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Heteroatom-doping of carbonaceous materials and (nano)structures permits alteration of their funda-
mental physicochemical properties and thus amplifies the range of their potential applications. While
nitrogen-doping dominated this research area, doping and co-doping with other hon-metal and metal
elements proved to be equally efficient strategies to tune carbonaceous materials’ characteristics. Heavier
chalcogens are considered atypical carbon dopants due to their large atomic radii, high polarizability, and
electronegativity comparable to that of carbon. Se-doped carbons are much less common than their
S-doped counterparts, yet recently, they appeared as attractive functional materials for a range of sustain-
able technologies. This review depicts progress in Se-doped and co-doped carbonaceous materials from
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2012 to the present. The report is divided into three major parts: first, the versatile chemistry of selenium
and the significance of Se-doping is presented, followed by a variety of preparation methods, and finally,
prominent examples of advanced applications in the fields of heterogeneous (electro)catalysis, energy
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1. Introduction

Carbonaceous materials of graphenic structure,' i.e., made of
hexagonally arranged, sp>bonded carbon atoms, are excep-
tional in at least two ways. Firstly, the versatile chemistry of a
carbon element permits construction of endless chains,
sheets, and three-dimensional (3D) structures, delivering a vir-
tually unlimited number of (nano)structures and mor-
phologies. Secondly, the fact that materials built of sp-
bonded carbon atoms exhibit unique physicochemical stability
is equally important. As the sp> framework of graphenic
carbons possesses exceptional chemical stability, the substi-
tution of carbon atoms by a wide range of heteroatoms allows
fine-tuning of their fundamental properties. Nitrogen-doped
and co-doped carbonaceous materials are by far the most com-
monly investigated doped carbons. This is not only because N
can easily substitute the carbon atom in the hexagonal lattice
without much distortion of its geometry, but the N-dopant is
also very stable thermally and withstands high heat treatment
temperatures (HTTs).> The similarity of nitrogen and carbon
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conversion/storage, and pollutant neutralization.

atoms’ covalent radii (0.71 A for N and 0.73 A for C-sp*)®
enables easy substitution, but a significant difference in
electronegativity (3.04 for N vs. 2.55 for C; the Pauling scale)
leads to N-doping-induced charge transfers from carbon atoms
to the adjacent N atoms, and this causes increased reactivity of
N-doped carbon materials.*® Consequently, N-doped and co-
doped carbons became a class of new promising functional
materials especially attractive for heterogeneous (electro)
catalysis.®®

Utilizing the benefits of N-doping, a new type of metal-free
heteroatom-doped carbonaceous material has been developed
and studied as catalysts for various chemical processes with
particular emphasis on oxygen and hydrogen electrocatalysis.
Metal-free carbon-based catalysis, also known as carbocataly-
sis, has emerged as a fascinating chapter in the field of carbon
science and technology.’ It was quickly realized that besides
single N-doping, co-doping and/or doping with other elements
such as 3p (e.g., P or S) and 4p (e.g., Ge or Se) elements can
further boost the (electro)chemical activity of heteroatom-
doped graphenic carbons. Sulfur-doped carbonaceous
materials gained particular attention, and a few review papers
have already been published on this topic.'®™** Unlike nitro-
gen, chalcogens such as S and Se exhibit much bigger covalent
atomic radii (1.05 and 1.20 A for S and Se, respectively), yet
their electron affinities are not that far off carbon (2.58 and
2.55 for S and Se, respectively). In consequence, doping
heavier chalcogens into the graphene layer causes severe geo-
metrical distortion, but the carbon-chalcogen bonds are not

Green Chem., 2024, 26, 2985-3020 | 2985


http://rsc.li/greenchem
http://orcid.org/0000-0001-8719-5565
http://orcid.org/0000-0002-1172-8764
http://orcid.org/0009-0000-3340-945X
http://orcid.org/0000-0003-3593-4850
https://doi.org/10.1039/d3gc04804g
https://doi.org/10.1039/d3gc04804g
https://doi.org/10.1039/d3gc04804g
http://crossmark.crossref.org/dialog/?doi=10.1039/d3gc04804g&domain=pdf&date_stamp=2024-03-13
https://doi.org/10.1039/d3gc04804g
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC026006

Published on 30 January 2024. Downloaded on 5/3/2026 11:25:48 AM.

Critical Review

expected to be as polarized as carbon-nitrogen bonds. While
nitrogen forms energetically very stable graphitic (tertiary N)
structures fully infused in the hexagonally arranged, sp’-
bonded carbon structure, chalcogens preferentially occupy
edge and defect sites. A fundamental question therefore
arises: what does it really mean to dope graphenic carbon with
a heteroatom?

2. Carbon doping, functionalization,
or decoration — is there a difference?

Heteroatoms can be adsorbed on the surface of a graphene
layer by physical intermolecular forces or chemisorbed by
creating covalent bonds with carbon atoms. Recently,
P. A. Denis asked a very relevant question: “When can an atom
be considered a dopant?”.'> When one describes carbon-
doped materials, explicit differentiation between functionali-
zation, adsorption (physisorption), or substitution must be
discussed. Substitutional doping occurs when a foreign
element is embedded in the graphene framework by replacing
a carbon atom. In other words, it is chemical adsorption (che-
misorption) in a single vacancy by creating covalent bonds
with three sp>-hybridized carbon atoms. Only B and N are
regarded as the true graphene dopants, as they can replace
carbon atoms in the hexagonal plane in such a manner
without creating much deformation. In contrast, chalcogens
(e.g., O, S, Se) are preferentially located at the edges and larger
vacancies. Halogens (e.g., F, Cl, Br), which form a single bond
with carbon, are considered covalent functional groups.
Oxygen is a very special case as a carbon dopant. Carbon-
based materials such as nanoporous carbons and carbon
nanostructures usually occur as fine powders and possess
chemically heterogeneous surfaces because they easily chemi-
sorb oxygen from the atmosphere. In fact, besides hydrogen,
oxygen functional groups are predominant on carbon surfaces
and, in many instances, may determine their chemical surface
properties.'* While oxygen forms a profusion of various func-
tional groups on the surface of carbon materials, a structure
where an oxygen atom would replace a carbon atom in a gra-
phene layer and would be fully infused into a hexagonally
arranged, sp>-bonded system is unknown. Long-lasting scru-
tiny of the chemical structure of graphene oxide (GO) indeed
proved that chemisorbed oxygen exists in graphenic carbons
only as covalently bonded functional groups and edge sites. It
should be noted here that most of the so-called graphene
materials reported in the literature were prepared via the
reduction of GO, and hence by default, all carbon materials
based on GO and reduced graphene oxide (rGO) are functiona-
lized with oxygen. In the case of graphene research, the term
doping is also used in relation to adatoms, i.e., physically
adsorbed atoms. This is because the adsorption of atoms at
the graphene surface is considered a surface transfer doping
(charge transfer from the adsorbed dopant to graphene). In
contrast to substitutional doping, surface transfer doping of
graphene is fully reversible. This terminology is sometimes
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confusing when it comes to heteroatom-doped carbon
materials. As carbon materials are often porous structures or
occur as nanostructures with void space (e.g., carbon nano-
tubes), they can also be impregnated with non-carbon media,
yet impregnation is different from chemically bonded dopants.
Moreover, the term decoration is commonly used in the field of
carbon materials and (nano)structures. Decoration usually
refers to nanoparticles (NPs) and clusters deposited on carbon
surfaces and can involve charge transfer and even covalent
bonding. The term decoration may be used when particles of
specific  functions are supported on carbonaceous
substrates.”>'® In such composites the carbon support
enhances the desired functions of the deposited particles.
However, heteroatom-doped carbonaceous materials are not
composites. Herein, within the scope of this review, the term
doping will be limited to cases where a single heteroatom is
directly bonded via a covalent bond to the aromatic, hexagonal
lattice of graphenic carbon frameworks.

3. Why does selenium doping
matter?

There are many possible combinations to dope and co-dope
carbonaceous materials with a variety of heteroatoms. In
theory, the whole Periodic Table is at our disposal.”
Consequently, before going into details concerning Se-doped
carbons, a question must be asked: why does it even matter?
Selenium is a truly peculiar element. From the human body’s
perspective, it is simultaneously an essential and toxic
element, and the range between the necessary and poisonous
amount is very narrow. The recommended selenium intake for
adults is 55 pg a day, while the toxic limit is 800 ug a day.'®
When it comes to its environmental abundance, Se is con-
sidered a trace element in the Earth’s crust with an average
abundance of ca. 0.05 ppm.'® Nevertheless, it is still more
abundant than the noble metals of Pt, Pd and Au. Sulfide min-
erals associated with copper provide most of the produced sel-
enium and thus Se is obtained mainly as a byproduct of
copper refining. Because selenium is photoconductive, it is
often classified as an energy-critical element necessary for
photovoltaic device production.

From a chemical point of view, Se is most similar to sulfur.
They share the same oxidation states (i.e., =2, 0, +2, +4, and
+6) and functional group types (Fig. 1).>° In fact, they are so
similar that analogous compounds of S and Se often co-crystal-
lize. Thiophene (C4H,S) and selenophene (C,H,Se) are similar
compounds — both are planar aromatic structures, and the
bond lengths and angles of the C-S-C motif in thiophene are
very close in values to those of C-Se-C in selenophene. But
despite these similarities there are some subtle differences
with tremendous consequences. Generally, with respect to
sulfur, Se tends to be more stable in its intermediate oxidation
states but less stable in the extreme states (e.g., the high oxi-
dation states of Se are less stable than those of sulfur). In bio-
logical systems, Se is found in compounds such as selenols,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Structures and oxidation states of S and Se compounds resulting from 2e™ oxidation reactions. Arrows show the conversion pathways
between oxidation states. The open circle represents carbon, and the number inside the circle represents the oxidation number of S or Se that it is
attached to. Magenta X denotes a slow reaction. The [O] symbol represents a 2e™ oxidant. Reproduced with permission from ref. 20. Copyright ©

2016, American Chemical Society.

diselenides, and selenoethers. These compounds are usually
more reactive than their sulfur-based counterparts, and this is
due to the greater polarity and lower strength of the C-Se, N-
Se, and O-Se bonds.>" Biochemically, the most relevant differ-
ence between Se and S is the higher polarizability and thus the
nucleophilicity of Se, and the lower pK, of the Se-H moiety.>>
While there are many chemical forms of selenium in biology,
selenocysteine is the most important one, as it is part of many
selenoproteins. Most Se-containing enzymes (selenozymes)
utilize the nucleophilic and reducing properties of the seleno-
late form of selenocysteine (Sec-Se™) to perform redox reac-
tions. Among the best-studied selenoenzymes are the gluta-
thione peroxidases (GPx) — antioxidant enzymes that scavenge
peroxides and hence protect cells from oxidative damage.
Differences between selenium and sulfur are largely due to
differences in their atomic mass. Se possesses a larger covalent
radius vs. sulfur (120 vs. 105 pm).® As Se creates weaker bonds
than S, it exhibits faster bond-breaking reactions. Nearly all
organic reactions involving Se are faster with respect to sulfur.
In biology, redox chemistry constitutes the largest chemical
difference between S and Se. Se exhibits the exceptional ability
to react with oxygen and related reactive oxygen species (ROS)
in a readily reversible manner.>® While sulfur and selenium
are good nucleophiles that react with ROS in 2e” oxidation
events, the resultant S-oxides and Se-oxides show striking
differences in their chemical reactivities. Unlike S-oxides, the
Se-oxides can be rapidly reduced back to their original state.
As it is more polarizable, Se is a better nucleophile and reacts
with ROS faster than sulfur. The propensity of selenium for
rapid oxidation and then rapid reduction is due to weak
n-bonding in the Se-oxide.>® In contrast to sulfur, Se can create
Se-containing biomolecules that resist permanent oxidation,
and the weak selenium-oxygen bonding makes Se an excep-
tional oxygen carrier. As highlighted above, the reaction of sel-
enium with oxygen is highly reversible. This is due to the
strong nucleophilic character of selenium (to attack electro-
philes), yet this reaction can be reversed because of the simul-

This journal is © The Royal Society of Chemistry 2024

taneous strong electrophilic character of selenium and the
weakness of the Se-C bond.?* Just like sulfur, selenium forms
stable chalcogenides with transition and heavy metals. This
strong affinity of sulfur and heavier chalcogens for heavy
metals has been utilized to remove metals from aqueous solu-
tions by using sulfurized activated carbons.** According to the
Pearson rule, the strong affinity of sulfur (a soft base) to heavy
metals (soft acids) originates from soft acid-soft base inter-
actions. In fact, the toxicity of some heavy elements may be
associated with their chemistry towards selenium. For
instance, Hg toxicity originates most likely from its strong
binding to selenium in selenoproteins of the glutathione per-
oxidase. Hg binds to the selenium sites on these proteins and
totally inhibits their function, causing oxidative stress and cell
damage.” Selenium has an exceptionally high binding affinity
constant towards Hg of 10°* (one million times higher than
the binding affinity between mercury and S).>°

The reversible and versatile chemistry of selenium in bio-
logical systems inspired research in the area of Se-based
(nano)materials due to their potential applications in catalysis,
biosensing, diagnosis/imaging, and disease treatment.>”®
Traditionally, Se-based compounds and polymers have been
prepared as homogeneous catalysts to assist organic trans-
formations or to mimic natural enzymes. Recently, many new
functional selenium-based nanomaterials have been reported,
including selenium nanoparticles and Se-based quantum
dots.>” Se NPs can serve as new nutritional supplements as
they exhibit some therapeutic properties. They can also be uti-
lized as antibacterial, antiviral, and antifungal agents or even
as fertilizers. The unique bioactivity of selenium grants the
carbon materials modified with Se a wide range of feasible
applications in heterogeneous catalysis and, more generally, in
environment protection solutions.>’

Numerous theoretical studies suggested that doping and
co-doping graphenic structures with selenium could produce
novel materials of valuable electronic, magnetic, and optical
properties.***! For instance, Se-doped 2D carbon crystals were
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theoretically considered as 2D superconductors.”® A range of
2D crystals of C,Se stoichiometry (x = 4, 5, and 6) was scruti-
nized, and the C,Se and CsSe structures showed superconduc-
tivity. While pure, undoped graphene is chemically inactive,
Se-doping increases its reactivity, making it useful in chemical
applications.*® But the question remains: is it possible to sub-
stitutionally replace carbon atoms with Se in the graphene
structure? Theoretical considerations show that in such a case,
the Se heteroatom significantly protrudes out of the hexagonal,
sp>-hybridized carbon framework plane due to its larger
radius. Se is located ~1.6 A above the graphene plane - pro-
truding more than sulfur in S-doped graphene.*® In summary,
Se is considered a promising dopant due to its high polariz-
ability, nucleophilicity, and large atomic radius, which causes
severe structural deformation of the hexagonal carbon struc-
ture, leading to increased reactivity of the doped carbonaceous
materials additionally amplified by the reversible chemistry of
a selenium element itself.

4. Synthesis of Se-doped and co-
doped carbon materials

Doping of carbon materials with foreign atoms is usually
achieved by some kind of high-temperature treatment.
Whether it is direct pyrolysis of organic matter or post-treat-
ment with heteroatom-containing gases, thermochemical reac-
tions are involved at some stage of doping. This approach is an
obvious choice since graphenic carbon exhibits extremely low
volatility and high thermochemical stability. However, while
pyrolytic synthesis has been successfully used to produce
many functional carbon materials, pyrolysis remains a classi-
cal black box case where reagents/precursors constitute an
input, and the final functional material is an output.>* For this
reason, it is somewhat difficult to control the molecular struc-
ture of heteroatom-doped carbons obtained via pyrolytic
decomposition of organic matter and carbothermic reduction
of inorganic reagents.

In the following sections, we discuss some prominent
examples concerning the synthesis of Se-doped carbonaceous
materials. Special attention is paid to the type of Se sources
utilized for doping, the chemical structure of the doped Se
atom within the carbon matrix, and the porosity of the
obtained materials (e.g., specific surface area (SSA)). Relying
on knowledge concerning sulfur-doped carbons'®™"* and the
organic chemistry of selenium compounds, one can predict
possible Se configurations in Se-doped carbonaceous
materials. Fig. 2 depicts possible molecular configurations and
surface functional groups for Se-modified graphenic carbon.

Because Se-doped carbon materials are obtained via pyrol-
ysis or high-temperature annealing, the peak temperature
treatment determines their final characteristic. For this
reason, we always try to specify the values of the HTT.
Moreover, since Se-content is one of the main characteristics
of Se-doped carbons, we also specify how much selenium was
doped in each presented case and by what analytical method
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Fig. 2 Possible configurations of Se incorporated into the graphenic
carbon framework. Selenium tends to occupy vacancies and edge sites.

the amount was assessed. This is crucial because if, for
instance, X-ray photoelectron spectroscopy (XPS) is applied as
a quantifying tool, then it reveals only surface content, while
tools such as inductively coupled plasma/optical emission
spectroscopy (ICP-OES) assess bulk content, which usually
differs substantially from surface content. For the commonly
used energy-dispersive X-ray spectroscopy (EDS/EDX) tech-
nique the content of elements, such as S or Se in carbonaceous
powders, may vary even more than 25% depending on the frac-
tion/area of the scrutinized sample.*®

4.1. Se-doped carbon materials based on rGO

GO and rGO are characterized by a variety of topological
defects and oxygen functional groups, which remain present
even after the reduction process. Consequently, rGO is not the
2D crystal of graphene but a different kind of material. While
a true graphene structure cannot be obtained via reduction of
GO, there are various approaches to endow rGO with pro-
perties similar to those of the genuine 2D graphene crystal.
For instance, charge-transfer chemical doping with d-electron-
rich heteroatoms has been exercised to improve the electronic
transport properties of rGO. It was found that Se can be chemi-
sorbed onto rGO in particular locations, such as edge sites or
vacancy defects.*® Se atoms were predominantly present in the
form of a C-Se-C bonding configuration, and successful res-
toration of thermally reduced GO by atomic-level Se doping
has indeed been achieved. High-resolution transmission elec-
tron microscopy (HRTEM) analysis proved that selenium
atoms were introduced into the rGO structure at an atomic
level. Se-doping served as n-type doping, improving the electri-
cal conductivity of the obtained Se-rGO material, and resulting
in temperature-independent carrier mobility, similar to that of
theoretical graphene. This showed that the carrier mobility of
rGOs can be restored to that of graphene by simple Se-doping.
To obtain Se-rGO, GO was first prepared from natural graphite
using the Hummers’ method. Then, a mixture of the lyophi-
lized GO powder and selenium powder was heated at 800 °C
(i.e., above the Se boiling/sublimation temperature (685 °C)).
The amount of doped Se was estimated to be ca. 13 at% (by
EDS) or 15 wt% (by elemental analysis). Yang and co-workers
proposed synthesis of Se-doped graphenic carbons utilizing

This journal is © The Royal Society of Chemistry 2024
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diphenyl diselenide (C¢H;),Se, (DDSe) as a Se source.>”*® They
prepared Se-doped graphene by pyrolyzing commercial gra-
phene oxide and DDSe at 1050 °C. The formation of covalent
C-Se bonds was confirmed by XPS analysis.>” Using commer-
cial GO and carbon nanotubes (CNTs), they also produced Se-
doped composite carbon materials by directly annealing the
GO/CNT with DDSe at 900 °C.*® The resultant Se-doped CNT/
graphene composite contained ~1 wt% of Se (assessed by XPS)
in the form of selenophene-like -C-Se-C- structures located at
the carbon layer edges.

A Se-doped carbonaceous material where the Se atom binds
two sheets of TGO was also prepared.®® First, GO obtained via
the Hummers’ method was iodinated using HI to replace the
C-OH groups with C-I. Next, a coupling reaction was per-
formed using selenourea ((NH,),CSe) as a linker and copper
oxide as a catalyst. The C-I groups underwent coupling, where
C-Se-C bonds were created by linking two rGO sheets. XPS
indicated the dominance of Se-C bonds over Se-O bonds and
~0.16 at% of doped Se. The rGO possessed residual oxygen
functionalities and was additionally doped with nitrogen orig-
inating from the selenourea. In fact, the final material consti-
tuted rGO co-doped with Se and N and contaminated with
some residual O, Cu, and 1.*° Another example of co-doped
carbonaceous material is the Se/N co-doped rGO-CNT assem-
bly obtained by heat treatment at 900 °C, where dicyandiamide
was used as the N-doping source and diphenyldiselenide as
the Se doping source.”” The GO was obtained via the
Hummers’ method and self-assembled with partially oxidized
CNTs. Se was doped in the carbon structure mainly as a -C-
Se-C- entity. A ternary Se/S/N co-doped counterpart was also
prepared using diphenyl disulfide as an additional sulfur
source. The Se content was around 0.05 at% in both the binary
and ternary doped carbons (ICP analysis)."” The heteroatom-
doped carbons had similar N-doping amounts (~5.5 at%). This
co-doped rGO/CNT composite was tested as a catalyst for the
oxygen reduction reaction (ORR). Utilizing GO produced via the
Hummers’ method, a N/Se co-doped graphene aerogel was pre-
pared and proposed as a binder-free electrode for capacitors.**
The GO aerogel was prepared by hydrothermal treatment,
freeze-dried, and then urea and (C¢Hs),Se, were added as N and
Se sources, respectively, and the mixture was heated at 800 °C.
The N and Se contents in the final co-doped material were 5.89
and 2.13 at%, respectively. It was noted that N and Se elements
can synergistically enhance electrical conductivity by inducing
n-type doping. The co-dopants also improved the wettability of
the electrode surface. The Brunauer-Emmett-Teller (BET)
specific surface area of the N/Se co-doped aerogel was 337 m>
g . Significantly, the Sggy value of the corresponding undoped
material was only 199 m” g~". This suggests that selenium may
act as some kind of activator, enhancing the specific surface
area of carbonaceous materials. In fact, this observation agrees
with our earlier report on the influence of chalcogens on car-
bonaceous material porosity.”> As we have proved, sulfur and
selenium desorb from the carbon framework at temperatures
>800 °C as CS,, S,, CSe,, and Se, vapors, causing a distinct
increase in microporosity.

This journal is © The Royal Society of Chemistry 2024
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4.2. Se-doped carbon materials based on metal-organic
frameworks

Metal-organic frameworks (MOFs) are competitive precursors
of heteroatom-doped porous carbon materials. MOF-derived
carbons constitute promising functional materials for techno-
logies concerning energy conversion and storage (e.g., as
heterogeneous catalysts) and environmental remediation
because they are characterized by well-defined nanoporosity,
high surface areas, and controllable morphologies.** Many
types of MOFs can be directly converted into carbon materials
through simple one-step pyrolysis. The zeolitic imidazolate
framework ZIF-8 (2-methylimidazole zinc salt), which is made
of Zn*" ions connected by imidazolate linkers, is of particular
interest as a precursor of nanoporous carbons. ZIF-8 is com-
mercially available under the trade name Basolite® Z1200. It
exhibits high porosity (Sggr of ca. 1500 m> ¢™') and high
thermal stability. ZIF-8 can be carbonized with good yield, and
Zn can be removed via simple evaporation above 907 °C
(boiling point of Zn). Significantly, the obtained nanoporous
carbon is rich in pyridinic nitrogen doping.** This fact is of
the utmost importance because N-doping in pyridinic and pyr-
rolic states strongly coordinates transition metals, forming
thermally stable metal ion-N, molecular structures.*’

ZIF-8 was utilized to prepare a single-atom catalyst (SAC)
consisting of atomically dispersed Se atoms supported on the
N-doped nanoporous carbon.*® First, ZIF-8 was pyrolyzed to
obtain an N-doped carbon framework. Next, selenium dioxide
was mixed with the carbonaceous material and annealed at
temperatures up to 1000 °C. SeO, undergoes pyrolytic
reduction, and Se species are anchored on the N-doped carbon
framework. Annealing at three different temperatures of 500,
900, and 1000 °C allowed assessment of the effect of HTT on
the structure and porosity. As expected, Se content decreased
with the temperature increase, from 13 wt% at 500 °C to
2.1 wt% at 1000 °C (assessed by inductively coupled plasma/
mass spectrometry (ICP-MS)). A temperature of 1000 °C was
identified as optimal for Se/N co-doped SAC preparation
because materials prepared at 500 °C contained ZnSe nano-
particles, and those prepared at 900 °C contained Se clusters
instead of single atoms. At 1000 °C Se formed -C-Se-C-
bonds. The extended X-ray absorption fine structure (EXAFS)
spectra confirmed the existence of Se-C bonds, while no Se-Se
and Se-O bonds were detected. The obtained SAC was then
tested as an ORR catalyst. This same synthetic procedure (i.e.,
pyrolytic reduction of SeO, by ZIF-8-derived carbon) was also
used to prepare a Se-based SAC for hydrogen peroxide
sensing.””

An interesting example of a Se co-doped carbocatalyst based
on ZIF-8 is an electrocatalyst with atomically dispersed Fe-Se
atom pairs supported on N-doped carbon.*® To produce this
Se-, Fe- and N-ternary doped carbon material, a Fe-doped ZIF-8
powder was first obtained and then mixed with selenium
powder and pyrolyzed at 950 °C (Fig. 3). As a result, a carbon-
aceous material with Fe content of 2.06 wt% (ICP-OES) and
SSA of 811 m® g™! was obtained. Soft X-ray absorption near
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Fig. 3 (a) Scheme of the synthesis of catalysts with atomically dispersed Fe—Se atom pairs supported on N-doped carbon. (b) HAADF-STEM, (c)
HRTEM, (d) HAADF-STEM, and (e—i) EDS mapping images of this material. Reproduced with permission from ref. 48. © 2023 Wiley-VCH GmbH.

edge structure (XANES) analysis was conducted to elucidate
the microenvironment of C and N elements in the Fe/Se/N co-
doped carbon. It was concluded that the Fe ion is coordinated
with three pyridinic nitrogen atoms and one Se atom in a sele-
nofenic configuration (Fig. 4). The carbon-based material was
then scrutinized as a bifunctional oxygen electrocatalyst.

A similar example of a dual heteroatom catalyst was
inspired by natural metalloenzymes containing Cu-Fe hetero-
atom sites.*> A carbon-based material that comprises adjacent
Cu-N, and Se-C; sites (Fig. 5) was produced using ZIF-8 as a
support. In this material, a single Cu ion is coordinated by

Fig. 4 Schematic representation of graphenic carbon containing an
iron ion coordinated with three pyridinic N atoms and one selenofenic
Se atom.*®

2990 | Green Chem., 2024, 26, 2985-3020

Fig. 5 Schematic representation of graphenic carbon containing adja-
cent Cu—N, and Se—Cs sites.*®

four pyridinic nitrogen atoms and the neighboring Se is co-
valently bonded by three carbon atoms. It was hypothesized
that in this configuration, selenium acts as an electron-with-
drawing modulator and thus polarizes electron distribution
around Cu-N, sites and facilitates oxygen reduction reactions.
To produce this Cu-Se dual atom sites material, a Cu pre-
cursor (Cu(NO3),:3H,0) was infused into ZIF-8 and then pyro-
lyzed with diphenyl diselenide at 950 °C (Fig. 6). If DDSe is not
added, then a material only doped with Cu/N is obtained and
can be used as a reference to study the impact of Se co-doping.
The contents of Cu and Se were 1.30 and 0.80 at% (EDS) and
2.5 and 1.7 wt% (ICP-OES), respectively. The N-doping content

This journal is © The Royal Society of Chemistry 2024
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(SAED) pattern of Cu—Se material, which exhibited the poor crystallinity of the carbon frame. EDS images of (c) Cu—-Se and (d) Cu counterpart
material. HAADF-STEM image of (e) Cu—Se and (f) Cu counterpart. (g) The intensity profiles obtained in Region 1 and Region 2 in (e) and (f).

Reproduced with permission from ref. 49. © 2023 Wiley-VCH GmbH.

was 5.2 at% (EDS). High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images
revealed homogeneous distribution of Cu-Se pairs throughout
the carbon matrix (marked by circles in Fig. 6).*° The distance
between adjacent Cu and Se atoms was estimated at 0.32 nm.
X-ray absorption spectroscopy (XAS) analysis was utilized to
decode the atomic structure of the Cu-Se pair configuration in
the N-doped material. The local structural parameters of the
Cu/Se/N ternary-doped carbon material were extracted by
EXAFS fitting, which indicated that the structure of Se sites is
in a Se-C; configuration instead of SeC, and/or SeC,
configurations.

Another prominent example of a nature-inspired carbon-
based functional material is the Mo-Se dual-atomic site cata-
lyst (DASC is an extension of the single-atom catalysts concept)
inspired by the Mo-dependent formate dehydrogenases
capable of CO, activation (where Mo is coordinated by a sele-
nocysteine).’® Mo/Se/N co-doped carbon nanobelts were
obtained in the following manner. First, bis(acetylacetonato)
dioxomolybdenum(vi) (MoO,(acac),) and ZnSe[DETA], s
(obtained from diethylenetriamine, Na,SeO; and zinc acetate)
were dispersed in an aqueous solution of 2-methylimidazole.

This journal is © The Royal Society of Chemistry 2024

This yielded MoO,(acac), trapped in ZIF-8 (ie.,
MoO,(acac),@ZIF-8) on the surface of ZnSe[DETA], 5 through a
ligand-exchange reaction between 2-methylimidazole and di-
ethylenetriamine. By pyrolyzing this material at 920 °C, the
Mo/Se/N ternary-doped carbon with single Mo atoms sup-
ported on the Se/N-doped matrix was obtained. The Mo and Se
contents were 0.46 and 2.32 wt%, respectively (ICP-OES), and
the carbon nanobelts exhibited SSA of ~1079 m> g~'. XAFS
(comprising XANES and EXAFS) showed that a single Mo atom
is coordinated by four N atoms (Mo-N,), and the single Se
atom is coordinated by two C atoms (Se-C,). This material was
evaluated as an electrocatalyst for CO, reduction. By employing
ZIF-8 as a starting template, an atomically dispersed Sb/Se/N
tri-doped carbon was prepared.” First, N-doped carbon and
SeO, were pyrolyzed at 1000 °C. Then, SbCl; was added to the
Se/N co-doped carbon, and the Sb/Se/N ternary-doped carbon
was obtained upon a second pyrolysis at 950 °C. Significantly,
the Sb/Se/N-doped carbon possessed the largest SSA (1738 m?>
¢ ") in comparison with Sb/N (1188 m* g~) and Se/N (1251 m?>
¢™") co-doped carbons. The Sb and Se loadings of Sb/Se/N co-
doped carbon were 0.37 and 3.92 wt% (ICP-OES), respectively.
The XAS analysis indicated that the Sb single atom is co-
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ordinated into the SbN,C,_, structure, and the Se atom is co-
ordinated with two carbon atoms. In another approach, a
DASC with Co-N, and Se-C dual sites was prepared by pyrolyz-
ing (950 °C) a mixture of ZIF-derived Co-N-C carbonaceous
material and Se0,.>?

Besides Zn-containing ZIF-8, cobalt-based ZIF-67 (ie.,
2-methylimidazole cobalt salt) was utilized to produce sel-
enium-containing carbon-based materials.”® ZIF-67 particles
were first deposited on a pomelo peel and were then converted
into Se-containing carbonaceous material by high-temperature
selenization with Se powder (1000 °C). N and Se doping in the
form of N-C and Se-C bonding was achieved. The prepared
material retained the original 3D structure of the utilized
pomelo peel and exhibited an Sggr of 326 m® g7*
Consequently, a free-standing 3D micro-mesoporous material
with Co and CoSe (nano)particles supported on N/Se co-doped
biomass-derived carbon was produced. A very interesting
example is the utilization of a zinc-hexamethylenetetramine
(zn-HMT) framework to produce micro-mesoporous Se/N co-
doped carbon nanosheets with 10 at% of N and 2 at% of Se

View Article Online
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and SSA of 376 m> g~' by an oxidation-selenization process.’*
The synthesis and structure of the N/Se co-doped material are
schematically illustrated in Fig. 7. First, N-doped carbon was
prepared from Zn-HMT by carbonization at 900 °C. Secondly,
the obtained carbon was partially oxidized in nitric acid to
graft oxygen functional groups. The oxygen functional groups
played an essential role during the selenization process. They
were thermally desorbed at high annealing temperatures and
substituted by the Se atoms. The selenization was performed
at 600 °C by using Se powder. The final Se/N co-doped carbon
was dispersed in CS, to remove elemental Se not bonded with
the carbon scaffold (in many synthetic approaches to Se-doped
carbons, CS, is used to remove unreacted Se). XPS indicated
that Se atoms are covalently incorporated into the carbon
framework to form C-Se-C bonds. Additionally, supposedly no
N-Se bonds were formed. Based on the X-ray diffraction (XRD)
analysis, the authors concluded that the Se atoms enlarge the
interlayer distance of carbon nanosheets. However, this is a
somewhat controversial claim as the obtained carbonaceous
materials were highly disordered, and the broadening and

a 2 ecC
Acidification I Selenization e ... sogea
ST E»MW _— £ ;é;x.“n,“ .
.
Saae o B SRR § o
3
Pristine N-CNs N/O-CNs N/Se-CNs

Fig. 7 (a) Scheme of N/Se co-doped carbon material preparation; (b) SEM, (c) AFM, (d) TEM, and (e) HRTEM images; (f) the HAADF-STEM image of a
typical N/Se co-doped nanosheet and (i—iv) the corresponding elemental mapping. The lower part of the figure presents a schematic model of N
and Se dopants in the N/Se co-doped nanosheets. Adapted with permission from ref. 54. © 2021 Elsevier B.V.
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shift of the (002) reflection in the XRD patterns can be caused
by many highly diverse factors.

4.3. Se-doped carbon materials based on synthetic polymers

Biomass and fossil fuels are considered the main feedstock for
carbonaceous material production. However, unlike substrates
of natural origin, synthetic polymers yield high-purity, tunable
chemical compositions, and a variety of macromolecular and
self-assembled (nano)structures.>® Synthetic polymers offer
many possible morphologies, including spheres, fibers, foams,
monoliths, films, and membranes. Moreover, the utilization of
synthetic polymers as feedstock for new functional carbon
materials might diminish the problem of plastic waste.

Polyacrylonitrile (PAN, (CH,CH-C=N),), a thermoplastic
polymer, is commonly used to obtain N-doped carbons
because it provides a high level of N-doping, high carboniz-
ation yield and it is additionally a graphitizable precursor
yielding carbons of ordered crystalline structure. For these
reasons, PAN is the reagent of choice to produce commercial
carbon fibers. PAN has been utilized to produce Se and N co-
doped carbon nanofibers with hierarchical porous structure as
a free-standing cathode for Li-Se batteries.’® PAN and poly-
methylmethacrylate (PMMA) were utilized as N-doped carbon
source and pore-forming agent, respectively. PAN-PMMA nano-
fiber films were produced by electrospinning followed by pre-
oxidation at 280 °C. The pre-oxidation stage is routinely used
to prepare carbon fibers from PAN. During the pre-oxidation,
PMMA decomposes, forming a porous structure within the
nanofiber film. Next, Se powder was deposited on the pre-oxi-
dized PAN fabric and annealed at 600 °C. During annealing, Se
vapor reacts with unsaturated bonds of the pre-oxidized
scaffold, creating Se-C covalent bonds. However, the excep-
tionally high Se content of 33 wt% (assessed by thermo-
gravimetric analysis) shows that the obtained material was, in
fact, Se-impregnated carbon rather than Se-doped carbon. The
final material was a composite of N-doped carbon fibers
impregnated with amorphous Se, where part of the Se was co-
valently bonded to the carbon support. Utilizing PAN, ternary
Se, S, and N co-doped carbon materials were also produced.®”
To obtain simultaneous Se and S doping, selenium sulfide was
used as a selenization and sulfurization precursor. The ternary
doped carbon with N, S, and Se contents of 4.9, 1.31, and 0.33
at% (XPS), respectively, was produced by pyrolysis at 1000 °C.
A high Sgpr of 827 m® g™ and large pore volume of nearly
1.0 cm® g~ ' were created due to vulcanization processes
accompanied by the release of H,S and H,Se vapors. Both S
and Se were doped into the carbon matrix, creating C-S and
C-Se covalent bonds. The material was evaluated as an anode
for alkali metal-ion batteries.

Next to PAN, polypyrrole (PPy) is also a popular synthetic
polymer used to produce N-doped carbonaceous materials. A
Se and N co-doped carbon was prepared by annealing a
mixture of benzyl diselenide and N-doped carbon derived from
PPy.>® Upon annealing at 900 °C, a carbon material of Sgpr =
619 m* g~ and Se and N content of 1.53 and 3.98 at% (XPS),
respectively, was obtained. Various configurations of Se and N

This journal is © The Royal Society of Chemistry 2024
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doping were considered, including those where Se and N
atoms substitute carbon atoms within the graphene layer. In
such cases, the Se dopant protrudes from the hexagonal
planar structure due to its large size. In a similar approach,
the PPy and Se powder mixture was pyrolyzed at relatively low
temperatures of 350-550 °C to produce a Se/N-doped char.>®
XPS indicated that Se was doped mainly as a C-Se-C structural
motif and that Se doping promotes the transformation of
pyrrole N into graphitic (ie, tertiary) and pyridinic
N. However, the very high Se content (~27 wt% (EDS)) and low
pyrolysis temperature may suggest that some portion of Se was
present as amorphous selenium impregnated into the porous
structure of the charred PPy.

A N/Se co-doped, ordered, macroporous carbon with an
inverse opal structure was prepared by employing polydopa-
mine-coated polystyrene spheres, where the spheres act as a
macropore (100 nm) template.®® A mixture of coated poly-
styrene spheres and SeO, powder was subjected to pyrolysis in
the 600-1000 °C temperature range. The scheme of the syn-
thesis and the structure and chemical composition of the N/Se
co-doped carbon obtained at 900 °C are presented in Fig. 8.
This material was scrutinized as a metal-free catalyst for photo-
voltaic devices as it exhibited the highest surface area of
1066 m> g~! and the largest pore volume of 0.72 cm® g7 in
comparison with counterparts prepared at other pyrolysis
temperatures (i.e., 600, 700, 800 and 1000 °C). This carbon
contained 1.95 at% of N and 0.53 at% of Se (XPS). C-Se bonds
in selenophene configurations were identified. A synchrotron
XAS analysis was applied to decode the chemical structure of
N and Se doping. Se K-edge hard XANES spectroscopy revealed
the valence state of Se atoms in the carbon framework - they
are positively charged, and their valence state is between 0 and
+4 (ca. +1.7).

A series of Se-doped microporous carbon gels was obtained
via polycondensation of resorcinol and 2-formylselenophene
followed by pyrolysis at 600-1200 °C.** A schematic representa-
tion of the synthesis is depicted in Fig. 9. Pyrolysis at tempera-
tures >800 °C resulted in a sharp decrease in the Se-content
(from 2 at% for 600 °C to 0.6 at% for 1200 °C) accompanied by
a significant increase in microporosity (corresponding Sggr
increase from 675 to 940 m”* g~ '). This extensive enhancement
of microporosity is caused by thermal desorption of chalco-
gens such as sulfur and selenium from the doped carbon-
aceous materials via corresponding chalcogen and dichalco-
genide vapors (S,, Se,, CS,, CSe,). In fact, even if commercial
carbon black was annealed with selenium compounds at
1000 °C, its surface area increased from 1567 to 1762 m* g™*,
confirming the activating properties of heavy chalcogens.®*

Besides common polymers, polymerized ionic liquids (ILs)
were also employed to produce Se-doped carbonaceous solids.
Using such atypical reagents, hierarchically porous N-doped
carbon membranes containing atomically dispersed Se were
produced.®® Fig. 10a-e depicts the synthesis and structure of
the intermediates and the final Se/N co-doped carbonaceous
material. KSeCN was utilized to prepare one of the ILs bearing
SeCN™ anion (poly(1-carboxymethyl-3-vinylimidazolium)sele-
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Fig. 8 Scheme of the N/Se co-doped ordered porous carbon synthesis and TEM images (a—c) and elemental mappings (d) of N/Se co-doped
carbon prepared at 900 °C. Adapted with permission from ref. 60. Copyright © 2023, American Chemical Society.
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Fig. 9 Scheme of the polycondensation reaction of resorcinol and
2-formylselenophene to yield a cross-linked resin and then a Se-doped
microporous carbon upon pyrolysis. Adapted with permission from ref.
42. © 2018 Elsevier Inc.

nocyanate). A mixture of two polymerized ILs was dried as a
thin layer and immersed in an aqueous NH; solution to create
a porous membrane (Fig. 10b and c¢). Vacuum pyrolysis at
different temperatures (800, 900, and 1000 °C) yielded the

2994 | Green Chem., 2024, 26, 2985-3020

final Se/N co-doped carbon membranes of several cm” in size
(Fig. 10f). A cross-section SEM image of the carbonaceous
material revealed a 3D interconnected porous system
(Fig. 10g). STEM-HAADF analysis showed homogeneously dis-
tributed Se atoms, which occur exclusively in a single-atom
state. As pyrolysis temperature was increased from 800 to
1000 °C, the Se content dropped from 5.90 to 3.23 wt% (as
revealed by XPS). Simultaneously, the Sggr and total pore
volume values grew from 258 to 450 m* g”* and from 0.13 to
0.17 m? g™* (for 800 vs. 1000 °C). The increase in porosity was
due to the development of micropores. These results are in
line with our previous observations that pyrolysis of Se-doped
carbons at temperatures >800 °C enhances microporosity due
to the thermal desorption of chalcogens.*? According to XAS
analysis, Se atoms were located at the edges of graphenic
domains in hexatomic carbon ring structures in the form of
selenabenzene configurations (i.e., a heterobenzene in which a
Se atom replaces a C atom of the benzene ring). It was
additionally concluded that in such a chemical state, the outer-
most orbitals of Se overlap with C atoms, which introduces a
positive charge on Se atoms. Consequently, the doped Se
atoms carry a positive charge with a valence state between 0
and +4.

A specific polymerization/surface grafting technique was
designed to produce templated Se-doped macroporous
carbons.” Chloromethylated SiO, nanoparticles (SiO,~CH,Cl
serving as a template) were surface-coated with DDSe by a

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 (a)—(e) Scheme of the Se/N co-doped carbon preparation and structures of the intermediates. (f)—(h) A photograph, a cross-section SEM
image, and the HRTEM image of Se/N co-doped carbon upon pyrolysis at 1000 °C, respectively. (i)—(l) STEM image and the corresponding elemental
mapping. Reproduced with permission from ref. 62. © 2019 Wiley-VCH GmbH.
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Fig. 11 Schematic illustration for the preparation of Se-doped templated porous carbon. Reproduced with permission from ref. 63. Copyright 2023,

The Royal Society of Chemistry.

Friedel-Crafts reaction utilizing dimethoxymethane as a cross-
linker (Fig. 11). This material was pyrolyzed at relatively low
temperatures of only 300, 500, or 700 °C. The Se content
decreased with increases in temperature, from 37 wt% for
300 °C to 10 wt% for 700 °C (XPS). This was accompanied by a
gradual increase in microporosity and hence surface area,
which reached 557 m”> g¢~" upon HTT of 700 °C. It is interesting
to note that the carbon produced at 700 °C contained as much
as 13 wt% of oxygen. The Se-doped carbon was studied as a
sodium-ion battery (SIB) anode.

A nitrogen-rich 1,3,5-triformylbenzene-tris(4-aminophenyl)
benzene polymer was obtained via polymerization of a tris(4-
aminophenyl)amine and a triformaldehyde and doped with
iron and sulfur during carbonization.®* Then, annealing with
Se powder produced Fe, S, Se, and N co-doped carbon. The Se

This journal is © The Royal Society of Chemistry 2024

doping enhanced microporosity yielding material of the
highest SSA (i.e., 637 m> g™") in respect to the counterparts
without Se. The multi-doped carbon contained 0.98% of Se
and as much as 5.56% of O (at%, XPS). The multi-doped
carbon exhibited enhanced catalytic activity as electrocatalyst
in both a liquid and flexible zinc-air batteries (ZABs).

4.4. Se-doped carbon materials via mechanochemistry

Solid-state reactions permitted or sustained by the mechanical
force of milling or grinding (i.e., mechanochemistry) have
been recently rediscovered due to the search for cleaner syn-
thetic methodologies.®® Ball-milling is the most common tech-
nique used in the field of mechanochemistry because it
assures an enclosed reaction environment with well-defined
synthesis parameters. No wonder mechanochemistry con-
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quered the field of new functional materials synthesis. As
could be expected, it also entered the field of heteroatom-
doped carbons. By milling natural graphite and selenium
powder, edge-selenated graphene nanoplatelets were prepared
(Fig. 12).%° After ball-milling, the product was washed with CS,
and aqueous KOH solution to remove unreacted Se. TEM ana-
lysis revealed that Se is doped into the final material as single
atoms in C=Se and C-Se-C configurations at the edges of the
graphene nanoplatelets. Theoretical considerations hinted
that the Se atom binds to the graphene edge as a single-co-
ordinated Se-dopant (>C=Se). A Se-doped -carbonaceous
material with 5.57 at% of Se (EDS) and SSA of 106 m* g™ " was
created using this approach. It is essential to recall here that
besides the desired dopants such as Se or N, carbonaceous
materials always contain oxygen. The obtained Se-doped gra-
phene nanoplatelets indeed contained ca. 10 wt% of oxygen
(as determined by elemental analysis).

Similarly, Se-doped graphene was produced by ball-milling
a graphene oxide (synthesized by Hummers’ method) and sel-
enium powder, followed by high-temperature annealing in the
800-1000 °C temperature range.®” Depending on the annealing
temperature, the final Se-doped graphenes contained 2.19,
1.73, and 1.65 at% of Se for 800, 900, and 1000 °C, respectively
(XPS). One must note, however, that if ball-milling is followed
by additional high-temperature treatment, then the final
carbon structure is produced via thermally induced reactions
rather than mechanochemistry. In such cases, ball-milling is
applied to obtain highly homogeneous mixtures. Ball-milling
followed by pyrolysis was also employed to prepare a whole
family of metal-free Se/B/P/N tetra-doped carbon catalysts.®®
Sucrose, selenium powder, tetraphenylphosphonium tetra-
phenylborate (C,3H4oBP), and NH,Cl were utilized as sub-
strates and sources of heteroatoms. The quaternary-doped
carbon produced upon pyrolysis at 1050 °C possessed an Sggr
of 1024 m* g~! and was further scrutinized for electroreduc-
tion of CO,.
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Fig. 12 Schematic representation of ball-milling the mixture of graphite
and Se powder to produce edge-selenated graphene nanoplatelets.
Reproduced with permission from ref. 66. Copyright © 2016, The
Authors.
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4.5. Se-doped carbon materials from fine chemicals via the
Edisonian approach

Laboratory-scale synthesis of new functional materials, includ-
ing carbon-based heterogeneous catalysts, usually employs
fine chemicals of high purity and hence high cost. This is justi-
fied because the key aspect of fundamental research is to
establish the basic principles of synthesis-properties-perform-
ance of new materials while the production cost is less rele-
vant. Consequently, many researchers in the field of carbon
functional materials exercise the Edisonian approach, i.e., the
trial-and-error method to design materials with new pro-
perties. This method usually comprises optimization via
mixing diverse fine chemicals and pyrolyzing them at varied
conditions. Recently, this approach is often accompanied by
systematic theoretical calculations. Exploiting this approach,
many different Se/Fe/N ternary-doped carbon catalysts have
been produced.®®”" A Fe/Se dual-atomic-site catalyst was pre-
pared from a mixture of melamine, r-alanine, SeO,, and iron
trichloride via pyrolysis at 900 °C (Fig. 13).°° The catalytic
material, denoted as Fe;Se;-NC, contained 1.8% of Fe
(measured by ICP-OES) and exhibited an SSA of 422 m® g,
XAS, including XANES and EXAFS analyses, indicated the pres-
ence of iron in molecular unsymmetrical coordination Fe-Nj
moiety (i.e., one Fe ion coordinated by five nitrogen atoms)
with an adjacent selenium atom bonded to two carbon atoms
(Fig. 13).

Some research suggests that Se-doping can modulate the
type of chemical configuration of nitrogen doping. Se doping
may enhance the total N content and preferential formation of
pyridinic N sites.”" Such a phenomenon was reported for a
catalyst consisting of iron carbide nanoparticles encapsulated
in Se/N co-doped CNTs. To obtain this material, a mixture of
FeSO,, elemental selenium, and melamine was pyrolyzed at
800 °C. The Se doping reduces the Fe;C particle size, improves
their homogeneous dispersion, and induces a low oxidation
state of Fe sites in the Se/N-CNT-Fe;C nanocomposite. The
material was characterized by SSA of 525 m® g”' and Se- and
N-contents of 0.43 and 9.0 at% (XPS), respectively.

Molten salts are often utilized to prepare porous carbon-
aceous materials. The addition of salts improves the formation
of a nanoporous structure. In fact, NH,ClI is often utilized in
the pyrolytic synthesis of carbons as a porogenic agent. In an
interesting approach, a mixture of KCI/LiCl, glucose, and
Na,SeO; was carbonized at 700 °C to produce Se-doped carbon
with a 3D framework and a hierarchical porosity (SSA of
446 m* g~ ").”? The interlayer spacing of graphenic layers in the
produced hard carbon was 0.394 nm. The authors interpreted
this as a consequence of the large Se atom size that expands
the spacing. This interpretation is quite common in articles
concerning Se-doped carbonaceous materials. In another
approach, pyrolysis of Se and 1,4,5,8-naphthalenetetracar-
boxylic dianhydride at 600 °C yielded Se-doped carbon with
8.5 wt% Se content (EDX) and Sgpr = 117.5 m” g~ *.”> Se was
doped in the carbon frameworks via C-Se bonds, and the
doping generated extensive mesoporosity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Scheme of the DASCs preparation and local electronic states of the catalysts. (A), Se K-edge Fourier-transformed EXAFS spectra of Fe;Se;-
NC (inset shows the XPS spectra of Se 3d). (B), Fitting curves of the EXAFS of Se SACs of Fe;Se;-NC in the R-space and K-space (inset of B). (C), The
experimental Fe K-edge XANES spectra of Fe;Se;-NC, Fe;-NC (catalyst without Se-doping), and the references (Fe foil and Fe,O3). (D), Fe K-edge
Fourier transformed EXAFS spectra in the R space. (E) and (F), Fitting curves of the EXAFS of Fe SACs of Fe;Se;-NC in the R-space and K-space.

Adapted with permission from ref. 69. © 2022 Elsevier B.V.

4.6. Se-doped carbon materials based on biochar

In contrast to fossil fuels, biomass is characterized by renew-
ability and low cost due to sustainable and extensive avail-
ability and accessibility. Consequently, biomass became one of
the main feedstocks for new functional carbon material prepa-
ration.”* Biomass is divided into plant and animal biomass.
Plant biomass is mainly composed of cellulose, hemicellulose,
and lignin, while animal biomass is composed of proteins,
polysaccharides (e.g., chitosan and chitin), and minerals
(Fig. 14).

Yu’s research group proposed a whole family of Se-contain-
ing carbon-based materials as catalysts (for the transfer of
oxygen from oxidants to the desired products), taking advan-
tage of the excellent oxygen-carrier feature of Se.””””®
Reduction of selenium with NaBH, in ethanol generates
NaHSe in situ, which can be applied for selenization of carbo-
hydrates and biomass. NaHSe is a strong selenization agent
used to replace some of the oxygen in carbohydrates to
produce their selenized counterparts. Pyrolysis of the selenized

This journal is © The Royal Society of Chemistry 2024

carbohydrates at 500-550 °C yields Se-doped carbons (chars
designed as Se/C), which can be successfully synthesized on a
kilogram scale (Fig. 15). The final Se/C catalysts possess a
highly disordered carbonaceous structure. Utilizing NaHSe
selenization of various carbohydrates and biomass (e.g.,
glucose, fructose, sucrose, maltose, potato starch, cotton, and
straw), a whole range of carbonaceous materials was prepared
via pyrolysis at ~500 °C and then probed for heavy metal
removal from wastewater.”®

Se and N co-doped carbon nanosheets with a micro-, meso-
, macroporous hierarchical structure, Sggr of up to 645 m> g™*
and up to 1.31 wt% Se content (determined by ICP-MS) were
obtained by pyrolyzing SeO,, chitosan, and NH,CI at 1000 °C
(Fig. 16).%° XPS revealed the presence of C-Se-C units. The
XANES spectrum indicated that SeO, was transformed by
pyrolysis into a low valence state Se (~+1.5). The EXAFS and
soft XANES indicated that the Se atom is located at the gra-
phene edge within the 6-membered ring. The atomic structure
of the Se/N co-doped nanosheets comprises -Se-C-N- sites on
the edge of graphene sheets (Fig. 16). Significantly, the pro-
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posed route could be applied to obtain other chalcogen-doped
carbon nanosheets, such as Te- and Se/Te co-doped carbons.
Tree bark was also used to produce Se-doped mesoporous
biochar.®" Spruce bark and SeO, were hydrothermally treated
with H;PO, at 150 °C. Next, the material was subjected to acti-
vation with CO, at 800 °C, producing Se-doped biochar with
SSA of 1300 m*> g~' and 2% of Se (EDS). In another study,
plant leaves were utilized to prepare Se/N co-doped biochar as
a metal-free catalyst for aldehyde oxidation.®> A remarkably
interesting approach to Se-doped biochar was proposed by Shi
et al.®® They took advantage of the biocompatibility and bioac-
tivity of a selenium element and employed a Se-reducing bac-
terium (Bacillus megaterium) and NH,CI (nitrogen precursor) to
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Fig. 17 The proposed mechanism of the Se/N co-doped biochar synthesis and catalytic action. Reproduced with permission from ref. 83. © 2021

Published by Elsevier B.V.

synthesize Se/N co-doped biochar (Fig. 17). The bacteria accu-
mulated Se nanoparticles and were used as the carbon and Se
source. The bacteria/NH,Cl mixture was freeze-dried and pyro-
lyzed at 900 °C. Se was doped in the carbon framework as
atomically dispersed C-Se-C configurations. The Se/N co-
doped biochar possessed SSA of 287 m® ¢! and N and Se
doping levels of 5.51 and 1.79 wt% (combustion elemental
analysis and ICP-MS). Significantly, it was suggested that the
Se-doping facilitates the formation of graphitic N, which was
the dominant nitrogen component (55.6%). The Se/N co-
doped biochar was studied as a metal-free catalyst for the oxi-
dative removal of pollutants (Fig. 17).

4.7. Selenium/carbon composites and Se-doped carbon
quantum dots

This review report focuses on Se-doped carbonaceous
materials where Se is bound covalently to the graphenic frame-
work in a well-defined manner. However, there is a whole spec-
trum of carbonaceous materials where part of the Se can be
doped as single atoms infused into the graphenic structure,
while some part is only chemically grafted on the surface or
physisorbed and a further part is just simply impregnated into
pores. It is well documented that heteroatoms and heteroaro-
matic functional groups on the carbon surface efficiently
stabilize supported metal particles.** The surface of carbon-
aceous materials can be modified with selenium through non-
covalent interactions, and such modified carbons can be uti-
lized as support for noble metal catalytic nanoparticles. For
instance, Vulcan XC-72 was functionalized with triphenyl-
phosphine selenide non-covalently coupled to the surface of
the oxidized carbon black.*>®*® Such Se-functionalized carbon
black was utilized as support to achieve high dispersion of
PtRu or PtSn NPs with narrow size distribution. Nemati et al.
utilized Se/N dual-doped carbons as support for Ag and Pd
NPs.5”8% Besides surface functionalization, there is an exten-
sive number of examples of selenium/carbon composites
where Se occurs in its elemental form. Porous carbons can
bear large amounts of Se, while Se has the advantages of elec-
tric (semi)conductivity and high stability in acidic solutions.

This journal is © The Royal Society of Chemistry 2024

Se-impregnated porous carbons are studied as sorbents for
heavy metals,®” in Na-Se and K-Se batteries’®®' and as new
advanced synthetic enzymes.’>

Some Se-doped carbon-based materials have been prepared
via the hydrothermal method.”® In fact, hydrothermal treat-
ment at relatively low temperatures of ca. 60-200 °C is the
method of choice to prepare Se-doped carbon quantum dots
(CQDs). Heteroatom-doped CQDs are characterized by a size of
less than 10 nm and exhibit biocompatibility and low/no
cytotoxicity.”°® They have been proposed for applications
concerning bioimaging/diagnosis, sensing, disease monitor-
ing, and catalysis. Heteroatom doping emerged as an effective
way to adjust the fluorescent properties of CQDs. One must,
however, note that CQDs are a very different class of material
with respect to porous carbonaceous materials. First, their
unique size determines their peculiar characteristics.
Secondly, they are produced at very low temperatures with
respect to traditional carbonization processes, and hence the
chemical structure of CQDs is different from graphenic
carbons obtained by pyrolysis. Se-doped CQDs have been routi-
nely prepared by hydrothermal treatment of selenocysteine at
temperatures as low as 60 °C.°”"%° The resultant water-soluble
dots exhibited good free radical-scavenging capability to limit
harmful levels of ROS in cells. Consequently, as Se-CQDs have
strong antioxidant properties, they can be used as therapeutics
for ameliorating secondary injuries. Interestingly, Se-CQDs
have been proposed even as a fertilizer for improving Se deliv-
ery to plants.’® Nevertheless, due to their unique size and
structure, heteroatom-doped CQDs are beyond the scope of
this review, and readers are referred to excellent review papers
devoted exclusively to this specific topic.”*

5. Applications of Se-doped carbon
materials
5.1. Se-doped carbon materials as electrocatalysts

N-doped carbon materials were the first metal-free, carbon-
based electrocatalysts.’®" The origin of their (electro)catalytic
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activity is usually elucidated by the difference in N and C
electronegativity, which disrupts the electroneutrality of gra-
phenic materials. This, in turn, creates charged sites for the
adsorption and activation of small molecules such as oxygen,
hydrogen, or carbon dioxide. In the case of selenium doping,
the origin of (electro)catalytic activity must differ. Se and
carbon exhibit the same electronegativity (2.55 in the Pauling
scale), and therefore the huge distortion in C-C bond lengths
upon Se doping, as well as selenium soft nucleophilicity,
might be the reasons for enhanced catalytic activity.

5.1.1. Oxygen electrochemistry (metal-air batteries and
fuel cells). Many electrochemical energy conversion devices
utilize atmospheric oxygen as an oxidant to produce electricity
from the chemical energy stored in fuels. However, while
oxygen is such a convenient and practical oxidizer that even
aerobic organisms utilize it to extract energy from carbo-
hydrates, it exhibits surprisingly high stability, and thus acti-
vation of the O, molecule requires a catalyst.'*> Additionally,
the reduction of oxygen by an indirect reaction with fuel is a
multistep process yielding H,O, as a side product (i.e., the
product of only partial reduction). A direct and complete
oxygen transformation to water (a four-electron reduction
designated as 4e”) is the more desired pathway due to the
higher electric energy generated via cathodic reduction. ORR is
the limiting process in energy-conversion devices such as
hydrogen-air polymer electrolyte fuel cells (PEFCs) and metal-
air batteries. For instance, the theoretical conversion efficiency
of PEFC is about 80%, but the practical one is only 40-50%.
This low practical conversion efficiency is due to the sluggish
kinetics of the ORR at the cathode.'® Platinum is the bench-
mark catalyst for ORR, but due to its high price, non-precious
metal and metal-free carbon-based catalysts (i.e., carbocata-
lysts) are scrutinized as cheaper substitutes.

Metal-air batteries combine the advantages of conventional
batteries and fuel cells. In fact, catalysts active in ORR for alka-
line fuel cells can be successfully applied in zinc-air batteries.
Aqueous (e.g., Zn-air, Al-air, and Mg-air) and nonaqueous
(e.g., Li-air, Na-air, and K-air) metal-air batteries exhibit a
theoretical energy density of about 3-30 times greater than
that of lithium-ion batteries (LIBs).'* Nevertheless, while non-
precious metal and metal-free carbocatalysts are indeed very
competitive catalysts of ORR in alkaline media, they are still
somewhat less active in acidic solutions when compared with
pt.

Huang et al. are pioneers in the synthesis of Se-doped
carbon-based electrocatalysts.®”*® They proposed Se-doped
rGO and Se-doped rGO/CNT composites (containing seleno-
phene-like structures) as metal-free ORR catalysts in an alka-
line environment.*”*® They considered that the modified spin
density is the dominant factor regulating ORR activity in the
Se-doped carbon catalysts. In the KOH solution, the Se-doped
rGO/CNT catalyst showed catalytic activity comparable to com-
mercial Pt/C catalysts, and the ORR occurred via a 4e”
pathway. It was hypothesized that due to its large size, the Se
dopant causes high strains, which may reshape charge localiz-
ation and thus facilitate chemisorption of the O, molecule on
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the catalyst surface. In addition, Se has high polarizability,
and the valence lone electron pairs of selenium may interact
with oxygen facilitating its reduction. The obtained Se-doped
carbon containing only ca. 1 wt% of Se possessed activity com-
parable to that of N-doped carbon with up to 8 wt% of nitro-
gen®® Similarly, N-doped rGO-CNT was additionally co-doped
with S and/or Se to prepare ORR catalysts with high activity in
acidic solutions.*® Se-doping granted stronger ORR activity
than S-doping, and in an acidic solution, the catalyst showed
higher stability than the Pt/C catalyst. However, it must be
noted that the Se-doped carbon catalyst was heavily contami-
nated with cobalt and iron because CoCl, and FeCl, were used
during its synthesis. In fact, despite the acid leaching, the Se
content was on the same level as the Co content and much
lower than the Fe content (0.05 vs. 0.22 at%).*® Consequently,
it is likely that the transition metal residues determined the
catalyst activity. The problem of incidental metal impurities is
indeed crucial because impurities may determine the activity
of seemingly metal-free catalysts.'®® It is especially concerning
because many carbocatalysts are prepared from GO obtained
via Hummers’ method, which involves transition metals.
Similarly, metal-free catalysts derived from ZIF-8 can be heavily
contaminated with Zn. For instance, Se-doped rGO prepared
from GO was studied as a metal-free single-atom site catalyst
of ORR in an alkaline medium.*® Unlike the Se-free rGO, the
Se-rGO catalyst catalyzed the ORR via a direct 4e~ pathway,
and the Se atom linking two rGO sheets was identified as the
catalytically active center (i.e., the O, molecule is adsorbed on
the Se site of the rGO-Se-rGO, where Se is a positive charge
site in that C-Se-C configuration). However, the Se-doped rGO
was contaminated with copper. Another example of a metal-
free single Se atom catalyst for ORR is a ZIF-8-derived SAC,
where Se single atoms are supported on N-doped carbon.*® In
this Se/N co-doped single-atom catalyst (with Se content of
~2 wt%), the Se atom served as an active site catalyzing the
ORR via the direct 4e” pathway. The SAC showed activity and
stability better than commercial Pt/C (in alkaline media). The
catalyst was utilized as a cathodic material for an alkaline zinc-
air battery, and its output power density outperformed that of
the battery using a Pt/C cathode (176.9 vs. 115.4 mW cm ).
The battery also exhibited a high open circuit voltage (OCV) of
1.45 V. Fig. 18 depicts the electrochemical characteristics of
the metal-free single Se atom catalysts prepared at various
pyrolysis temperatures (500, 900, 1000 °C) and of the Zn-air
battery with the catalyst prepared at 1000 °C and utilized as
the cathodic material (with respect to a Pt/C commercial
catalyst).

A density functional theory (DFT) analysis with proposed
models of the Se/N co-doped catalyst was performed to decon-
volute the role of selenium doping in boosting the ORR cata-
Iytic activity (Fig. 19a). The doped Se atom induces electron
delocalization (Fig. 19b), and this can modulate the adsorption
energy of the ORR intermediates (e.g., OOH*, O*, and OH¥*).
The obtained Gibbs free energy diagram (Fig. 19¢) indicated
that the rate-determination step of the ORR catalyzed by this
material is the transition from O* to OH* at U = 0 V with the

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc04804g

Published on 30 January 2024. Downloaded on 5/3/2026 11:25:48 AM.

Green Chemistry

View Article Online

Critical Review

a) i Se@NC-500 C) 1.04 —=— Se@NC-1000]
£ 0d—~c i —— Se@NC-900
E | —Se@NC-900 - 0 mVdec! o pyc
< -1 — Se@NC-1000 ! =e=NC
g b
g |—ruc 52 mV dect
P2 £0.96 -.;i_":‘i‘:‘-
-’E al ; 61 mV dec!
E. F 092 T e
4]
E e ¥
&5 0.88 102 mV dec?
-6 T T T v
02 04 0.6 0.8 10 -12 -0, 0.4 0.0
Potential (V versus RHE) logiJmA cmr?y
d) 'To———mpm — Initial
D045 net Seay—— 625rpm | B 04— 5000 cycles
5.0z alim = Electron transfer numb <
<1420 1225 rpm 3.0 4 “lectron transfer number -
E I~ —— 1600 rpm 2.5 £
221 20 —a— Se@NC-1000 &
%] & ——PtC g
< z 60 =
o B . £
g c: “© Peroxide percentage ‘E‘
G- / = 20 o
= o ) Jbbbe
-6 v ‘ T T T T . T
02 0.4 0.6 0.8 10 02 04 0.6 0.8 0.2 0.4 0.6 0.8 10
) Potential (V versus RHE) h) Potential (V versus RIE) .) Potential (V versus RHE)
1)1 200
gu.Ds Se@NC-1000% ——Se@NC-1000
FeiN-p o
2 Lg 1 Cu@ \‘I). 750) 12 ——PiC - NE
s
z 0.90 NPCN-900 FeNIC m\ow\ oy 12 02
g o il =i 2 g
g CoNi-SASINC@ NiFe-LDICoN-CNF Eﬁ :;n 100 é
s "y @NDCH Z06 2 8
< 0.85{ nopc S 208 %
o @ NigsSe 03 = —PUC all
Co-NCNFs k —— Se@NC-1000 2
0.80 @ S-doped CNT-Graphene i 0.4
0.70 0.85 "o 20 80 100 0 80 160 240 320 400

0.75 0.80
E,5 (V versus RIE)

Fig. 18

40 60
Time (h)

Current density (mA em™)

(a) ORR curves at 1600 rpm in 0.1 M KOH. (b) Comparison of diffusion-limiting current (J,) and half-wave potential (E;/,). (c) Tafel plots. (d)

ORR curves of the Se/N co-doped catalyst. Inset are K-L plots. (e) Electron transfer number (n) and H,O,% of the S/N co-doped and Pt/C catalysts.
(f) ORR curves before and after 5000 cycles. Inset is HAADF-STEM image after 5000 CV cycles. (g) Activity comparison of SAC Se/N catalyst with

representative catalysts. (h) Discharge curves of Se/N doped carbon and

Pt/C catalyst-based Zn—-air batteries. The inset shows the LED screen. (i)

Power density plots of the assembled Zn—air batteries. Reproduced with permission from ref. 46. © 2021 Wiley-VCH GmbH.

—NC
Se cluster
——Se SAs@NC

(¥}

\\‘\ OH*

[

N
\} *
Woox L, —
e ]
Ee="Tse "
R — N

0 ~

Reaction coordinate

Fig. 19 (a) The optimized structures of the Se/N co-doped SAC and
after adsorption of OOH*, O* and OH* species. (b) Differential charge
density for the SAC catalyst. Yellow and blue regions represent electron
accumulation and depletion, respectively. (c) Free energy diagram of the
N-doped carbon, Se cluster, and single atom Se/N co-doped SAC at U =
0 V. Reproduced with permission from ref. 46. © 2021 Wiley-VCH
GmbH.

energy barrier (AG) of 0.23 eV (for a 4e” ORR pathway in an
alkaline environment). It was additionally demonstrated that
catalysts with single-atom Se sites outperformed the corres-
ponding N-doped carbon without Se and a material containing

This journal is © The Royal Society of Chemistry 2024

selenium clusters instead of single atoms (Fig. 18a and 19c).
Consequently, it was concluded that selenium single atoms
with modulated local electronic configurations boost the ORR
catalytic activity.

One of the drawbacks of a Zn-air battery is the deposition
of zinc oxides on the cathode resulting in blockage of the
active sites and the oxygen diffusion pathway, thus leading to
cell degeneration. ZnO originates from the anodic discharge
product (i.e., zincate ions Zn(OH),*>"), and deposits itself on
the air electrode upon supersaturation. Se-doped, carbon-
based cathodes were proposed to alleviate this issue.’® Doping
N-doped carbon nanosheets with Se produced significant elec-
tron cloud delocalization from the Se atom in the carbon
framework, and this, in turn, blocked Zn(OH),>~ access and
helped to prevent ZnO poisoning of the air cathode during
battery operation. This assured a long battery life, reaching
780 cycles. Se doping not only prevented cathode poisoning
but also yielded high ORR activity exceeding that of the Pt/C
catalyst. The Zn-air battery assembled with the Se-doped
carbon cathode exhibited a high open-circuit potential of 1.49
V and a power density of 154.45 mW cm™>. In fact, the Se-
doped carbon functioned as a bifunctional catalyst as it also
showed high activity in the anodic oxygen evolution reaction
(OER). DFT simulations showed that Se acts as an electron-
withdrawing dopant in the carbon matrix, producing electron
cloud delocalization around the doped area. Enhanced elec-
tron cloud density of the adjacent carbon atoms impedes Zn
(OH),>~ access to the cathode surface. Se-doping not only
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enhances the activity of the surrounding carbon atoms, but
the Se atom also acts as an active site itself.

Se-doped carbocatalysts were also studied as cathode cata-
lysts for nonaqueous Li-O, batteries.®" The Se-doped carbon
cathode based on commercial carbon black exhibited a dis-
charge capacity of up to 3222 mA h g”*, much higher than the
corresponding undoped carbon material, i.e., BP 2000 carbon
black (1953 mA h g™). Se-doped activated carbon prepared
from paper cups and Se powder was proposed as a metal-free,
bifunctional (ORR/OER) air cathode electrocatalyst for the Li-
0, battery.'”® The Se-doped catalyst achieved high catalytic
activity (KOH solution) as compared with the corresponding B-
or N-doped carbons. Interestingly, the Se-doped carbonaceous
material contained 7.38% of Se and as much as 35.59% of
oxygen (at%, XPS). A coin cell was fabricated using a metallic
Li as an anode and the Se-doped carbon as the air-breathing
cathode and showed an OCV of 3.14 V and a high discharge
capacity of 1618 mA h g™ at a current density of 50 A g™". The
Se-doped carbon enhances the ORR/OER kinetics by facilitating
the reversible formation of the Li,0,/Li,O and the adsorption
and reduction of O, (Fig. 20). Se atoms alter the electronic struc-
ture of the carbon scaffold and thus act as catalytic centers.
Besides SAC and DASC electrocatalysts, metal selenides sup-
ported on Se-doped porous carbons were also proposed as cath-
odes for metal-air batteries. For instance, a 3D self-supporting
Co-CoSe@NSeC-biochar composite cathode was proposed for
Li-0, batteries.”® The cathode acted as a bifunctional catalyst
showing excellent ORR/OER activity (including high capacity
and good cycling stability). The activity was enhanced by the
highly active Co/CoSe heterojunction. Consequently, the Se-
doping into the biochar was less relevant.

SACs possess many advantages, and the mononuclear
nature of the catalytically active sites puts them somewhere
between homogeneous and heterogeneous catalysts with 100%
utilization of the doped active element. However, it was soon
realized that catalysts with a single active center might be
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unable to drive complex, multielectron transfer processes.
Some multielectron processes cannot be accommodated by a
single atom site. Processes such as OER usually involve bi-
metallic sites. Consequently, the SAC concept was quickly
expanded to dual-atomic-site catalysts. Indeed, in reality, cata-
Iytic centers are never single atoms, as their surrounding/
support is equally important. In fact, many metalloenzymes
responsible for crucial life-sustaining processes exhibit multi-
nuclear catalytic centers. For example, cytochrome ¢ oxidase
contains N-coordinated Cu and Fe heteroatom sites (N3—-Cu/
Fe-N,) and transfers electrons for direct reduction of O, to
water. The so-called metal-nitrogen—-carbon (M-N-C) catalysts
based on N-doped porous carbons with N-coordinated metal
atoms are a prominent example of nature-inspired single-atom
catalysts.'®” In such materials, the catalytic center constitutes
metal ions such as Fe, Co, Mn, Cu, etc., chelated by a few
(usually four, and thus the common M-N,-C designation) pyri-
dinic or pyrrolic nitrogens. These M-N-C materials are versa-
tile (electro)catalysts active not only in ORR and OER but also
in other processes such as the CO, reduction reaction
(CO,RR). However, the activity and versatility of M-N,-C cata-
lysts can be further modulated by tuning the local coordi-
nation environment around the symmetrical M-N, center to
break the symmetry of charge distribution and hence optimize
the adsorption strength of intermediates involved in catalytic
processes. Indeed, Se-doping was employed to modulate the
local coordination environment of the symmetrical Cu-N,
center to improve its activity in the ORR.*® To this end, exten-
sive theoretical analysis was performed to assess the potential
benefits of Se-doping (Fig. 21). Besides Se, S and P doping
around the Cu-N, center was also simulated for comparison
(Fig. 21a). Se yielded stronger polarized charge distribution in
asymmetric Cu-Se atomic pairs with respect to the corres-
ponding S and P dopants. Se breaks the inherently symmetric
charge around the Cu-N, center (Fig. 21b and c). The distance
between the Cu/Se atomic pair was also scrutinized, and the
medium Cu-Se distance of 3.64 A exhibited the lowest theore-
tical overpotential, and thus the best 4e” ORR activity. The
theoretical activity of the catalysts with different Se-Cu dis-
tances was determined by the initial transformation of O,* to
OOH* (Fig. 21d and e). During the O, reduction process, the
oxygen molecule first adsorbs on the Cu atom and one elec-
tron is transferred to O, to form the OOH*-Cu-N, (Fig. 21f).
After the release of OH™, OOH*-Cu-N, accepts another elec-
tron and transforms into an O*-Se-C, intermediate. The O*-
Se-C, gains one electron, and the resultant OH* returns to the
Cu site to form OH*-Cu-N,. The whole ORR cycle is completed
when OH*-Cu-N, acquires the last electron. In Cu/Se DASCs,
the Se dopant acts as an electron-withdrawing polarizer, which
tunes the electron distribution around the Cu-N, site and thus
facilitates the second oxygen reduction step, in which the
oxygen-bearing intermediate of the OOH*-Cu-N, complex
transforms to an O*-Se,-C, intermediate.

When employed as a cathode in an alkaline Zn-air battery
(zAB), the Se and Cu dual-atomic-site catalyst provided
working parameters significantly better than the Pt/C catalyst

This journal is © The Royal Society of Chemistry 2024
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(i.e., 2 maximum power density of 206.5 mW cm™> with dis-
charge specific capacity of 809.3 mA h g™' at 10 mA cm™>). An
operando XAS showed that Se sites enable the transformation
from OOH*-Cu-N, to the O*-Se-C, intermediate (Fig. 22).
Rechargeable ZABs gained considerable attention as com-
petitive energy storage devices; nevertheless, their performance
is temperature-dependent as it declines significantly below
0 °C. This is caused by the slower kinetics of ORR (occurring
at the air cathode during discharging) and OER (occurring at
the air cathode during charging) at low temperatures. DASCs
can perform better as bifunctional ORR/OER catalysts in com-
parison with SACs because dual catalytic sites can alter the
reaction routes and thus lead to fast kinetics. An N-doped
carbon containing atomically dispersed Fe-Se atom pairs was
prepared utilizing ZIF-8 as a support and tested as a bifunc-
tional oxygen catalyst for ZABs.*® The additional Se doping
yielded higher activity in comparison with Fe-based SACs. The
open circuit voltage (OCV) and the maximum power density of
the rechargeable ZAB assembled using the Fe-Se/NC material
as the air cathode catalyst were 1.47 V and 135 mW cm™> at
25 °C, better than for a ZAB with Pt/C + Ir/C catalyst (Fig. 23a).
The ZAB exhibited stable charge-discharge of 200 h (1090
cycles) at 20 mA ecm™ at 25 °C (6.9 times that of a ZAB with Pt/
C and Ir/C catalysts of ORR and OER, respectively) Fig. 23c. At
—40 °C, the OCV is still up to 1.44 V, and the peak power
density is 71 mW cm™> (Fig. 23a and d). The ZAB could
operate for 133 h (725 cycles) even at 5 mA cm™ at —40 °C.
XANES revealed that the Fe ion is coordinated with three pyri-
dinic N and one selenofenic Se. The band energy of the Fe 3d
orbital matches with that of the Se 4p and N 2p orbitals, result-

This journal is © The Royal Society of Chemistry 2024

ing in an optimized electronic redistribution around the Fe
site. The high charge density around the iron ion sites facili-
tates O, adsorption and thus favors high ORR activity. The Fe
site coordinated by N and Se exhibits the lowest ORR overpo-
tential in comparison with the Fe site coordinated only by N or
with the Se site coordinated by N. This is because the ternary
Se/N/Fe catalyst exhibits the strongest O, adsorption energy
and the shortest Fe-O bond (1.93 A). The Fe-Se atomic pair
with hybridized p-d orbitals leads to asymmetrical polarized
charge distributions, thus optimizing the adsorption energies
of the oxygen intermediates during ORR and OER processes.
To enhance the catalytic performance of carbocatalysts,
they are usually co-doped with transition metals. However, the
main-group metals and semimetals can also be utilized to this
end. In addition, the p-orbital valence electrons of atomically
dispersed main-group metals can be further modulated by co-
doping with non-metallic dopants. A solid-state flexible ZAB
was assembled utilizing Sb/Se/N co-doped carbon as a cathodic
catalyst for ORR, and its performance was evaluated at
—40 °C.>" An OCV of 1.33 V, peak power density of 54.1 mW
em™?, and a rate discharge operation of 44 h were achieved.
The parameters were much better than those obtained for
20% Pt/C-based, and Sb/N doped carbon-based cathodes. DFT
simulations revealed that the Se doping in the form of SeC,
moiety functions as a long-range regulator of the electronic
structure of the SbN,C, catalytic center. The adsorption energy
of the active Sb site can be regulated to an optimal value via a
change in the Se-N distance. The Uyt Of the SbN,C,-1-Se,
structure increases to 0.795 eV if the Se-N distance =
7.4 A, and the rate-determining step switches from *OH —

Green Chem., 2024, 26, 2985-3020 | 3003
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GmbH.

H,0 to *O — *OH. This is due to the Se doping, which
weakens the adsorption ability of SbN,C, by long-range elec-
tron delocalization (Fig. 24). By plotting Uppsec vS. the Se-N dis-
tance, a volcano-type relationship was obtained, where Ugpeset
reaches an optimal value at a Se-N distance of 7.4 A (Fig. 24).
A rich family of Se-doped carbonaceous electrocatalysts
additionally co-doped with Fe and N was prepared and scruti-
nized as catalysts for the ORR.®® High activity was observed for
both single-atom Se-NC and dual-atom Fe/Se-NC catalysts in
alkaline and acid electrolytes. However, while the Se SAC
exhibited remarkable activity for ORR in an alkaline solution,
it performed somewhat worse in acid. It was proposed that the
active site of the DASC comprises adjacent Fe-Nj (iron ion co-
ordinated by five N atoms) and SeC, structures. DFT analysis
demonstrated that the Se-doping to the Fe-NC catalyst lowers
(optimizes) the adsorption energy of the ORR intermediates
(*O and *OH). Moreover, the co-existence of the Fe-N5/SeC,
dual site is beneficial for the *OH desorption (the modeling
and ORR mechanism on the diatomic Fe/Se-NC catalyst is pre-
sented in Fig. 25). Significantly, >’Fe Mossbauer spectroscopy
indicated that the Se doping increases the content of low-spin

3004 | Green Chem., 2024, 26, 2985-3020

Fe*" polarization configuration. This low-spin Fe** configur-
ation is supposed to be favorable for optimizing the adsorption
strength of the ORR intermediates. Se co-doped DASCs were
also evaluated in polymer electrolyte fuel cells. The DASC cata-
lyst with Co-N, and Se-C dual sites showed high ORR activity
and, when employed as a cathodic catalyst in a H,-O, PEFC,
the cell delivered a peak power density of 297 mW ¢cm™>.>* S
doping also improves the stability of cathodic catalysts in
PEFC. Se-doped Fe-N-C catalyst obtained from ZIF-8 showed
better stability in a H,-O, PEFC than the corresponding
S-doped and the Fe-N-C catalyst without any chalcogen
doping.'®® However, the S-doped catalyst exhibited higher
initial activity in respect to the Se-doping.

Se-doped carbon-based catalysts have also been applied in
energy conversion devices such as direct liquid fuel cells.

e-

Hydrazine fuel cells (HzFCs) exhibit many advantages over
hydrogen fuel cells, such as the greater energy density of
hydrazine vs. hydrogen and its much safer and easier handling
due to its liquid state. The only byproducts of the hydrazine
oxidation reaction (HzOR) in an alkaline solution are nitrogen
and water (N,H, + 4OH™ — N, + 4H,0 + 4e7). One of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 23 The electrochemical performance of ZABs—Fe—Se/NC. (a) Discharging polarization curves and the corresponding power density plots at 25
and —40 °C. (b) Discharging plateaus with current densities from 1 to 50 mA cm™2 of ZABs—Fe—Se/NC and Pt/C + Ir/C at 25 °C. (c) Galvanostatic
cycling of ZABs—Fe—Se/NC and ZABs—Pt/C + Ir/C at 20 mA cm™2 at 25 °C. (d) OCVs of ZABs—Fe—Se/NC and Pt/C + Ir/C at —40 °C. (e) Discharging
plateaus with current densities from 1 to 10 mA cm™2. (f) Capacity, (g) galvanostatic cycling, and (h) the corresponding round-trip efficiency decay
of ZABs—Fe-Se/NC and ZABs—Pt/C + Ir/C at 1 mA cm~2 at —40 °C. (h) Comparison of the round-trip efficiency decay. (i) Galvanostatic cycling at
5 mA cm™2 of ZABs—Fe—Se/NC at —40 °C. (j) Comparison with reported low-temperature ZABs. The values of coordinates (m, n, o) in the graph rep-
resent the cycle time, current density, and operating temperature, respectively. (k) Optical images of LED screens powered by ZABs—Fe—Se/NC
under (i) puncturing and (ii) cutting. Reproduced with permission from ref. 48. © 2023 Wiley-VCH GmbH.

issues hampering practical applications of HzFCs is the slug-
gish kinetics of the HzOR. Consequently, electrocatalysts are
required for the anodic HzOR. Platinum is usually utilized
for the HzOR, but cheaper and more abundant substitutes
are necessary to lower the cost of this technology. A free-
standing hierarchically porous carbon membrane containing
single-atom Se sites was demonstrated to be an effective
catalyst for HzOR in practical 0,-HzFC.®*> When utilized as
an anode in HzFCs, the Se-doped carbonaceous catalyst
exhibited catalytic activity superior to commercial Pt/C
(Fig. 26). The OCV and maximum power density of the oper-
ating 0,-HzFC were 0.91 V and 182.2 mW cm™>, respectively.
These parameters were not only superior to that of Pt/
C-based HzFC but also among the best performances ever
reported for O,-HzFC. Significantly, doping carbon with

This journal is © The Royal Society of Chemistry 2024

atomically dispersed selenium yielded outstanding enhance-
ment in the electrochemically active surface area, which
boosted catalytic activity toward HzOR. The superior catalytic
activity was attributed to the positively charged Se sites on
which the HzOR proceeded via four dehydrogenation steps
(N,H; - N,H; - N,H, - N,H — Ny).

Se or S-modified Cu and N co-doped carbons were utilized
as cathode catalysts for microbial fuel cells."® The S or Se
doping optimized the electronic structure of the Cu-N, active
sites and hence improved the ORR activity of the Cu-N-C cata-
lyst. In addition, the Cu,S and Cu,Se nanoparticles provided
antibacterial properties, thus preventing biofilm formation on
cathodes. This is important because it shows that chalcogen
nanoparticles are formed during chalcogen doping of tran-
sition metal containing carbons.

Green Chem., 2024, 26, 2985-3020 | 3005
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5.1.2. Carbon dioxide reduction reaction (CO,RR).
Electrochemical reduction of carbon dioxide is, in theory, a
neat way to convert greenhouse CO, into useful liquid fuels.
However, the practical application of this technology has
proved to be extremely challenging. This is because CO, is a
very stable molecule, and its complete reduction to CH,
requires transfer of 8¢~ and 8H" hence it is a complex, multi-
proton and multielectron process. CO, can be partially
reduced to many intermediate products (e.g., CO, HCOOH,
and CH;OH), and the hydrogen evolution reaction (HER) is
often a competing process occurring during the CO,RR.'°
Catalysts based on precious metals such as Au, Ag, and Cu
show promising activity in electrochemical CO,RR. For
instance, Ag or Au catalysts allow for conversion of CO, into

carbon monoxide (CO) with faradaic efficiency (CO faradaic

3006 | Green Chem., 2024, 26, 2985-3020

efficiency; FEco) exceeding 90%. Reduction of CO, to CO
requires only 2e”~ and 2H" transfer; thus, it is considered a sus-
tainable method for CO production.

Inspired by natural molybdenum-dependent enzymes, a
synthetic, carbon-based Mo-Se DASC electroreduced CO, to
CO with FEgo >90% over a potential window of —0.4 to —1.0 V
vs. RHE.>® Mo was the catalytic center directly interacting with
CO,, and the Se atom adjacent to Mo functioned as a modu-
lator of its electronic structure through a long-range electron
delocalization. When the distance between Se and Mo atoms =
6.0 A, a strong electronic hybridization occurs as electrons can
be transferred from the Mo to the Se atom. The long-range
electron delocalization reduces the d-electron center of Mo
and hence weakens CO* adsorption. This, in turn, protects Mo
from poisoning via strong CO adsorption. Se co-doping

This journal is © The Royal Society of Chemistry 2024
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improves the selectivity of the neighboring Mo for CO, adsorp-
tion and suppresses the competitive HER. However, the influ-
ence of Se on neighboring Mo vanishes gradually with increas-
ing Se-Mo distance. For Se-Mo distances >8.5 A, the electron
hybridization between Mo and Se atoms drops substantially.
But despite this, the Se atoms far from Mo (>8.5 A) can still
improve the catalytic activity of the Mo-Se DASC by repelling
H,0 molecules from the catalyst surface and hence accelerat-
ing CO, transport to Mo centers. The performance of the Mo-
Se DASC for CO, electroreduction was evaluated in a gas
diffusion electrode (GDE)-based flow cell (Fig. 27). The Mo/Se-
based GDE exhibited high CO selectivity with FEco >95% in a

This journal is © The Royal Society of Chemistry 2024
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Fig. 27 Performance evaluation of the Mo—-Se DASC in a GDE-based
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Se DASC in the constant potential flow-cell test. (c) jco in the constant
potential flow-cell test. Reproduced with permission from ref. 50. ©
2022 Wiley-VCH GmbH.

constant potential test. At —0.6 V and —0.9 V, the CO partial
current density (jco) exceeded 100 and 200 mA cm™?
respectively.

Se and N co-doped carbon nanosheets with a hierarchical
micro-meso-macroporous structure were analyzed as CO,RR
electrocatalysts.®*
material without Se doping, the partial current density of CO
was enhanced 11-fold alongside 90% selectivity for CO pro-

When compared with the corresponding
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https://doi.org/10.1039/d3gc04804g

Published on 30 January 2024. Downloaded on 5/3/2026 11:25:48 AM.

Critical Review

duction at a low potential of —0.6 V (vs. RHE). The catalytic
center constitutes a Se atom in a 6-membered ring of graphene
edge with neighboring pyridinic nitrogen (-Se-C-N- edge con-
figuration). DFT calculations showed that Se doping lowers the
free energy barrier of CO,RR and inhibits the competitive
HER. The Se-doped catalyst exhibited stronger CO, than hydro-
gen adsorption, assuring high selectivity. In contrast, the
N-doped carbon without Se co-doping exhibited stronger
hydrogen adsorption. The Se and N co-doped carbon
nanosheets showed outstanding performance in the conver-
sion of CO, to CO, comparable even to platinum and gold cata-
lysts. Significantly, it was demonstrated that the maximum
FEco increased with increasing Se content in the catalyst. In
another approach, a series of metal-free Se, B, P, and N tetra-
doped carbocatalysts have been prepared at various pyrolysis
temperatures and evaluated in CO,RR.?® The tetra-doped cata-
lyst prepared at 1050 °C reduced CO, to CO with FE., of up to
96.2% (at —0.5 V) and with H, as the only byproduct. The high
catalytic activity was attributed to extensive porosity providing
exposed active sites and to the optimal graphitization degree.
The synergy of simultaneous Se, B, P, and N co-doping pro-
duces charge and spin redistribution/delocalization, and the
asymmetric electron redistribution yields improved CO,RR
performance when compared with the ternary (B/P/N), binary
(Se/N), and single doping (N) of the carbonaceous catalyst.
Besides metal-free catalysts, an iron carbide catalyst encapsu-
lated in N-doped CNT was also studied for electrocatalytic
CO,RR.”" When this material was additionally doped with Se,
its surface gained aerophilic and basic (i.e., electron-rich) pro-
perties. The aerophilic surface increased the affinity for CO,.
This was due to the overall enhancement of nitrogen content
and preferential formation of pyridinic N upon Se doping. DFT
models showed that the electron-rich surface created by the
abundant pyridinic N species and more negatively charged Fe
sites facilitate electron transfer from the catalyst surface to the
anti-bonding orbitals of the acidic CO, molecule. The Se/
N-Fe;C-CNT-based catalyst exhibited excellent CO selectivity
with FEqo of 92% at —0.5 V (vs. RHE).

5.1.3. A counter electrode for dye-sensitized solar cells. In
terms of sustainable electricity production, solar energy exhi-
bits the highest potential by far. This resulted in extensive
development of photovoltaic cells, among which Si-based cells
dominated the market (ca. 90% of the market share currently).
Dye-sensitized solar cells (DSSCs), the so-called Gritzel cells,
constitute an attractive alternative to Si-based cells because of
their easy fabrication, good efficiency in poor light conditions
(e.g., indoors), and satisfactory power conversion efficiency
(PCE, conversion of sunlight energy into electricity exceeding
13%)."™ DSSCs are made of three key elements: (i) an n-type
semiconducting photoanode coated with a dye sensitizer (e.g.,
porous TiO, coated with dye), (ii) a redox electrolyte (usually
iodine or cobalt redox mediators), and finally (iii) a counter
electrode (CE). The dyes are responsible for light absorption
and hence for the conversion of photons to electrons. The CE
acts as an electron collector from the external circuit and as a
catalyst for the regeneration of oxidized electrolytes. The col-
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lected electrons are transferred to the electrode surface, redu-
cing the oxidized redox species. Consequently, the CE must be
made of a conductive material possessing high catalytic
activity. Platinum in the form of an optically transparent film
of Pt NPs on fluorine-doped tin oxide (Pt-FTO) is the most
common CE material in DSSCs because of its conductivity and
high catalytic activity. A very common electrolyte is the iodide/
triiodide (I"/I37) redox couple, followed by the less common
Co(u)/Co(m) electrolyte. Next to Pt, carbonaceous materials are
the second most widely scrutinized CE materials for DSSCs
due to their high electrocatalytic activity, electric conductivity,
and low cost. Carbon materials are modified with various
dopants to increase the catalytic activity of metal-free carbon-
based CEs for DSSCs. For instance, Se-doped graphene nano-
platelets were tested as CE electrocatalysts for DSSCs in Co
(bpy)s>”** (bpy = 2,2"-bipyridine) and I7/I;~ electrolytes and
exhibited outstanding catalytic performance in both.®® This
was a significant step forward because metal-free carbon-
based electrocatalysts show satisfactory activity in Co(ir)/Co(m)
electrolytes, but so far they are not sufficiently active in the
more commonly used I/I;~ electrolytes. The I'/I;~ redox
couple is one of the most desirable electrolytes for DSSCs
because it is characterized by safety, high solubility, good
electrochemical reversibility, and low cost. The triiodide I3~
reduction (I;~ + 2¢~ — 3I7) is a multi-step process, and
involves an iodine reduction reaction (IRR; I, + 2e~ — 2I7)
which is a two-electron transfer reaction where I, dissociation
and reduction are considered to be the rate-determining steps.
The I3 reduction on the CE of DSSCs determines their per-
formance. It is widely accepted that the adsorption energy of
the intermediate I atom is an accurate description of catalytic
activity, and an adsorption energy of 0.33-1.2 eV is considered
optimal.'** The Se-doped graphene nanoplatelet-based DSSCs
showed photovoltaic performance higher than the corres-
ponding Pt-based DSSCs in both the SM315 sensitizer (i.e., a
dye) with Co(bpy);>"** and the N719 sensitizer with I"/I;~ elec-
trolytes.®® For the I7/I;~ electrolyte, the Pt-based DSSC showed
a PCE of 9.07%, while 9.17% was reached for the DSSC with a
Se-doped carbon CE. Theoretical considerations hinted that
the Se-doped graphitic edges are the sites where the I3~
reduction takes place. The single-coordinated C=Se doping at
the edges was identified as the source of enhanced electro-
catalytic activity. The graphitic structure permitted rapid trans-
fer of electrons from the external circuit to the adsorbed 17/1;~
ions, improving the overall photovoltaic performance.

Qiu et al. proposed Se-doped rGO as a CE material for
DSSCs.®” The catalyst was produced via high-temperature
annealing, and the temperature allowed tuning of the density
of defects (Fig. 28). The material prepared at an annealing
temperature of 900 °C with Se content of 1.73 at% showed
high catalytic activity for I;~ reduction with a high PCE of
8.42% (under AM 1.5G illumination), much higher than for
the reference Pt-based CE (7.88%). DFT calculations showed
that the high catalytic activity of Se-doped rGO originates from
Se-doping, which increases the electron-donating capabilities
of the material. This, in turn, facilitates electron transfer to the
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Fig. 28 (a) The preparation of Se-doped rGO. (b) Operating principles
of DSSC and the mechanism of the I3~ reduction over the CE based on
Se-doped rGO. Reproduced with permission from ref. 67. © 2018 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

iodine adsorbed on the surface of the catalyst. Significantly, it
was highlighted that the catalytic activity of the Se-doped rGO
for I3~ reduction was diminished by the oxygen-containing
functional groups. Oxygen-containing groups hinder the elec-
tron-donating properties of the catalyst because they influence
the charge distribution and destroy the conjugated n-system of
rGO. This is one of only a few examples highlighting the
importance of the impact of chemisorbed oxygen on the cata-
lytic properties of carbocatalysts. As oxygen functional groups
are omnipresent on carbon-based material surfaces, their
impact should not be neglected."*

Song et al. performed extensive theoretical analysis con-
cerning dually doped graphene as a catalyst for iodine
reduction.'™ They showed that graphene dually doped with N
and Se exhibited enhanced catalytic activity due to the
improved transfer of electrons to iodine species. Qiu’s research
group continued their search for precious metal-free CEs for
DSSCs and confirmed that theoretical assumption.®® They pre-
pared a N and Se co-doped porous carbon with an ordered
macroporous structure. This material exhibited high electro-
catalytic activity toward the triiodide reduction reaction, out-
performing the single N-doped carbon (without Se). Under AM
1.5G illumination, the DSSC assembled with the N/Se co-
doped catalyst delivered PCE of 9.79%, outperforming the Pt-
based reference CE (7.75%). The DSSC with the dually doped
N/Se catalyst exhibited a 33% increase in PCE compared with
the device with a single N-doped carbon catalyst. This is strong
evidence of the advantage of dual-doping to improve electro-
catalytic activity in I3~ reduction. DFT calculations indicated
that the high activity of the N/Se co-doped porous carbon is
due to the synergy between N and Se dopants creating active
sites for iodine adsorption (Fig. 29). The molecular configur-
ation of ac-QuaN-Se3-C2 (Fig. 29g) yields optimal adsorption
energy of the intermediate I atom (E,q,) of 0.67 eV, showing
that the C2 atom adjacent to the quaternary N and Se configur-
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ations at the armchair edge of graphene is the most active site
for iodine adsorption and hence the major contributor to the
catalytic activity toward I;~ reduction. In addition, the high
surface area and ordered open porosity increase the exposure
and accessibility of the active sites to the electrolyte.

5.2. Se-doped carbon materials as electrodes for alkali metal-
ion batteries and electrochemical capacitors

Alkali metal-ion batteries comprise the commercially success-
ful lithium-ion batteries and their alternatives: sodium-ion bat-
teries (SIBs) and potassium-ion batteries (PIBs)."'* LIBs are a
crucial commercial energy storage technology in portable elec-
tronics, electric vehicles (trucks included), and grid-scale facili-
ties. However, the uneven geographical distribution of lithium
accelerated research on Na-ion and K-ion batteries as competi-
tive replacements for LIBs. The development of SIBs and PIBs
is hindered by a shortage of high-performance anode
materials. In the case of LIBs, graphite (in the spherical form)
remains the critical anode material. Li intercalates into graph-
ite easily, forming a stable LiCys intercalation compound.
Potassium can also intercalate into graphite quite easily,
forming KCg (but the sluggish kinetics and the drastic volume
expansion due to the large K" radius cause poor rate capability
and capacity deterioration). In contrast, the intercalation
capacity of graphite anodes for SIBs is exceptionally low, as
only high-stage graphite intercalation compounds, such as
NaC,s, NaCgy, and NaCgy, have been reported. Graphite
anodes are not appropriate for Na' intercalation and thus for
high energy density SIBs. The so-called hard carbons, i.e., dis-
ordered carbonaceous materials obtained from non-graphitiz-
ing precursors, are attractive anode materials for SIBs and PIBs
with enhanced capacity (nevertheless, the ion storage mecha-
nism for Na* has not yet been clearly understood).'* Doping
hard carbons with heteroatoms is a promising strategy to
improve their performance as anode materials for SIBs and
PIBs. This is often associated with the enlargement of graphe-
nic carbon lattice parameters upon insertion of heteroatoms.
Foreign atoms also provide a profusion of active sites for Na*
storage through fast pseudo-capacitive reactions, which
improves both the capacity and rate performance.

Fu et al. prepared sulfur, selenium, and nitrogen co-doped
hard carbon as the anode material for SIBs and PIBs.”” This
anode material exhibited high Na" storage performance with a
capacity of 210.4 mA h g”* at 1 A g™" after 1000 cycles (and a
capacity of 125.9 mA h g™" at a current density of up to 10 A
g~ "). When utilized in a PIB, it exhibited a capacity of 207 mA
h g™' at 0.1 A g™ after 450 cycles and good capacity retention
of 143.5 mA h g™ after 1100 cycles at 1 A g”*. The capacitive
charge storage grants fast rate performance. It was concluded
that the reaction kinetics and ion storage performances are
improved by the active sites and surface defects induced by the
S, Se, and N co-doping. This same research group also reported
a Se-doped carbon anode for LIBs.”” They demonstrated that
the Se-doping introduced a profusion of defects which yielded
an anode material with excellent rate capability and a high
specific capacity of 450 mA h g~" after 580 cycles at the current
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density of 500 mA g~'. Heteroatom doping is indeed utilized
not only to prepare anode materials for SIBs but also to
improve the performance of existing LIBs. Doping carbons
with heteroatoms such as N, Se, S, or P can modulate Li ion
adsorption and diffusion by expanding the interlayer spacing
of carbon materials and improving adsorption energy.”> When
selenium-doped rGOs were evaluated for LIBs, they showed
better Li storage performance than their undoped counter-
parts.?® This was attributed to the improved electrical conduc-
tivity. Se atoms were homogeneously introduced on the entire
rGO surface, leading to improved electrical transport pro-
perties caused by the n-type doping. Se-rGOs showed higher
rate performance and increased capacity (reversible capacity of
570 mA h g™* at a current density of 1 C) when compared with
Se-free rGO (310 mA h g™").

Se/N co-doped carbon nanosheets were scrutinized as
anode materials for SIBs, and their performance was com-
pared with corresponding N-doped nanosheets without Se.”*
Because high-rate performance and cyclic stability constitute
the two critical parameters determining the practical appli-
cation of an anode material, these parameters were studied in
detail. The N/Se co-doped carbon exhibited higher reversible
capacity, better cycling stability, and improved rate perform-
ance and capacity retention (at a high rate) compared with the
studied Se-free counterparts. The N/Se co-doped anode deli-
vered a high specific capacity of 302 mAh g ' at 0.1 Ag™" and
an enhanced rate capability of 123 mA h ¢”" even at 10 A g™*
(Fig. 30). Fig. 30 also depicts a comparison of the Se/N co-
doped carbon performance with undoped, N/S, and N/P co-

3010 | Green Chem., 2024, 26, 2985-3020

doped carbon materials reported earlier in the literature as
anodic materials for SIBs. The comparative analysis revealed the
superior performance of the anode upon Se doping. It was con-
cluded that the Se dopant acts as a strong electron-withdrawing
center for Na storage when compared with C and N sites (the Se
atom constitutes an active site for Na" adsorption, thus improv-
ing ion storage capacity). In addition, Se enlarges the interlayer
distance of carbon sheets to create more active sites for ion
storage and enhance the Na' diffusion kinetics. The additional
N co-doping was responsible for improved conductivity and
wettability of the anode material. Se-doping to porous hard
carbons allows for SIBs with an excellent rate performance. For
instance, Se-doped macroporous carbon showed large capacity
and fast Na storage capability with a high reversible capacity of
335 mA h g7" at 0.1 A g~ Significantly, the capacity was still
251 mA h g~" under a large current density of 5 A g™, showing
an ultrafast Na' storage process. The Se-doped carbon exhibited
surface-dominated ion storage behaviors owing to the selenium-
assisted capacitive redox reactions.

Alkali metal-selenium batteries such as lithium-selenium
(Li-Se), sodium-selenium (Na-Se), and potassium-selenium
(K-Se) batteries are considered an exciting alternative to the
alkali metal-sulfur batteries. Various carbon materials were
loaded with elemental selenium to prepare cathodes for such
batteries. However, in such cathodes, the carbon is only a host
for amorphous Se, and the selenium loadings are very high -
for instance, around 30-60 wt%.>*°" We do not portray such
systems within the scope of this review as they concern Se-
impregnated and not Se-doped carbon materials.

This journal is © The Royal Society of Chemistry 2024
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Heteroatom doping of carbonaceous materials has also
been utilized to improve their performance as electrode
materials for electrochemical capacitors (supercapacitors).
Supercapacitors constitute the most important electric energy
storage technologies next to batteries. They store energy via a
charge storage mechanism, which includes a non-faradaic
electric double-layer capacitance and a faradaic pseudocapaci-
tance (both mechanisms coexist in these capacitors).''®
Supercapacitors based on unmodified carbon electrodes suffer
from low charge storage capacity. Doping with heteroatoms
creates additional pseudocapacitance via surface redox reac-
tions."'” Heteroatoms can also improve the wettability of the
electrode surface. N and Se co-doped graphene aerogels (NSe-
GA) were proposed as binder-free electrodes for super-
capacitors.”* The produced electrode exhibited a high specific
capacity of 302.9 F g~" at a current density of 1 A g - higher
than that of solely Se-doped or N-doped aerogels. Carbon-
based supercapacitors usually show poor energy density (lower
than 20 W h kg™"). However, the symmetric supercapacitor
constructed utilizing this N/Se co-doped aerogel exhibited an
energy density of 26.3 W h kg™" at a power density of 900 W
kg™ (1 M Na,SO, electrolyte), which is higher than for carbon-
based supercapacitors presented recently in the literature
(Fig. 31). Fig. 31 demonstrates the practical performance of the
capacitor by lighting an LED device. The doped carbon pos-
sessed a SSA of only 337 m”> g™'; however, the N and Se con-
tents were relatively high at ca. 5.9 and 2.1 at%, respectively.
The N and Se atoms were considered to synergistically improve
the electrical conductivity caused by the n-type doping. In
addition, co-doping improves electrode wettability and thus
the capacitance performance. The high polarizability of Se
enhances interactions between Se and the surrounding electro-

This journal is © The Royal Society of Chemistry 2024

Iyte and hence improves the charge-transfer between the elec-
trode surface and electrolyte. Se-doping produces strain in the
graphenic structure, which facilitates the adsorption of ions
from the electrolyte. The excellent electrical performance was
due to the highly reversible faradaic redox reactions of Se-
doping, which provided large pseudocapacitance.

5.3. Se-doped carbon materials for pollutant neutralization/
recycling and detection

Heteroatom-doped carbons are commonly scrutinized as
efficient materials for pollutant removal and
neutralization."'®'*® In this regard doping with chalcogens is
especially attractive because they exhibit a high affinity to tran-
sition and heavy metals. While sulfur is a well-known example
of a p-block element with a strong affinity to such metals, sele-
nium’s affinity to these metals is truly remarkable. For
instance, the affinity of mercury for Se is ca. 10° greater than
for sulfur, with an association constant of 10**> (vs. 10*° for
sulfur)."*® HgSe solubility in water is also extremely low, with a
constant of 1.0 x 107°° (vs. 107°? for HgS). This is because Se
possesses a larger atomic radius and hence is more polarizable
and nucleophilic than sulfur. It is not surprising then, that Se-
modified sorbents are considered effective means for toxic
metal capture. Many organoselenium polymers showed high
sorption capacity for heavy metals, allowing their removal and
recycling.’*>'**> In fact, it was demonstrated that Se-doped
resins possess much higher adsorption capacity for noble
metals than corresponding sulfur-doped polymers.'*

Biomass is a renewable and low-cost feedstock to produce
Se-doped carbonaceous sorbents. Many interesting examples
of biochars serving as high-performance adsorbents for metal
removal and recycling can be found in the literature.”>'** Zhu
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GmbH.

et al. presented a rich family of Se-doped biochars prepared
from various carbohydrates via their selenization followed by
pyrolysis.”®'??
from wastewater from a lead battery factory.”” Even a small
amount of Se doping (~0.34 wt%) significantly enhanced the
Pb adsorption capacity. The Se-doped carbon adsorbed over
2.56 times more lead with respect to its undoped counterpart.
Interestingly, the Se-doped chars prepared from aldoses
perform better than those from ketoses (e.g., glucose vs. fruc-
tose). In addition, the sorbents’ adsorption capacity decreased
with increasing molecular weight of the utilized carbohydrate
(Fig. 32). Potato starch, cotton, and straw were unfavorable pre-
cursors for Pb sorbents. Se-doped char from glucose proved to

The Se-doped chars were utilized to remove Pb

be the most favorable for lead removal. Pb sorption occurred
on the Se-doped carbons via strong chemisorption, and hence
it was not affected by temperature (Fig. 32). In contrast, the
adsorption capacity of the undoped carbon diminished
severely with temperature, indicating only weak physisorption.

A Se-doped mesoporous biochar obtained from tree bark
was studied as an adsorbent for orange 16 dye and sodium
The advantages of Se-doping were
revealed by comparing the sorbent with an undoped biochar.
The selenium-modified biochar possessed a higher SSA with
respect to the reference (1300 vs. 1207 m” g_l). Se was present
in the biochar as highly dispersed nanoparticles bonded to the
carbon framework. The oxygen functional groups of the
carbon framework could interact with Se NPs to form Se-
oxygen bonds, and these entities facilitated the binding of the
orange 16 dye and sodium diclofenac molecules. The achieved

diclofenac removal.®*

3012 | Green Chem., 2024, 26, 2985-3020

adsorption capacities for the dye and diclofenac were 538 and
434 mg g~ (at 25 °C), respectively. The unmatched affinity of
mercury to Se has been utilized for removal of Hg® vapors. Hg®
capture is especially challenging due to its high volatility, yet it
is technologically significant for mercury emission control
from coal power plants. In this regard, Se powder was utilized
to prepare Se-doped Cu-N-C catalyst with atomically dispersed
active sites for oxidative capture of Hg.">* The optimal catalyst
with Cu/Se ratio of 1:1 exhibited mercury removal perform-
ance with over eight-fold enhancement in its Hg® oxidation
capacity with respect to the Se-free Cu-N-C counterpart. The
electron-accepting property of Se is pivotal in promoting oxi-
dation of the adsorbed mercury formation of very stable HgSe.
Similar research showed that Se-loaded activated carbon (with
ca. 15.3 wt% of Se) obtained by Se powder impregnation at
300 °C exhibited an ultra-high efficiency for Hg® capture from
vapors.®® The Se-loaded carbon reached an adsorption capacity
of 17.98 mg ¢~ " at 160 °C in a nitrogen atmosphere. Selenium
captured mercury from the gas phase via HgSe formation. The
Hg® chemisorption was significantly enhanced with the
increase in temperature.

Shi et al. proposed Se and N co-doped biochar derived from
bacterium cells as a bifunctional material for adsorptive and
oxidative removal of phenols from water.*> The Se co-doping
not only enhanced the catalytic performance but also signifi-
cantly improved the catalyst’s stability. This is of the utmost
importance because oxidative degradation of phenols could
also damage the adsorbent. The oxidation of the catalytically
active adsorbent was prevented thanks to the antioxidant pro-

This journal is © The Royal Society of Chemistry 2024
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Fig. 32 Pb adsorption by the Se-doped chars prepared from different carbohydrates (aqueous solution 0.05 mol L™* Pb, 25 °C, adsorption time of
10 h) and the effect of the adsorption temperature (0.05 mol L™ Pb, adsorption time of 10 h). Reproduced with permission from ref. 79. Copyright ©

2021, Springer Nature.

perties of Se. Compared with solely Se- or N-doped reference
adsorbents, the Se/N co-doped material exhibited the highest
efficiency of oxidative degradation of phenol assisted by perox-
ymonosulfate (PMS). It was hypothesized that the Se co-doping
enhanced the doping of nitrogen in the graphitic-N configur-
ation, and this in turn facilitated the electron transfer between
the carbon surface and PMS. The graphitic N affected the adja-
cent C site making it an active catalytic site for PMS activation.
PMS would bond covalently to the carbon site to form a meta-
stable complex with a high ability for accelerated oxidation of
phenol. It was assumed that phenol degradation occurs via a
non-radical mechanism comprising the direct transfer of elec-
trons from phenol to PMS. Se-doping enhanced charge density
on the carbon surface to facilitate PMS activation and gener-
ated electron cloud delocalization which helped to protect the
C site from oxidative inactivation. The rapid degradation of
phenol by this metal-free catalyst was indeed excellent when
compared with other metal-based carbonaceous catalysts. This
is significant because iron and cobalt are usually doped into
carbon to produce efficient adsorbents for advanced oxidation
processes. In somewhat similar research, Peng et al. employed
ZIF-8 to prepare Se/N co-doped porous carbon by pyrolysis
(500-900 °C), where SeO, was utilized as the Se source.'” A
range of Se/N co-doped microporous carbon catalysts were pre-
pared to study the degradation of organic pollutants by activat-
ing PMS. Upon annealing at 900 °C, the obtained material
showed the highest PMS activation capability. Ten various pol-
lutants were successfully degraded utilizing this approach.
Degradation proceeded via a non-radical pathway through the
formation of an outer-sphere complex between the Se/N co-
doped carbon and the adsorbed PMS. In such a complex, Se/N
co-doped carbon works as an electron donor to PMS and as an
electron mediator to transfer electrons from a pollutant mole-
cule to PMS. Se doping (1.06 at%), a high content of graphitic
N, enhanced graphitization, and a very high Sgpr (1560 m> g™')
helped to improve the catalytic activity of this Se/N co-doped
carbon.

This journal is © The Royal Society of Chemistry 2024

Besides adsorption and oxidative degradation, Se-doped
carbonaceous materials were also applied for sensing. For
instance, a Se-doped carbonaceous material was studied as an
electrochemical sensor and adsorbent for Hg(u) and Cd(u)
126 Square-wave anodic stripping voltammetry (utilizing a
glassy carbon electrode covered with the Se-doped carbon) was
applied for detection. The achieved limits of detection of Cd(u)
and Hg(u) were 1.9 and 4.3 ppb, respectively. Maximum
adsorption capacities were 210.81 and 205.53 mg ¢~ " for Hg(u)
and Cd(u), respectively. It was deduced that the C-Se function-
ality was responsible for ion adsorption, while elemental Se
played a key role in electrochemical sensing. Dong and co-
workers studied Se-containing metal-free and metal-doped
single and dual-atomic-site catalysts for nonenzymatic sensing
of H,0,.*”7° Significantly, the designed sensors were success-
fully utilized for H,O, detection in disinfectant and urine
samples. For example, a ZIF-8 derived Se/N co-doped material
with single Se sites exhibited high electrocatalytic activity for
H,0, reduction and thus was applied for its detection in a
wide range from 0.04 to 11.1 mM, with a low detection limit
(0.018 mM) and high sensitivity of ca. 404 pA mM ™' em 2.
This same research group also synthesized a dual-site Fe-Se
catalyst based on an N-doped carbon and studied it in none-
nzymatic detection of H,0,.”® The simultaneous doping of Se
and Fe enhanced the electrocatalytic activity for peroxide
reduction, allowing outstanding sensing properties. Thanks to
the synergistic effect of Fe/Se dual doping that improved the
electron transfer rate, the hydrogen peroxide could be detected
in a wide linear range (0.02-13 mM) with a high sensitivity of
1508.6 pA mM™' em™ and an 11.5 pM detection limit. In
another interesting approach for a sensing platform, a Se-
doped carbon obtained from PPy was utilized as it exhibited
peroxidase-like activity 6.51-fold higher than PPy-based char
without Se.>® The Se-doped PPy char catalyzed rapid oxidation
of 3,3,5,5-tetramethylbenzidine (TMB) by H,O,. This per-
mitted the design of a colorimetric sensing system for the
detection of p-penicillamine (a therapeutic drug) with a detec-

ions.
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tion limit of 60 nM. The peroxidase-like activity of the Se-
doped PPy-derived char was ascribed to the C-Se-C bonds cat-
alyzing the decomposition of H,O, into ROS to oxidize TMB.
Because p-penicillamine inhibited the peroxidase-like activity
of the Se-doped char, a simple and fast colorimetric assay was
proposed for its detection.

5.4. Se-doped carbons as heterogeneous catalysts in organic
synthesis

The most important use of selenium in organic synthesis is
selenoxide elimination - a convenient way to form C=C
bonds.'”” It requires a selenylating agent and an oxidant to
generate the selenoxide entity in situ. Significantly, C=C bond
formation can proceed even below 0 °C.'*” This reaction is
considered a green synthesis, as hydrogen peroxide can be
used as the oxidant in the selenylation-deselenylation catalytic
cycles. Corresponding chalcogenoxide eliminations, such as
sulfoxide eliminations, occur at much higher temperatures
and are 100 000 times slower. This highlights the core differ-
ence between selenium and sulfur chemistry. Se is considered
eco-friendly as it can be metabolized in organisms, which
gives it an advantage over transition metal-based catalysts.
Consequently, transition metal-free Se-based catalysis, includ-
ing organoselenium catalysis, is of great significance.
Selenium catalysis offers methods for synthesizing epoxides,
1,2-diols, and carbonyls via alkene oxidation. Se-catalyzed oxi-
dation reactions employ green oxidants such as H,0,, O,, or
air and can be conducted under mild conditions."*® Numerous
review reports are devoted to organoselenium reagents in
homogeneous catalysis of various transformations in the pres-
ence of mild oxidants where selenium acts as an oxygen
carrier catalyst."*>"*° Yu’s research group conducted several
projects on oxygen-transfer processes where Se-containing
compounds/materials were used as catalysts to transfer the
oxygen from oxidants to the desired products, taking advan-
tage of the prominent oxygen carrier abilities of selenium.™*
The Se-O bond is much weaker than the corresponding S-O,
and this enables the transfer of oxygen from the high-valent
Se-based catalytic species to the products to restart the cataly-
sis cycle.

Heteroatom-doped materials
attractive metal-free heterogeneous catalysts for a wide range
of organic transformations."**"** Yu’s group designed a new
family of Se-doped carbon materials and evaluated them as
heterogeneous catalysts in selenium-assisted oxygen transfer
processes.”® The catalyst could be prepared on a kilogram
scale by pyrolyzing selenized carbohydrates, such as glucose.
They reported a breakthrough in conventional homogeneous
organoselenium catalysis when they showed that a hetero-
geneous Se-doped carbon catalyst was more active than the
homogeneous organoselenium catalysts in the epoxidation of
B-ionone (yielding epoxide as the only product).”’
Significantly, while homogeneous organoselenium-catalyzed
oxidations of p-ionone are not selective, reactions catalyzed by
the Se-doped carbon material are regiospecific due to the
steric hindrance caused by the carbon support. The reaction

carbonaceous constitute
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occurred probably via a non-radical pathway, and the for-
mation of the -Se(=0)OOH moiety was proposed. However,
the product yield was relatively low, and the catalytic activity of
the recycled Se-doped carbon decreased significantly due to
the surface degradation caused by the oxidizing conditions.
Many carbohydrates were utilized for the fabrication of Se-
doped carbon catalysts, and their catalytic activities were evalu-
ated in the selective p-ionone epoxidation reaction.”” The Se-
containing catalyst obtained from fructose was equally
effective as the one from glucose. The catalytic activities
decreased when using glycans (e.g., sucrose and chitosan) as
carbon sources. Significantly, cheap biomass such as potato
amylum and sawdust was also employed as a precursor to
prepare Se-doped carbon catalysts for p-ionone epoxidation
reactions. The catalytic activity of Se-doped carbonaceous cata-
lysts was further improved via potassium intercalation.”® The
K-intercalated catalyst was assessed in the selective epoxi-
dation reaction of p-ionone (5,6-epoxy-f-ionone) using O, as a
mild oxidant. The enhanced porosity caused by potassium
addition was crucial as small mesopores enabled the f-ionone
molecules to reach the Se sites. Consequently, higher utiliz-
ation of active selenium sites was possible. The selective
aerobic epoxidation of B-ionone proceeded via a free radical
mechanism, as presented in Fig. 33. First, oxidation of the sup-
ported selenium by O, led to the active radical 3, while the
reaction of O, with NHPI (N-hydroxyphthalimide - an essential
additive increasing the reaction yield) yielded the active rad-
icals of HO, and phthalimido-N-oxyl (PINO). The reaction of 3
with the HO, radical yielded the intermediate 4, and then the
intermediate 5 and the hydroxyl radical via homo-cleavage of
the peroxy bond. The produced hydroxyl radicals react with 3
to yield intermediate 6, which could additionally furnish the
radical 5 through the action with PINO radicals. The o,p-C=C
bond with electron-withdrawing carbonyl was less active than
the electron-enriched endocyclic y,6-C=C bond, the inter-
action of which with the carbonaceous support could yield the
intermediate state moiety 7. This granted the regioselectivity of
the reaction. Then, the oxygen radical could attack the elec-
tron-deficient y-carbon of the intermediate 7 to produce the
intermediate 8, and its decomposition via cleavage of the Se-O
bond released the product 2 and yielded the radical species 3
to re-start the whole catalysis circle.

Carbon materials with sulfonic acid functional groups are
well known as solid acids and are considered a promising re-
placement for sulfuric acid catalysts.”** In an analogous
manner, selenium-doped carbon was utilized as a solid acid
catalyst in the Beckmann rearrangement of ethyl 2-(2-ami-
nothiazole-4-yl)-2-hydroxyiminoacetate.”® It was probably the
first example of using Se-containing materials as a solid acid
catalyst, and the unique steric hindrance of the carbon
support restrained the undesired side reactions. The
Beckmann rearrangement allowed the production of useful
derivatives of Cefixime (an antibiotic). H,O, functioned as an
activator of the virgin Se-doped catalyst oxidizing the elemental
selenium into -SeO,H moieties of strong acidity (ie., into
carbon-supported selenic acid). Besides Se-doped hetero-

This journal is © The Royal Society of Chemistry 2024
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Fig. 33 Scheme of B-ionone (1) oxidation to 5,6-epoxy-p-ionone (2),
and proposed mechanism of the epoxidation catalyzed by Se-doped
carbon. Adapted with permission from ref. 78. Copyright 2022, The
Royal Society of Chemistry.

geneous catalysts, selenium and nitrogen co-doped biochar-
based catalysts were produced and shown to be active metal-
free catalysts for the oxidation of aromatic aldehydes to their
corresponding carboxylic acids.** The catalyzed oxidation
could be performed under solvent-free conditions using H,0,
as an oxidant. The catalytic activity of the co-doped catalyst
was superior to its non-doped counterpart.

Avariety of new Se-doped carbon-based catalysts is inspired
by glutathione peroxidase - an antioxidant selenoenzyme,
which is responsible for protecting cells from oxidative stress
by activating peroxides with the assistance of glutathione.
Many naturally inspired organoselenium compounds with
enzyme-mimicking activity have been developed over recent
decades.”®®® A Se-doped carbonaceous material prepared via
the hydrothermal method showed GPx-like activity in the
epoxidation of various alkenes via H,0, activation.®® This cata-
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lysis allowed the conversion of ~90% (with ~75% yield; with
acetonitrile used as a solvent). Styrene was selected as a model
substrate for optimizing the alkene epoxidation conditions.

The mechanism of olefin epoxidation was established with
the assistance of DFT calculations. It was assumed that C-Se
functionality in the catalyst could exist in four different con-
figurations as presented in Fig. 34: (i) a hexagonal ring in a
graphitic structure, (ii) a pentagonal ring like in selenophene,
(iii) Se bonded to the edge of graphene via a double bond, and
(iv) -SeH functionality. All these Se configurations allow hydro-
gen atom abstraction from H,0O, by the Se atom. The epoxi-
dation reaction proceeded through a radical pathway with only
a small contribution of the non-radical pathway through the
formation of -Se(=O)OH species. The Se-doped catalyst acti-
vated H,0, to "OOH radical via hydrogen atom abstraction.
The "OOH attacked C=C to form an epoxide.

Liu et al. studied metal-free Se co-doped carbon-based cata-
lysts obtained from biomass for ammoxidation and oxidation
of alcohols with molecular oxygen.'*>"*® For instance, a Se/P/N
ternary-doped carbonaceous material was evaluated as a
metal-free catalyst for the direct ammoxidation of (hetero)aro-
matic alcohols to nitriles with aqueous NH; and 0,."**> To
prepare the metal-free catalysts, biomass of agricultural origin
(e.g., straw, corn cob, and chaff) was used as carbon feedstock
and NH,CI], SeO,, and triphenylphosphine as N, Se, and P
sources. Compared with the mono- and binary-doped carbons,
the Se/P/N tri-doped carbon showed the best catalytic perform-
ance with up to 93.1% conversion of benzyl alcohol to benzo-
nitrile and with selectivity of 99.5%. It was shown that the Se
and N dopants enhance the activity, while the P dopant
enhances the selectivity for benzonitrile. Pyrrole N, pyridine N,
and Se-C species were identified as active sites. Se-doped and
co-doped carbonaceous materials were also utilized as supports
for noble metal NPs. For instance, Ag NPs supported on Se/N
co-doped mesoporous carbon catalyzed the hydrogenation of a
series of nitroaromatics to corresponding amines.?” Similarly,
the Pd NPs supported on the Se/N dually doped carbon support
catalyzed the Heck cross-coupling reaction (C-C bond formation
via Heck-Mizoroki cross-coupling reaction).®®

6. Challenges and outlook

Heteroatom-doped carbonaceous materials exhibit many
advantages over unmodified carbons, and this in turn widens
the range of their future applications as advanced functional

Fig. 34 Representation of possible C—Se functionalities in the Se-doped carbon catalyst of alkene epoxidation. Reproduced with permission from

ref. 93. Copyright 2022, The Royal Society of Chemistry.
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materials. Nitrogen doping has so far dominated this research
field, and much less attention has been paid to dopants such
as heavy chalcogens. Selenium constitutes a peculiar carbon
dopant due to its unique chemical properties, including
nucleophilicity and moderate affinity to oxygen, yet extreme
affinity to heavy metals. Se-doped carbonaceous materials rep-
resent promising heterogeneous catalysts for electro- and ther-
mocatalytic processes, including a broad range of electro-
chemical reduction processes such as oxygen, carbon dioxide,
iodine, cobalt, or hydrazine reduction reactions, and organic
syntheses involving oxygen transfer. The weak selenium-
oxygen bonding makes the reaction of Se with oxygen highly
reversible and hence Se is an excellent oxygen carrier. In the
case of heterogeneous (electro)catalysis, the highly polarizable
and valence electron-rich Se atom (4s°4p*) proved to be an
efficient long-range modulator of the d- or p-electron structure
of transition metal and main-group semimetal single-atom
catalytic centers. Doping Se into chars makes the resultant
hard carbons attractive materials for alkali-ion batteries and
electrochemical capacitors. The synthesis of Se-doped carbons
comprises pyrolysis of carbon and selenium-bearing feed-
stocks. Selenium powder, followed by selenium dioxide, and
diphenyl diselenide have been identified as the most com-
monly utilized Se dopant sources (Table S17). This shows that
Se and SeO, powders are the most convenient and the cheap-
est Se-sources for doping carbonaceous materials. It is impor-
tant to note that to boost the performance of the final
material, Se doping is often accompanied by nitrogen co-
doping and additional co-doping with transition metals -
mostly Fe. By employing simple pyrolysis, a wide range of sel-
enium-doped and co-doped materials with varying Se contents
and surface areas has been prepared and then evaluated in
practical applications. The pyrolytic temperatures vary in a very
wide range of ca. 300 up to 1110 °C yielding Se-doped carbons
with SSAs of up to 1700 m> g~'. Nevertheless, there are still
some challenges to be overcome before chalcogen-doped car-
bonaceous materials find their way to commercial devices
such as fuel cells, batteries, or photovoltaic cells. The main
trouble spots we have managed to pinpoint include:

» Discrimination between substitutional doping and an
undefined presence of the Se dopant is often too elusive in
scientific reports.

« Abuse of the synergy term is widespread. The complex
impact of carbon doping/co-doping on its catalytic properties
is usually elucidated by using elusive expressions such as:
synergistically enhanced performance.

+ When metal-free catalysts are studied, incidental con-
tamination with traces of metals should be borne in mind,
especially since Se possesses extraordinary affinity to transition
and heavy metals.

+ As chalcogens exhibit high affinity to transition metals,
for Se-doped carbons additionally co-doped with these metals
selenide particles may be preferentially formed instead of
single-atom sites with Se atom neighboring transition metal
atom. Consequently, obtaining SACs and DASCs without sele-
nide NPs might be challenging.
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« While Se doping does modify fundamental properties of
carbonaceous materials, the omnipresence of the lightest chal-
cogen, i.e., oxygen, on the carbon surface affects their physico-
chemical characteristics, especially where surface chemistry is
concerned (e.g., catalysis or pseudo-capacitance).

« While pyrolysis is a straightforward approach for preparing
heteroatom-doped carbons, it does not allow us to obtain doped
carbons with a well-defined heteroatom configuration. In
addition, the very wide range of peak pyrolysis temperatures
applied (300-1110 °C) yields Se-doped carbons of extremely varied
characteristics, making systematic comparison challenging.

» While HTT allows control of the Se doping level, it simul-
taneously causes other serious modifications, such as micro-
porosity  enhancement via  chalcogen desorption.
Consequently, in some cases, the amount of doped Se might
be less important than the resultant nanoporosity.

+ Se content assessment is more challenging than quantifi-
cation of the more commonly doped heteroatoms such as N or
S. EDS and XPS are commonly used, but these techniques are
not accurate enough in the particular case of carbonaceous
samples of heterogeneous nature. Consequently, the accuracy
of such techniques is limited to several or even to several
dozen percent.

« Graphitization of carbonaceous scaffold can be signifi-
cantly affected by Se-doping either by increasing amorphicity
(via formation of micropores upon thermal desorption of Se)
or via prevention of metal-catalyzed graphitization due to
blockage of metal carbides formation (i.e., Se prevents dis-
solution of elemental carbon in transition metals).

Perusing through reports on Se-doped carbons, some mis-
interpretations of the observed effects can also be found. For
instance, the interlayer d-spacing value for the Se-doped partly
graphitized carbons is always higher than that of graphite
(0.335 nm), and this is often attributed to the large size of Se
atoms. This is an erroneous interpretation because chars,
especially biochars, constitute non-graphitizing carbons, and
they yield only turbostratic carbons with interlayer space of
~0.344 nm, even after pyrolysis at high temperatures >2000 °C.
Consequently, the interlayer space in (bio)chars cannot be
assigned to the presence of large heteroatoms. In fact, carbon-
aceous materials obtained via pyrolytic decomposition of
biomass are never graphitic as they possess the highly dis-
ordered structure of the so-called hard carbons. And finally,
while there is a profusion of papers considering how Se-
doping influences the electronic structure of graphenic
carbons, there are not many papers elucidating other crucial
aspects, such as how Se-doping affects the formation of poro-
sity or how it enhances or hinders graphitization of the car-
bonaceous matrix. In fact, in this regard, Se-doping is very
similar to sulfur-doping, as S-doping has the same effect on
microporosity enhancement with the increase of pyrolysis
temperature. Nevertheless, despite some challenges, there is
significant and increasing evidence that Se-doped and co-
doped carbons are attractive, functional materials for the
implementation of green chemistry ideas as well as sustain-
able and renewable technological transition.

This journal is © The Royal Society of Chemistry 2024
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CO,RR
CRR
CQD
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DDSe
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DFT
DSSC
EDS
(EDX)
EXAFS
FEco
GDE
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TEM
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ICP-OES
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MOF
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PBA
PCE
PEFC
PIB
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PMMA
PMS
PPy
rGO
RHE
ROS
SAC
SEM
SIB

Brunauer-Emmett-Teller
2,2'-Bipyridine

Counter electrode
Carbon nanotube

CO, reduction reaction
Cobalt reduction reaction
Carbon quantum dot
Dual-atomic-site catalyst
Diphenyl diselenide
Diethylenetriamine
Density functional theory
Dye-sensitized solar cell
Energy-dispersive X-ray spectroscopy

Extended X-ray absorption fine structure
CO faradaic efficiency

Gas diffusion electrode

Graphene oxide

Glutathione peroxidase

High-angle annular dark field
Hydrogen evolution reaction
Hexamethylenetetramine
(High-resolution) transmission
microscopy

Heat treatment temperature
Hydrazine fuel cell

Hydrazine oxidation reaction

electron

Inductively coupled plasma mass spectrometry

Inductively coupled plasma optical
spectroscopy

Ionic liquid

Iodine reduction reaction
Lithium-ion battery
Metal-nitrogen—carbon
Metal-organic framework
Nanoparticle

Open circuit voltage

Oxygen evolution reaction
Oxygen reduction reaction
Polyacrylonitrile

Poly(n-butyl acrylate)

Power conversion efficiency
Polymer electrolyte fuel cell
Potassium-ion battery
Phthalimido-N-oxyl
Polymethylmethacrylate
Peroxymonosulfate
Polypyrrole

Reduced graphene oxide
Reversible hydrogen electrode
Reactive oxygen species
Single-atom catalyst
Scanning electron microscopy
Sodium-ion battery
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SSA Specific surface area

STEM Scanning transmission electron microscopy
TMB 3,3',5,5"-Tetramethylbenzidine

XAFS X-ray absorption fine structure spectroscopy
XANES X-ray absorption near-edge structure

XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

ZAB Zinc-air battery

ZIF Zeolitic imidazolate framework
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