications, as sensors,
and in many other fields [4-11].

Inorganic nanocarbons are a large family of materials. In principle, the members of this family
have two general features in common: (i) They mainly consist of carbon atoms covalently bound
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to each other, and (ii) they contain textural motives on the nm-scale. Just like the bulk element
modifications diamond and graphite (Figure 1a), nanocarbons can appear with different faces as
well. Nanodiamonds contain mostly sp3-hybridized carbon atoms. Graphene is an extended network
of sp?-bonded carbon atoms. In analogy to other nanomaterials, nanocarbons can be subdivided
in 2-dimensional (graphene), 1-dimensional (carbon nanotubes), or 0-dimensional (fullerenes and
nanodiamonds) compounds (Figure 1b).

The members of the nanocarbon family which are of particular interest in this special issue are
nanoporous carbon- or carbon-based materials (NPCMs) [12,13]. In contrast to other spz—dominated
(i.e., “graphene-based”) nanocarbons like carbon nanotubes, fullerenes, or graphene itself, nanoporous
carbons have a less-defined local atomic arrangement. Substitution of graphene 6-rings by other
structure motives like 5-rings, 7-rings, heteroatoms, or other defect sites leads to distortion (i.e., loss
of the long-range order) and bending of the 2-dimensional atomic framework. If the density of
these defects is large enough, a porous carbon framework will be the result. Such materials are,
in most cases, still sp?-rich, and have high electric conductivity as well as thermal/chemical stability,
but not much in common with graphene from a geometrical perspective (Figure 1c). The fundamental
advantage of NPCMs is that they provide a large interface area between their internal surface and
the surrounding phase. Their specific surface areas can reach up to 2000 m?/g, and in some cases,
even more. This property makes them attractive for applications in which physical or chemical binding
of guest substances is crucial. As a personal side note, we would like to mention that the abundance of
defects and numerous different binding states between carbon atoms and carbon with other atoms in
these materials may be part of the answer to the question of why the surface area of a porous carbon
material can exceed, in some cases, the “theoretical” 2630 m? /g (two sides of a single graphene sheet).
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Figure 1. (a) Carbon modifications graphite (left) and diamond (right); (b) Structures of the

carbon nanomaterials Cgg fullerene (left), single-walled carbon nanotube (middle), and graphene
(right); (¢) Model atomic structures of nanoporous carbon-based materials with different degrees of
carbon ordering. (a,b) adapted from [10], with permission from Wiley, 2012. (c) adapted from [14],
with permission from Elsevier, 2010.

In this article, we will give a personal view on the role of functional nanoporous, carbon-based
materials in energy and environmental relevant applications. We will discuss some general points
that we (as inorganic chemists with rather strong synthetic background) consider as being crucial for
the community to enable future targeted improvement of those materials in terms of synthesis and
pore structure, but also in terms of chemical functionality. This editor’s perspective will not give a full
overview over all existing methods for carbon synthesis, nor will all applications where nanoporous
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carbon is used be reviewed. We will focus on some selected examples and conclude with specific
problems which have a rather general character.

2. Synthesis and Structure of Functional Inorganic Nanoporous Carbon-Based Materials

The aim of this chapter is to give an overview over some of the most important synthesis-structure
relationships that have to be considered during the production of NPCMs. At first, some general
definitions are needed: What is a functional inorganic nanoporous carbon-based material? Different
to the meaning of chemical functional groups (which will always be present in NPCMs to a certain
extent), a “functional material” is, in our view, a material that is designed to function for a specific
goal in a given application. This is, of course, a rather broad definition which can be applied to many
materials on many scales and in various fields. But the definition still has to be made, and a very
important message which is “hidden” within it shows one of the fundamental problems of present day
materials science: A real functional material will always follow a fundamental problem that actually
exists when the material is developed, and not the other way around. Of course, a really new class of
materials with so far unexplored properties, or a material prepared by a novel and innovative method,
does initially not have to serve a specific application, but targeted development and improvement of
materials in order to provide solutions for existing problems brings real “functionality” as opposed to
proposing a “new material” as the solution for a randomly-chosen “apparent problem”.

The term “inorganic” implies that the material mainly consists of carbon-carbon bonds, and that
there is no excessive hydrogen content. An inorganic (sp?-based) carbon still has “benzene-like” units
as the central building blocks, but only the external surface of their network may be terminated by
hydrogen or other non-carbon atoms. As an example, the porous carbon structures displayed in
Figure 1 are regarded as inorganic carbons, while other carbon-rich porous materials such as porous
organic polymers [15,16], covalent organic frameworks [17], or metal organic frameworks [18,19]
contain single organic building blocks, and are thus not considered as members of this family.

The expression “carbon-based” is somewhat related to that. Most inorganic carbon materials
contain a smaller or larger amount of heteroatoms which will either be present as functional groups on
the carbon surface, or will be incorporated into the graphene-like structure (Figure 2) [20,21]. As one
obvious example, the edges of graphene (just like the surface of nanodiamonds) are usually terminated
with hydrogen- or oxygen-containing functional groups. Other heteroatoms such as nitrogen, sulfur,
phosphor, or boron can also be implemented in NPCMs [22-25]. Since in most cases, such foreign atoms
have a crucial influence on the properties of the carbon-based material, we prefer the terminology
“carbon-based” or “carbonaceous materials” over the simple expression “carbon materials”.

From a geometrical perspective, a surface curvature may be called a “pore” when it is deeper than
itis wide. The 2015 technical report of the International Union of Pure and Applied Chemistry (IUPAC)
defines “nanopores” as pores with a size below 100 nm (in accordance with the general definition of
nanomaterials). Thus, nanopores can cover the whole range from micropores (below 2 nm in diameter)
to mesopores (2-50 nm) and up to macropores (above 50 nm), and, independent of the distribution of
the pore size, any inorganic carbon material containing such pores, by this definition, has to be called
“nanoporous” [26]. If two or more kinds of interconnected pore systems with clearly-distinguishable
size are present in one material, this carbon has “hierarchical” porosity [27,28]. In general, “hierarchy”
describes a ranking of, for example, items, ideas, values, concepts, or organizations [29]. Following
from that, a material has to combine entities, compositions, and/or geometrical structures to form
compartments or paths of matter with different properties to be called hierarchical. In spite of this
quite clear definition, the term is often misused in the literature, and porous materials which obviously
do not comply with it are frequently called hierarchical.
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Figure 2. Examples for (a) oxygen-, (b) nitrogen-, and (c) sulfur-containing structure motives in
nanoporous carbon-based materials. (a) reproduced from [21], with permission from Wiley, 2008;
(b) reproduced from [30], with permission from RSC Publishing, 2015; (c) reproduced from [31], with
permission from American Chemical Society, 2012.

2.1. Synthesis of Functional Carbon-Based Materials with Different Pore Structures

The synthesis NPCMs usually includes (i) the (in most cases thermal) conversion (“carbonization”)
of an organic carbon precursor material, and (ii) the generation of nanopores [12]. Widely applied
precursors are carbon-rich polymers from biomass, carbohydrates, or phenolic resins. Energy efficient
alternatives to simple heating are hydrothermal carbonization [32-34] and ball milling [35-37],
to mention just two examples with great potential for more sustainable future carbonization processes.
It should also be generally noted that most of the previously-developed synthesis protocols for NPCMs
are “top-down-like”. This means that they are based on the decomposition and atomic reorganization
of a high molecular mass polymer. This leads in general to the formation of NPCMs with heterogeneous
atomic constructions. In contrast, “bottom-up-like” approaches starting from molecular building blocks
provide a promising pathway to enable more precise control over the atomic structure (see Section 2.2),
and thus, to introduce defined chemical functionality [38—40].

Besides the atomic construction and the porosity (as discussed in the chapters below), the morphology
of the resulting NPCMs is another critical aspect that has to be considered when choosing the synthetic
protocol. Macroscopic and microscopic morphology, as well as the resulting mechanical properties of
the NPCMs, are, in many cases, crucial factors for the properties in a given application and for further
engineering [41-43]. However, only in a very few cases the question of whether a powder/monolithic
material, a spherical/high aspect ratio material, or maybe even a thin film NPCM, is desired, can be
completely decoupled from the nanoporosity formation. One reason for this is that the morphology is often
crucial for mass transport during synthesis. Like the macroscopic morphology, the nanoporosity (mainly
the mesoporosity) of NPCMs can appear in different morphologies and geometries as well. Examples
are ordered mesopores of different geometries [44-46], aerogel-type mesopores [47,48], or foam-type
mesopores [49,50], just to mention a few (Figure 3a). The fact that nanopore size is not the only crucial
factor that determines the properties of NPCMs, but that pore geometry and pore connectivity also play
an important role, is often overlooked. For example, it is obviously useless to tailor the pore size of carbon
materials for the adsorption of a certain guest species if the entries of the pores are too small to be passed by
these objects.

As another personal side note, we would like to mention that a synthesis protocol towards NPCMs
is not “sustainable” simply because a renewable carbon source or a waste product is utilized as the
precursor. Of course, it seems at first glance more attractive to use, for example, banana peels or coconut
shells as carbon sources instead of synthetic polymers, but there are many more aspects to consider
per mass of produced product, such as the overall energy consumption during synthesis, the carbon
atom efficiency, the amount of liquid waste and gaseous byproducts produced, the consumption and
potential recycling of chemicals, safety issues, and others in order to rate the real sustainability of
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a synthetic protocol. “The 12 Principles of Green Chemistry” are a useful guide for evaluating the
sustainability of a newly developed synthesis process [51]. One class of precursors that should always
be handled with care is food and food components such as proteins, bovine milk, sugars, and others.
Food wastes or byproducts of the food industry are surely less problematic [52].

One class of precursor materials for NPCMs which is currently attracting increasing attention
is metal-organic frameworks (MOFs) [53,54]. While their metallic centers are utilized as porogen,
the organic linkers serve as a carbon source. Potentially present functional groups in the linker
molecules can also lead to heteroatom-doped NPCMs [55,56]. The approach to just produce NPCMs
by carbonization of MOFs has, from our point of view, some drawbacks, as similar materials can in
principle be obtained from rather cheap and sustainable precursors as well. MOF-derived carbons
can be useful if the resulting NPCMs or metal(oxide)-containing NPCMs are suitable as model
substances for academic purposes. One particular advantage of such materials is that the shape
of the MOF crystals or particles can usually be precisely transferred to the resulting products,
and hence, this is a particularly suitable system for the pore shape-controlled synthesis of carbon
materials (Figure 3b) [57,58]. However, this phenomenon of “shape conservation” (i.e., the macro- and
mesoscopically conformal precursor-to-carbon transformation) is quite common also for many other
carbon precursors such as carbides or polymers [28,59].

Another class of precursor materials for the production of nanoporous carbons at theoretically
100% atomic efficiency is metal or semi-metal carbides. So-called carbide-derived carbons (CDCs) can
be prepared by the removal of metal atoms from carbides, most often using a stream of hot chlorine
gas (Figure 3c) [60,61]. This synthesis is, of course, hardly scalable, and can also not be regarded
as being sustainable, but the resulting materials can have a very well-defined porosity and carbon
structures which are a function of the carbon distribution in the carbide precursor and the temperature
of the chlorine treatment [62,63]. In consequence, CDCs are of upmost academic interest, and have
been applied as model substances in many studies over recent years in order to get a more profound
understanding of the interaction mechanisms between various guest species and carbon pores of
different sizes [64—68]. Recently, it has been reported that nitrogen-doped CDCs can be synthesized by
chlorine treatment of silicon carbonitride precursors or titanium carbide nanoparticles [69,70].
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Figure 3. (a) Transmission or scanning electron microscopy (TEM and SEM) images of an ordered
mesoporouscarbon (left) [44], a carbon aerogel (middle) [47], and a mesoporous carbon foam
(right) [49]; (b) TEM images of iron/carbon materials derived from Fe-metal-organic framework
(Fe-MOF) precursors with different porosity (left: MOF xerogel; middle: MOF aerogel; right:
microporous MOF) [57]; (c) Schematic of the atomic structure of TizSiC; (left) and 3C-SiC (right)
and the corresponding carbide-derived carbon (CDC) structures with TEM images and pore size
distributions after halogen treatment [60]. (a) reproduced from [44], with permission from Wiley, 2001,
from [47], with permission from RSC Publishing, 2014, and from [49], with permission from Wiley,
2013; (b) reproduced from [57], with permission from RSC Publishing, 2017; (c) reproduced from [60],
with permission from Wiley, 2011.
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Considering again the commonly-applied, metal-free polymeric carbon precursors, the generation
of pores can take place either in parallel or after the carbonization step. If the porosity is introduced
after carbonization, this is called “activation” [71]. The resulting carbon materials are called “activated
carbons”. Activation is in most cases performed either by physical (etching carbon with CO,, steam or air
at high temperatures) [72,73] or chemical (etching carbon with ZnCl,, KOH or other chemicals) [74,75]
methods. Activation is a widely-applied method for the generation of micropores and high surface areas.
As activation is a rather simple process for porosity generation, activated carbons are by far the most
relevant class of porous carbon materials for industrial applications. In some cases, however, the resulting
carbons suffer from ill-defined pore connectivity and relatively broad size distribution. Activation is also
not a suitable method for the synthesis of well-defined mesopores.

If the porosity is introduced in parallel to the carbonization step, usually a “templating” approach
has to be applied, i.e., a spaceholder is present during the carbonization and either removed in parallel
or in an additional synthesis step [13]. Such a template can either be a hard template (an inorganic
“mold” that has to be removed after carbonization, Figure 4, top) [76,77], a soft-template (an assembly
of amphiphilic molecules that is removed during carbonization, Figure 4, bottom) [45,78], or a sacrificial
template (a solid mold that is removed by thermal decomposition in parallel to the carbonization) [79].
In this way, the porosity of the finally obtained NPCM will be dictated by the texture of the template.
Obviously, the combination of multiple templating approaches, or the combination of templating
approaches with etching, are the methods of choice for the synthesis of hierarchical materials [46,80,81].
Templating is usually more versatile in terms of the resulting pore systems, and has higher atomic
efficiency (i.e., the carbon yield relative to the carbon within the precursor) in comparison with
activation, as no carbon is lost due to etching. However, it has the significant disadvantage that
a template has to be synthesized, to be engineered into the composite with the carbon precursor, and to
be removed after carbonization. It is thus not surprising that the majority of industrially relevant
NPCMs are activated carbons, whereas a large part of the materials utilized in academic research are
templated carbons which are more difficult to synthesize, but in most cases have a rather defined pore
structure—especially when mesopores are considered.

Surfactant Precursor Carbonization Silica template
removal filling removal
g (X J
5 000
Silica template Wl oo
preparatio/
Selt-assembly Hard-Templating
Self-assembly SOft-Te m p I ati ng
Phenolic resin T "
thermopolymerization @ O
Surfactant Carbonization
W removal 100.nm

Figure 4. Schematics of hard- and soft-templating routes for the synthesis of ordered mesoporous
carbon materials [82] and transmission electron microscopy images of hard-templated carbon (top) [83]
and soft-templated carbon (bottom) [78]. Figures adapted /reproduced from [78], with permission from
Wiley, 2005, [83], with permission from American Chemical Society, 1999, and [82], with permission
from RSC Publishing, 2013.

Some recently reported synthesis methods such as salt-templating [84,85], or the removal of
oxidic templates by reductive carbochlorination [86,87], are potentially scalable synthesis protocols
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for well-defined mesoporous carbons, because the mesopore templates are either recyclable without
huge additional efforts, or are recovered as high-value byproducts, respectively. In some cases,
defined nanopores can also be generated without the use of templates or activation. For smaller
micropores, this can be achieved with bottom-up approaches if a defined condensation reaction
between organic precursor molecules takes place leading to the formation of narrow porosity [88].
Template- and activation-free generation of mesoporous carbon materials can be achieved by the
structurally-conformal transformation of mesoporous carbon precursor polymers such as aerogels
or xerogels [89,90].

2.2. Controlling Atomic Construction and Introducing Chemical Functionality into Nanoporous
Carbon-Based Materials

A network of carbon atoms in NPCMs obtained from typical precursors is, in most cases,
characterized by relatively low local order in terms of hybridization/connection motives, aromaticity,
network extensions, and other properties. This, in turn, is the reason for the large density of defect sites,
structure distortion, and the origin of the mainly amorphous character of most NPCMs. Such materials
are usually not very oxidation-resistant. There remain two possibilities to achieve a certain degree of
control over the local atomic arrangement of carbon atoms in the NPCMs, namely, the carbonization
conditions (most importantly the temperature), and the chemical structure of the applied precursor.
A higher synthesis temperature usually leads to enhanced carbon ordering, that is, the preferred
orientation of sp?-hybridized carbon atoms in six-rings, and an increase in the graphitic-like domains
in the obtained carbon materials [91,92]. This increase in crystallinity is then typically accompanied
with a decrease in porosity. Such “graphitization” can also occur at low temperatures in the presence
of catalysts such as iron [93,94].

In recent years, it has been more and more accepted that not only the pore structure and
the degree of graphitization are crucial for the properties of NPCMs in energy and environmental
applications, but that the chemical functionality may be an even more crucial parameter. In particular,
the insertion of heteroatoms into the carbon network or on its surface can change important properties
such as the oxidation resistance, electric conductivity, and the strength/mechanism of interaction
with guest species in general [22,95]. Obviously it is crucial to control the chemical construction
and density of such sites as precisely as possible in order to achieve sufficient control over the
properties of the resulting materials in a given application [96,97]. In many cases, post-synthetic
modification of existing carbon surface groups is applied to introduce heteroatoms. For example,
ammonia treatment or treatment in boiling nitric acid /hot air can be used to introduce nitrogen- and
oxygen-containing functional groups, respectively [98,99]. However, as NPCMs are, in most cases,
chemically heterogeneous materials, such post-synthesis treatments often do not allow sufficiently
precise control over the nature and density of heteroatoms introduced. From that perspective, it seems
favorable to utilize controlled condensation of molecular or polymeric precursors, which already
contain the desired structure motives for the NPCM synthesis [38,40,88] (Figure 5a). In such a way,
a more precise control over the nature of heteroatom-sites is possible, and in addition, the density
of the introduced heteroatoms can be extremely high. Such heteroatom-rich carbon materials with
well-ordered, local atomic arrangements obtained from pre-organized molecular precursors are usually
very oxidation resistant (“noble”, Figure 5b), and if their pore size is in the range of the molecular
dimensions, they have a particularly strong affinity to polar guest species such as water, carbon dioxide,
or even nitrogen [88,100]. These properties are quite uncommon for pure NPCMs, and cannot be
achieved by simple post-synthesis modification treatments.
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Figure 5. (a) Idealized model for the formation of a C;N-type structure by condensation of a

hexaazatriphenylene-hexacarbonitrile precursor [88] and (b) fire-retardancy of a “noble” carbonaceous
foam shown by repeatedly firing the sample using a butane/propane gas burner [101]. (a) reproduced
from [88], with permission from Wiley, 2018; (b) reproduced from [101], with permission from RSC
Publishing, 2013.

2.3. Characterization and Modelling of the Structure of Nanoporous Carbon-Based Materials

Scientists working with NPCMs often face one particular problem, that is, the rather difficult
determination of the structure of these materials which results from their amorphous character and
limited local atomic ordering (highly porous zeolite-templated carbon materials [102] can be regarded
as an exception here). Modeling of surface phenomena on other porous materials like zeolites, ordered
mesoporous silica, or metal-organic frameworks, is more straightforward, since they are crystalline
and/or have a precisely predictable surface chemistry. This is quite different in NPCMs, and it
is therefore not surprising that far fewer models are available for the atomic construction of such
materials. One particular field in which useful models have been developed over the last year is the
theoretical work done on ion storage mechanisms in microporous carbon materials (Figure 6) [103-106].
Such studies will also be increasingly important in other fields in the near future, because only with
a reliable and realistic image of the atomic construction, surface, and bulk phenomena in NPCMs,
they can be properly understood.
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Figure 6. (a) Simulation of 1-butyl-3-methylimidazolium hexafluorophosphate (BMI-PF) ionic liquid
electrolyte surrounded by two porous carbon electrodes held at constant electrical potentials (blue:
C—C bonds; red: the three sites of BMI*; green: PFg ions) and equivalent electric circuit used to model
the simulation setup [103]. (b) Typical structure of the ionic liquid inside the electrified pores of the
carbon (left: local structure near a positive surface at +0.5 V; middle: a single anion in a nanotube-like
pore positively polarized at +0.5 V; right: local structure near a negative surface at —0.5 V) [104].
(a) reproduced from [103], with permission from American Chemical Society, 2014; (b) reproduced
from [104], with permission from Springer Nature, 2012.

Another field into which theoretical modeling of carbon surfaces has led to major advantages
in data analysis is gas physisorption. Until the 1990s, gas adsorption isotherms (probably the most
widely-applied method for the characterization of NPCMs) have mainly been analyzed with classical
methods such as the Brunauer, Emmett, and Teller (BET) model to calculate specific surface area [107],
or the Barrett, Joyner, and Halenda (BJH) model to calculate pore size distributions [108]. However,
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especially the latter suffers from the disadvantage of not being applicable to micropores, and it also does
not take into consideration that the phase diagram of the pore fluid shifts under nanoconfinement [109].
Nowadays, more realistic textural properties of NPCMs can be obtained by applying advanced
density functional theory (DFT) models to the experimentally-obtained isotherms [110]. These tools
are working for micropore as well as for mesopore analysis, and can give more reliable porosity
analyses. Meanwhile, such methods are available for analysis of adsorption as well as for desorption
branches, and also for different adsorptives such as nitrogen, carbon dioxide, or argon at various
measurement temperatures. As the surface of NPCMs is neither structurally nor energetically
homogeneous, the introduction of quenched solid-DFT (QSDFT) or 2-dimensional-non local-DFT
(2D-NLDFT) methods, which take this energetic heterogeneity and geometrical corrugation into
account, was another major step towards the accurate analysis of physisorption isotherms of such
materials [111,112]. However, one aspect that is currently becoming more and more critical is that
highly heteroatom-rich carbon materials are often analyzed with these tools, and that adsorptives
with a significant quadrupole moment such as carbon dioxide and nitrogen can have a high binding
potential to specific structure motives in the doped carbon materials. In some cases (like for carbon
dioxide), these isotherms are then analyzed with a DFT model that does not take such significant
heterogeneities in the electron density distributions into account, which might lead to significant
deviations (usually underestimation) of the calculated pore sizes from the “real” values. Hence,
there are many reasons to recommend the use of an adsorptive with low quadrupole moment such as
argon [113]. This is especially crucial when very heteroatom-rich materials are characterized.

From these examples it can be seen that a positive aspect of the amorphous character of NPCMs
is that scientists became increasingly interested in developing novel methods and advanced models to
predict a realistic image of their atomic construction and/or their pore structure. Such tools and models
have been established for gas physisorption [67,112], Raman spectroscopy [114-116], transmission
electron microscopy [91,117], X-ray scattering [92], quenched molecular dynamics [14], and many
more characterization techniques. The developed models are often compared with results obtained
by other methods to complement each other. Due to the increasing interest in heteroatom-doped
carbon materials, element-specific characterization methods such as X-ray photoelectron spectroscopy
(XPS), electron energy loss spectroscopy, or simply thermal analysis coupled with mass spectrometry
are also of increasing interest. In most publications, newly-developed carbon materials are well
characterized with many of these analytical tools. Careful analysis and data interpretation are
indeed of crucial importance in order to find true structure-performance relationships for a given
application. Without a clear image of the carbon structure, such attempts will give misleading
results and conclusions. On the other hand, NPCMs with sharply-defined pore systems and chemical
properties can also be employed to show the full potential of a newly-developed characterization
method or to illuminate potentially established misinterpretation of analytical data.

Clearly, the number of available characterization techniques for porous carbon nanomaterials
has significantly increased in recent years. There are more and more novel characterization tools,
measuring techniques, and data evaluation models available giving us a more precise view of this
class of usually very amorphous materials. There is, however, still a lot of work to do on both the
technological side, but also (and maybe even more importantly) on the data evaluation side. It is
not enough to have well measured Raman or XPS spectra of a carbon material if the spectra are
not accurately fitted and if incorrect models and/or data interpretation is applied. Especially in
Raman spectroscopy, the D-band is often misinterpreted. In a perfectly ordered (i.e., crystalline)
carbon structure, such as CNTs, this “disorder-induced” band indeed indicates the presence of
defects in the graphitic structure. However, the interpretation of such spectra is very different for
nanoporous carbon-based materials with low local ordering. In most cases, a NPCM material with
a higher degree of carbon ordering (i.e., less but still present amorphous character) will contain more
graphitic nanodomains. As a consequence, an increasing Ip /Ig ratio will not indicate more defects,
but, in contrast, a carbon structure with higher carbon ordering as the D-band is caused by the edges
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(defects) of graphitic nanocrytallites [91]. If a physisorption isotherm shows obvious percolation effects,
then the pore size distribution should not be calculated from the desorption branch. Such problems
are not only an issue for characterization, but probably even more for the application of NPCMs.
More and more record numbers are reported, but it remains in some casesunclear how these numbers
have been calculated. As for many other families of materials, the world-wide standardization of
characterization data analysis remains a serious issue for NPCMs, because as long as two similar
curves are analyzed in different ways, the interpretations and conclusions drawn from them can spread
over a too broad range.

3. Energy and Environmental Applications of Functional Nanoporous Carbon-Based Materials

It is literally impossible to give a complete overview of the role of NPCMs in all energy-
and environmentally-relevant applications, as they range from gas to protein adsorption and from
electrical double-layer capacitors to battery electrodes. In catalysis applications, NPCMs can be utilized
as supports for active species (in most cases metal nanoparticles) [118], but their intrinsic structures can
also work as the catalytically-active species themselves [119-121]. A nanoporous carbon material that is
to be applied for the selective separation of CO; at low concentration (e.g., from flue gas or air) [30,122]
has to have different properties to a material that is applied for high pressure CO, storage [123].
The pore sizes and surface properties needed for adsorption of dye molecules [124], heavy metal
ions [125], or proteins [126] from solution, will obviously differ quite significantly. The requirements
for a good supercapacitor electrode material [127] are very different to those for a suitable carbon
material for hosting sulfur in lithium-sulfur battery cathodes [128]. These are just a few examples on the
very different requirements that NPCMs have to fulfill even in not too different applications. For sure,
a very broad set of parameters has to be accurately balanced in order to optimize materials and to
conclude reliable structure-performance relationships. Coming back to what has been mentioned
above, this is the fundamental reason why the solution has to follow the problem, not the other way
around. In this chapter, we will only discuss some very general examples of structure-performance
relationships of NPCMs in energy and environmental applications which we believe to be important in
the near future, and will give a personal view on the way this field may go forward in the coming years.

3.1. The Importance of Carbon-Guest Interactions

What most of the applications of NPCMs have in common is that at least one of the fundamental
steps is dominated by chemical or physical interactions at the interface between carbon surface and
the surrounding species. Such a process can be a physical adsorption, the chemisorption/activation of
an atom or molecule, energy/electron/ion transfer with an electrolyte, or even a nucleation process
starting from the carbon surface. There are two apparent options available to influence these processes.
The first (extrinsic) is the overall operation conditions like properties/concentration/pressure of the
guest species, contact time, temperature, the electric potential of a carbonaceous electrode, and others.
The second option is to modify the intrinsic properties of the NPCMs, most importantly porosity and
chemical functionality. Which of these two “internal regulation screws” is most important can differ
significantly from application to application. In many cases both of them play a role. When a selective
interaction with a certain guest species is required (e.g., in selective gas capture or selective removal of
ions/molecules from aqueous solution), then the chemical functionality seems to be the more crucial
factor at first glance because chemical interactions with energies in the range of ionic/covalent bonds
or hydrogen bridges are energetically stronger than purely physical van der Waals forces. At the same
time, it should not be overlooked that the chemical interactions have to be, in most cases, reversible at
reasonable energetic effort and on a relevant time scale.

For example, it is well known that heteroatom-containing groups (most often with nitrogen) can lead
to stronger adsorption of carbon dioxide [24,129], to higher energy storage in supercapacitors [36,130-132],
and to more efficient polysulfide retention in lithium-sulfur batteries [133-135] (Figure 7). In the most
extreme cases, the electron density and distribution in the guest species is changed so drastically that
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a carbon-based material can act as a catalyst for their conversion [121,136]. Until a few years ago, such strong
adsorption was believed to be possible only on the surfaces of metals and metal oxides, but it has recently
been explored that (particularly heteroatom-doped) NPCMs can also provide catalytic activity without the
addition of any metal. Even if a catalytically-active species like a metal is deposited as the guest species on
the carbon surface (the NPCM is then acting as a so-called “support”), the atomic construction of the carbon
is still crucial, as it will have a strong effect on the physical and electronic interactions with the molecules
to be converted and with the catalytically active species [137,138]. In other words, NPCMs (no matter if
heteroatom-doped or not) are, in most cases, “non-innocent” catalyst supports. Heteroatoms in NPCMs in
particular can provide additional control over the phase and size of the deposited species, and can even
enable the stabilization of very small metal clusters or single atoms on carbonaceous supports—comparable
to ligands surrounding a metal center in homogeneous catalysts [100,139].
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Figure 7. (a) Increase of the heat of CO, adsorption at a surface coverage of ~0.6 mmol/g with the
increase of the nitrogen content of polypyrrole-based porous carbons [24]. (b) Cyclic voltammograms
of ordered mesoporous CMK-3 and heteroatom-doped CMK-3 carbon electrodes in ionic liquid-based
supercapacitors showing that heteroatoms enhance the energy storage [130]. (c) Calculated binding
energies between lithium polysulfides and N-doped graphenes with different doping configurations as
well as optimized molecular structures of Li»S, on N-doped graphenes [133]. (a) adapted from [24],
with permission from Wiley, 2011; (b) adapted from [130], with permission from Wiley, 2018;
(c) reproduced from [133], with permission from Elsevier, 2016.

To make full use of any chemical functionality on the internal surface area of NPCMs,
these structure motives have to be fully accessible for the reactive guest species, that is, the pores
have to be large enough to allow for their access into the entire volume. Just as by chemical
functionality, the NPCM-guest interactions can also be influenced by the pore size. In this case,
the strength of the interaction is usually lower, and is dominated by non-covalent (in most cases
van der Waals) interactions. In general, the better the geometrical fit between NPCM pores and
guest species, the stronger the interaction. Correlations between pore size and adsorption behavior
have been widely researched in many fields such as selective gas capture [75], gas storage [65,140],
ion adsorption [141,142], protein adsorption [126], and others. In simple words, a hand that is too
large to hold an object cannot hold it strong enough, while a hand that is too small cannot hold it at all.
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This sounds to be very logical and is generally accepted, but there is a hidden conclusion that can be
drawn: the pore size distribution of the NPCM has to be as well defined as possible to enable precise
control over the strength of interaction, and, in ideal cases, even size exclusion effects (gas or ion
“sieving”) could be realized. In summary, the introduction of chemical functionality can be seen as the
“stronger” regulation screw (higher interaction enthalpies are possible), whereas the pore size tailoring
is the “finer” one (usually the interaction enthalpies are smaller but in theory continuously adjustable).

A very strong interaction between NPCM and guest species due to matching chemical binding
and pore size is, in many cases, beneficial. However, the stronger the interaction, the slower the mass
transfer within the bulk volume of the material, as guest species will mainly occupy the outer surface
of the NPCM particles. This is not surprising, as a quite similar effect is widely known from the field of
narrow pore zeolites. Highly-functionalized polar carbon materials with pore sizes in the range of the
guest species can indeed have mass transport and adsorption properties comparable to zeolites [85].
Just like for zeolites, there seem to be two obvious ways to enhance accessibility of the internal surface
of such materials. Both of them aim to keep the transport pathways through the areas with smaller
pores as short as possible, and thus, make sure that more than only the external surface of the NPCM
particles is used for the desired process. The first one is to decrease at least one particle dimension of the
materials down to the nm-scale, that is, shape the NPCMs as thin films [143,144], nanofibers [145,146],
or nanoparticles [43,70]. The second way is to introduce hierarchical porosity [28,48]. As mentioned
above, hierarchically porous materials contain two pore systems of clearly distinguishable size which
are in direct connection with each other. Mesopores will not enhance mass transport in a network of
micropores if they are not connected, and single mesopores are surrounded by micropores. On the other
side, even well-connected mesopores are useless if the micropores are not in their direct neighborhood.
NPCMs with hierarchical pore architecture have proven able to overcome many transport limitations
that are potentially present in materials with only narrow pores. However, some drawbacks of this
method should also not be overlooked; the first is that a material with larger transport pores will always
have a lower bulk density. This, in turn, will decrease the volumetric efficiency which is crucial in
many applications. For example, excessive meso- and macropore volume in supercapacitor or battery
electrodes brings volume that has to be filled with electrolyte but which does not necessarily contribute
to energy storage capacity. In some cases, already the presence of a certain amount of larger micropores
(i.e., the distribution of the pore size as such) will lead to sufficiently fast mass transfer throughout the
bulk of the material. This, however, will decrease the strength of interaction. The questions of whether
a truly hierarchical pore system is really needed, and what size, volume, and geometry of transport
pores are required, have to be answered separately from application to application—depending on the
conditions and the guest species. In some cases, the presence of a non-ideal hierarchical porosity can
even be a disadvantage [147].

3.2. Where Will the Field Go?

From our point of view, three major fields of development can be foreseen for the field of NPCMs
in energy and environmental applications. Presumably, all of them will contribute to a future more
sustainable energy fabrication, energy storage, energy conversion, and to performance enhancements
in other energy and environmentally relevant fields.

(i) From the synthetic perspective, really sustainable synthetic protocols have to be developed
towards NPCM materials to make them even more attractive for large-scale use. So far, microporous
activated carbons are the NPCM materials with by far the highest industrial production volume.
Even though their production process suffers from often limited atomic efficiency, they will likely
remain the class of NPCMs with the highest commercial relevance. From another perspective, it can be
foreseen that mesoporous materials will play a more important role in the future, especially in catalysis
and energy storage. A sustainable and scalable route for their production is yet to be developed.
Since mesopores can appear over a much broader size range and with different shapes compared to
micropores, this will presumably not be done with one process alone.
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Regarding the introduction of particular atomic structure motives into NPCMs, it is our belief that
the molecular design of NPCMs is a more straightforward way to achieve homogeneous functionalization
at high density in comparison to post-synthesis treatments. By using molecular precursors, a predefined
condensation/carbonization pathway can be induced. In contrast, post-synthetic functionalization agents
will come into contact with functional groups of different reactivity, and thus, functional sites with
different properties will be introduced.

(ii) It has already been mentioned that carbon materials come with the advantage that their
intrinsic properties can be precisely adjusted to suit a wide range of applications. However, in many
applications there are multiple requirements for the materials. For example, in electrochemical energy
management applications, specific adsorption sites for electrolyte species are often needed in the
electrode material in combination with high electronic conductivity. This often leads to complementary
requirements on the properties of the carbons. For that reason, we predict a more important role of
carbon-based composite materials (and, in particular, of carbon-carbon composite materials) in the
near future. If two carbon-based materials with different functionalities are combined in the right way,
then each of them can contribute to a process with its individual advantages. For example, a relatively
graphitic material with large pores can serve as an electrically conductive or mechanically stable
backbone, while a layer of micro- or mesoporous heteroatom-rich carbon can ensure sufficiently strong
interaction with a guest species.

(iii) In many energy and environmental applications, the interaction between carbon surface
and surrounding species are still rarely understood. On the one side, this is related to the lack of
molecular-level understanding due to the difficulty of modeling a realistic heterogeneous NPCM
structure. On the other side, experimental studies about the fundamental mechanisms of surface and
transport phenomena in carbon pores are still rare. However, only with such studies can a profound
understanding of structure-performance relationships be achieved and novel mechanisms be explored.
Based on such knowledge, a targeted enhancement of carbon materials and devices for future energy
storage can be achieved. In our view, it is important not only that such studies are carried out at all,
but also that they are performed with model materials with an atomic construction and a pore structure
that is as well defined as possible. From this perspective, it is not surprising that carbide-derived
carbons have played a major role in this field in recent years. If the aim of the researchers is the
synthesis of really well-defined materials on a lab scale, then the synthesis does not necessarily have to
be scalable. We still see much room for improvement in the field of such fundamental studies from
both the materials side and from the viewpoint of measurement technology.

Finally, we are sure that there is possibly even more room for improvement by matching
intelligent device design with advanced NPCMs than with one of them alone. Materials scientists
often tend to apply their “standard device” for testing the performance of their newly synthesized
materials, and sometimes ignore that the design of their devices is very far away from the real
application. One obvious example from the field of supercapacitors is the very high number of
publications reporting record-high capacities of NPCMs in KOH- or H»SO4-based aqueous electrolytes
in 3-electrode configuration. In some cases, such data is neither meaningful for the future improvement
of supercapacitors, nor are the numbers derived from them really useful to evaluate the performance
of an NPCM. Li-S battery testing at very low sulfur mass and surface loading in the cathode and
with large excesses of electrolyte is also not very meaningful, and the gas adsorption capacity at high
pressures is not a crucial parameter to evaluate a material as a selective gas adsorbent. On the other
side, engineers often use NPCMs and other materials as kind of a “black box”, and tend to overlook
the possible enhancements for their applications that can be achieved by using more suitable materials.
In the future, materials scientists, chemists, physicists, and engineers should move closer together to
achieve maximal possible synergy.
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4. Special Issue of “C” on Functional Nanoporous Carbon-Based Materials

Nanoporous carbon-based materials surely play and will play an ever-increasing role in energy
and environmentally relevant applications. The works published in this special issue of C—Journal
of Carbon Research are dealing with some of the aforementioned aspects of functional nanoporous
carbon-based materials.

In two contributions, Schonherr et al. report novel insights into Boehm titration, which is
one of the oldest characterization techniques for carbon surfaces. In the first article, practical
aspects for achieving a high precision in the quantification of oxygen-containing surface groups
in a short time are discussed [148]. In the second paper, the accuracy and limiting factors of Boehm
titration for the quantification of oxygen-containing surface groups are evaluated in comparison to
other established characterization techniques such as elemental analysis, temperature programmed
desorption, and X-ray photoelectron spectroscopy [149].

In a work which is rather focused on synthetic aspects, Borchardt and co-workers report
mechanochemistry as a promising alternative for the surface functionalization of carbon black with
nitrogen- and oxygen-containing groups at room temperature by simply ball milling the carbon in
ammonia solution. With the absence of harmful chemicals and conditions, the needlessness of complex
and expensive synthesis setup, as well as low energy requirements, it is indeed a sustainable method
for carbon functionalization [150].

Xing et al. present a novel synthesis strategy towards cobalt nanoparticles embedded into
nitrogen-doped hollow carbon spheres. The nitrogen content is controllable by the synthesis
temperature, and the resulting materials are applied as electrocatalysts in the oxygen reduction
reaction (ORR). The remarkable catalytic properties are ascribed to the synergistic effect of N-containing
moieties, Co-Ny species, and Co nanoparticles, which significantly increase the density of active sites
and promote charge transfer during the ORR process [151].

Seredych et al. contribute a work in which they investigate the adsorption of bovine serum
albumin—the most abundant blood plasma protein—on carbon materials with different textural
properties and different surface chemistries. Important insights into relationships between the
carbon materials’ properties and the adsorption efficiency are obtained, which is helpful to get
an understanding of the structure-performance relationships of porous carbon materials in protein
adsorption. The latter plays a very important role in biotechnology and biomolecular engineering,
and it is one of the main factors determining bio- and hemo-compatibility of biomedical materials in
medical applications, such as blood purification and wound healing [152].

The one-pot synthesis of carbon-sulfur composite materials and their use in Li-S battery
cathodes is reported by Giebeler and co-workers. The simple chemical reduction of graphene oxide
by a solution-based method leads to graphene networks that could be simply impregnated with
sulfur nanoparticles from different precursors through a careful manipulation of pH of the chemical
environment. It is found that sulfur nanoparticles derived from the acidification of sodium thiosulfate
with chemically-reduced graphene oxide demonstrate favorable electrochemical behavior [153].

We sincerely hope that this collection of articles, written by leading experts in the field, as well as
the present editorial perspective, may inspire readers for their future research on functional nanoporous
carbon-based materials for energy and environmental applications.
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