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Sustainable and cost-effective energy generation has become crucial for
fulfilling present energy requirements. For this purpose, the development

of cheap, scalable, efficient, and reliable catalysts is essential. Carbon-based
heteroatom-doped, 3D, and mesoporous electrodes are very promising as
catalysts for electrochemical energy conversion and storage. Various carbon
allotropes doped with a variety of heteroatoms can be utilized for cost-effec-
tive mass production of electrode materials. 3D porous carbon electrodes
provide multiple advantages, such as large surface area, maximized exposure
to active sites, 3D conductive pathways for efficient electron transport, and
porous channels to facilitate electrolyte diffusion. However, it is challenging
to synthesize and functionalize isotropic 3D carbon structures. Here, various
synthesis processes of 3D porous carbon materials are summarized to
understand how their physical and chemical properties together with hetero-
atom doping dictate the electrochemical catalytic performance. Prospects of
attractive 3D carbon structural materials for energy conversion and efficient

states, such as sp, sp?, sp> or with other
nonmetallic elements, generally called het-
eroatoms. This feature provides a variety
of carbon allotropic structures, from
single molecules to layered structures and
to complex mesoporous architectures.'=3]
Carbon was first identified about 200 years
ago within organic molecules and as
building blocks for biomolecules. Later,
natural carbon was discovered in the form
of diamond, graphite, and amorphous
carbon. Diamond is a very well-known
hardest and transparent electrical insulator
but a thermal conductor. It is a form of tet-
rahedral sp? carbon atoms. Diamond has a
unique crystal structure consisting of two
interpenetrating face centered cubic Bra-
vais lattices. On the contrary, graphite is

integrated energy systems are also discussed.

1. Introduction

Carbon atom is unique in forming covalent bonds, both ¢ and
m, with neighboring carbon atoms in various hybridization
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soft and opaque having attractive electrical
conductivity. It is basically a stack-up form
of atomically thin (0.335 nm) graphene
layers that are weakly bonded by van der
Waals forces. The graphene monolayers are hexagonal packed
lattice of sp*hybridized carbon atoms.[**! Clearly, the diversity
in atomic arrangements can provide various allotropic struc-
tures of carbon, which are different in physical and functional
properties.[*11l Motivated by this fact, there have been seminal
quests for inventing new nanostructured carbon allotropes with
various dimensions, such as 0D, 1D, 2D, and 3D.

The recent discoveries of carbon nanomaterials added new
members to the carbon family. In 1985, fullerene (Cq) was the
first discovered as carbon nanostructure with 0 dimension.[!213l
About 6 years later, another 1D carbon allotrope was discov-
ered, called carbon nanotubes (CNTs), whose structure was
proposed by Iijima.'"*%! In general, CNTs (both single- and
multiwalled CNTs, abbreviated as SWNTs and MWNT5) are
utilized as reinforcements in composite materials having dif-
ferent polymer matrices and as building blocks for numerous
catalysts and electrodes.'®'7] In 2004, the most widely investi-
gated and used 2D carbon nanostructure, called graphene, was
experimentally evidenced and characterized by Geim and Novo-
selov, although it was predicted and identified decades ago.!!l
The graphene family type is ever increasing since its discovery.
Different manufacturing processes yield graphene products
diverse in size, thickness, and impurities. Thereafter, research
interests on graphene quantum dots (GQDs) or carbon dots
(C-dots) have been reported till now. Structurally, GQD or C-dot
is graphene of mono- or few-layers with distinct but interesting

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

optoelectronic properties.['#19 Although these low-dimensional
carbon nanostructures (0D, 1D, and 2D) have been adapted for
many functional applications due to their excellent intrinsic
physicochemical properties, they are often suffered from infe-
rior extrinsic characteristics, such as poor electrical and thermal
conductivities, low effective surface areas, and unreliable
mechanical properties.[?9-2]

To address this problem, hierarchical carbon materials having
porous structure in three dimensions are being pursued. Such
3D mesoporous carbon material construct possibly would pro-
vide a desirable backbone support of enhanced surface area
for catalytically active sites, a multidimensional conductive
network for improved electron transport, and an expanded
volume to accommodate the electrolyte/reactant diffusion with
significantly improved mechanical stability. To date, most of
the reported 3D carbon materials are basically agglomerated
or simply assembled from lower dimensional carbon nano-
structures, which are widely used for electrocatalytic applica-
tions,[1626-28] though there have been a few successful reports
on fabricating isotropic 3D porous electrodes.?”! Heteroatom
doping in carbon nanostructures is also crucial for increasing
the efficiency to realize multifunctional electrocatalysts.?l In
fact, multifunctional 3D nanomaterials are promising to fabri-
cate various integrated devices for fulfilling the soaring energy
requirements, as well as infuse technological advancement
toward efficient, reliable, multifunctional, portable, and flex-
ible devices.['31l Here, we provide a comprehensive and critical
overview on mesoporous 3D heteroatom-doped carbon nano-
materials as multifunctional metal-free catalysts for integrated
energy devices by summarizing and discussing advancement
in fabrication methods of undoped and heteroatom-doped
(multiatom doped) 3D carbon catalysts from lower dimen-
sional carbon nanostructures. Also, we discuss isotropic 3D
carbon structure fabrication for efficient multifunctional energy
conversion and storage applications, along with illustration of
various factors influencing their performance and applicability.

2. Different Allotropes of Carbon

Allotropes are different structural forms of an element. Var-
ious allotropic forms of carbon with different dimensions,
such as 0D (e.g., fullerene, onion-like carbon, C-dot, GQD,
nanodiamond), 1D (e.g., SWNT and MWNT, nanohorns, par-
tially and fully unzipped nanotubes), 2D (e.g., monolayer and
multilayer graphene, amorphous, graphitic, and diamond-like
carbon films), and 3D (e.g., graphite, diamond, and pillared
graphene) carbons, are depicted in Figure 1a.'3% At present
carbon-based 3D mesoporous metal-free catalysts have become
very interesting for different electrochemical-reaction-based
energy storage applications.l***! Such mesoporous 3D carbon
can also be fabricated using any of the above-mentioned indi-
vidual or combined allotropes. However, pillared graphene is
an ideal and isotropic 3D mesoporous structure predicted to
possess superior charge transport properties to other 3D carbon
structures obtained through simple physical or chemical
combination or agglomeration.

Graphene oxide (GO) is the latest, but the most popular gra-
phene flake, which is cheap, soluble in different solvents, and
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primary choice for fabricating 3D hybrid carbon electrodes
via chemical routes.[#16233640 GO is generally prepared from
graphite flakes through intense oxidation using KMnO, and
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Figure 1. Carbon allotropes in different dimensions. All images except for graphene, graphene oxide, and pillared graphene: Adapted with permission.!'l
Copyright 2015, American Chemical Society. Images for graphene, graphene oxide, and pillared graphene: Reproduced with permission.*2 Copyright 2015,

AIP Publishing.

concentrated H,SO4 and H3PO, in a controlled chemical process
followed by elongated H,O, treatment near 0 °C, filtration,
cleaning, and drying processes.?*3”l The functional properties
of 3D carbon nanostructures depend on the constituting carbon
allotrope(s) and their physicochemical states, the fabrication pro-
cess, and the defect density and type of doped heteroatomy(s),
along with the electronic states of those dopants.3]

3. Metal-Free Heteroatom-Doped Carbon

Precious-metal catalysts, particularly noble metals such as
iridium, palladium, and platinum and associated alloys, have
remained the most attractive electrode materials for different
electrocatalytic chemical reactions for energy storage and
conversion.*!l' However, their low selectivity, limited avail-
ability, high cost, poor durability, affinity toward gas poisoning,
and related potential adverse impact to environment have
so far hindered their industrial scale acceptance.*?! Hence-
forth, serious efforts are now pursued to replace them with
cost-effective and environmentally friendly alternatives. In this
context, nonprecious transition metals (Ti, W, Sn, Zn, Fe, Co,

Adv. Mater. 2019, 1805598

1805598 (3 of 26)

Mo, and Ni), their carbide, nitride, oxide, carbonitride, and
oxynitridecatalysts have been and still being widely investi-
gated.[*1=*8] However, the low intrinsic conductivities of such
nonprecious-metal-based catalysts, due to the interfacial com-
plexity and thermodynamic instability of its hybrid structures,
limit its application domain. Recently, carbon-based catalysts
have emerged as promising alternatives and are increasingly
being utilized as efficient catalysts due to their low density,
high specific surface area, suitable electrical and thermal
conductivities, chemical stability, and suitable mechanical
properties.[2:3:23:40:48]

Carbon-based heteroatom-doped nanomaterials were first
introduced in 2009 which, as metal-free catalysts, are compa-
rable to platinum for efficiently catalyzing oxygen reduction
reaction (ORR) in fuel cells.*>*% Thereafter, this new class of
carbon-based electrocatalysts has been reported to also be effi-
cient in oxygen evolution reaction (OER), hydrogen evolution
reaction (HER), and many catalytic reactions,>*'>4 including
catalysis of I7/I>~ for dye-sensitized solar cells” and CO, reduc-
tion reaction (CO,RR) for numerous applications, namely,
biosensing, hydrocarbon-based fuel production,** monitoring
environmental effects,”” and even for commodity chemicals
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Figure 2. a) Comparison of electronegativity for popular heteroatoms
doped in carbon nanomaterials for electrochemical energy storage with
their relative atomic size. b) Analysis of natural bond orbital population for
six nonmetallic heteroatoms doped in graphene lattice (pN: pyridinic; gN:
graphitic N). Inset: The predicted doping location for various elements.
Site 1: edge; site 2: in-plane center; site 3: out-of-plane center on gra-
phene. b) Reproduced with permission.”¥l Copyright 2014, American
Chemical Society.

production.*>34 More recently, multidoped heteroatom carbon
nanostructured electrode materials have demonstrated excel-
lent metal-free multifunctional electrocatalysis for ORR, OER,
and HER utilized in rechargeable Zn—air (primarily metal-air)
batteries,*8! regenerative fuel cells,*® and simultaneous ORR,
OER, and HER reactions.?>°>"] Such carbon-based heter-
oatom-doped single or multifunctional metal-free electrocata-
lysts’ performance is often superior to that of noble metal and
transition metal catalysts. Notable phenomena of charge induc-
tion/modulation around the heteroatom-doped carbon lattice
and transport property modulation often contribute to such
attractive performance enhancement(24’!

In fact, the C—C bond is nonpolar, but carbon atoms can
form polar bonds with heteroatoms to impose different dipole
moments depending on their difference in electronegativity
(e.g., electronegativity, € = 2.50 for C, € = 3.07 for N) and
atomic size from those of the carbon atom (Figure 2a). There-
fore, a change in the density of states and charge population
is attained on both the carbon atom and heteroatom to impart
catalytic activities to various heteroatom-doped graphitic carbon
materials.*®%8] The properties of nitrogen-doped sp? carbon
nanomaterials are also altered by the chemical state of nitrogen
atom doped onto the carbon lattice. It can be pyridinic, pyrrolic,
graphitic, or oxidized N state.®] Although, it is controversial to
comment on their differentiation based on the electrocatalytic
activity.’") However, quantum mechanical calculations and
experimental investigations indicate that pyridinic N and
graphitic N can be beneficial for electrocatalysis in ORR by
facilitating O, adsorption onto the neighboring carbon atoms.
This facilitates the four-electron pathway for ORR.[%71-73]
Additionally, sulfur (S; € = 2.44) doped carbon catalysts are
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studied for ORR applications.?**8! Codoping and tridoping
with various heteroatoms, among N, boron (B, € = 2.01), S,
phosphorus (P, € = 2.06), fluorine (F, € = 4.17), and oxygen (O,
£ = 3.50), have recently been introduced for fabricating multi-
functional metal-free catalysts for electrochemical energy con-
version and storage.l>7]

The natural bond orbital (NBO) population analyzed by den-
sity functional theory (DFT) shows that different heteroatoms
acquire different amount of charge populations within gra-
phene lattice. For example, N and O being negatively charged
relative to the adjacent C atom culminate as electron acceptors,
whereas F, S, B, and P act as donors because they accumulate
positive charge.l’# Figure 2b shows the NBO population and the
free energy diagrams for HER. In fact, the codoping, tridoping,
and even more than three heteroatoms doping in carbon lattice
have often been observed to perform synergistic effects toward
electrochemical activities. The electrocatalytic performance
of 3D carbon-based electrodes depends on the synthesis and
fabrication process, type and amount of heteroatom doping,
active surface area, extrinsic conducting properties, interfacial
resistive and chemical properties at the junctions, length of dif-
fusion pathways, as well as the nature and size of pores and
preadsorbed entities therein.[>3172330] Table 1 compares the
experimentally obtained physical properties of various carbon
materials with different dimensions.[31675-91]

4. Synthesis of 3D Carbon Materials and
Heteroatom Doping

Various chemical vapor deposition (CVD), physical vapor depo-
sition (PVD), chemical processing, pyrolysis, 3D printing, and
various assembly-based techniques have been devised to fabri-
cate 3D carbon materials (Table 1) for electrochemical energy
storage and conversion applications.”>>’l Owing to the high
efficiency and mechanical stability for electrochemical energy
storage, CNT-graphene-based 3D carbon materials, prepared
normally by solution processed assembly,**-192 layer-by-layer
assembly,193-197] and vacuum filtration,['%-11% have been widely
studied. The product of assembly processes is generally of
inferior quality that would ultimately affect the conductivity
and surface area, though this method is simpler than in situ
CVD. In situ growth of graphene-CNT hybrid 3D structures
(e.g., pillared graphene in Figure 1) is more complicated, but
holds better control of the product quality, including their
morphology, density, and desired orientation of the hybrid
structures. Therefore, different in situ techniques, such as
CVD,"1-12] templated CVD,[7:29126127] and chemical unzip-
ping, 16128129 have recently became very popular. Figure 3
shows CVD methods, with and without a template, for the syn-
thesis of 3D carbon structures.[7:2%125:126.128] Ag compared to
other CVD techniques, in the templated CVD method particular
structural designing is easily achieved. However, comparatively
this technique often comes out to be a multistep process, com-
plex and expensive. Mass production of porous 3D carbon
electrodes can easily be produced through chemical processes
although they are inferior in terms of selectively introducing
chemical contents, conducting properties and mechanical
integrity. Therefore, a high-temperature postpyrolysis step is
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Table 1. Properties of different carbon allotropes.

www.advmat.de

Material (dimension) Synthesis method BET surface area?) Thermal conductivity Electrical conductivity Ref.
[m? g W m ) [S em]
Fullerene (OD) Arc discharge 80-90 0.4 10710 [75]
Fullerene shoot (0D) Arc discharge of carbon rod 175 - - [76]
Fullerene shoot-CO, or Ar pyrolyzed (0D) Arc discharge + gas pyrolysis 345-346 - - [76]
Fullerene shoot—KOH activated (OD) Depleted and KOH activated 2153 - - [77]
Nanodiamond (0D) Microwave plasma CVD =~400-600 1-12 100-10710 [78-80]
SWCNT (1D) CVD =1300 2000-6000 - [75,78,81]
MWCNT (1D) CVD + purify ~450 3000-3500 - [78,81,82]
MWCNT-KOH activated (1D) CVD + chemical activation =785 - - [16]
Graphene or G (2D) CvD =1500 5000 =2000 to 10° [3,75]
Graphene oxide (2D) Chemical reduction of graphite ~423-3100 - - [16,83]
Graphite (3D) Natural or synthetic =10-20 =~1500-2000 and 2-3x10*and [75]
5-10 (cross-plane) 6 (cross-plane)
Diamond (3D) Natural or synthetic 20-160 900-2320 107" to 107" (insulator) [84,85]
GO+CNT (3D) Agglomeration and chemical reduction =435 - - [83]
Mesoporous C from rGO (3D) Microwave irradiation+ KOH activation =3290 - - [16]
N-doped macro/mesoporous C (3D) Macro/mesoporous silica as a hard template ~1826 - - [87]
associated with furfuryl alcohol
Hydrogel with B-and N-codoped porous  Agarose hydrogel pyrolysis containing TBE =~2666 - - [88]
C networks (3D) buffer with KOH activation
N/P/O-graphene (3G) Mixture of artemia cyst shells and red P ball =1406 - - [89]
milled: KOH activation/pyrolysis at 850 °C
N-C microtube sponge (flexible) (3D) Facial cotton pyrolysis at 1000 °C ~2358 - - [90]
under NH; for 1 h
P/S C3N,4 sponge sandwiched with C Pyrolysis at 500 °C followed by freeze-drying =1474 - - [91]

nanocrystals (3D)

#Detailed atomic representation in Brunauer-Emmett-Teller (BET) surface area is available in cited respective references.

normally applied to reduce chemical impurity and increase
conductive properties.[1®23] Besides, carbon aerogels, xerogels,
and hydrogels have also been fabricated via chemical routes as
low density efficient electrodes.!'®l In this context, it would be
important to mention that a template-assisted chemical process
followed by postpyrolysis step may be interesting to provide
particular hierarchy in 3D carbon electrodes.

Recently, 3D carbon electrodes, including MOF-derived
mesoporous carbon structures and carbide-derived carbon and
onion-like carbon structures,”>13% have been prepared by solu-
tion-based chemical processes, condensation, and coordina-
tion reactions. Other major printing techniques, such as inkjet
printing, screen printing, and transfer printing, have also been
commonly used for depositing nanostructured carbons onto
substrates of varying size, surface energy, and flexibility for
energy applications, though 3D printing is an emerging tech-
nology.3™=1#1l 3D printing can offer porous carbon structures
of 10 um thick or thicker with very quick drying time (few
seconds).'3-134] Carbon allotropic nanomaterials combined with
various polymers have been used as highly viscous inks for fab-
ricating 3D-printed carbon structures for Li-ion batteries, super-
capacitors, water splitting electrolyzers, fuel cells, and envi-
ronmental protection applications.'3*137] Figure 4 illustrates
various electrodes fabricated by different 3D printing methods.
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Heteroatom doping into (3D) carbon nanomaterials can be
performed in two ways: during synthesis and postsynthesis.
For in situ heteroatom doping during the synthesis of carbon
materials, various heteroatom-containing chemical reagents are
mixed with carbon sources as precursors or by synthesizing in
different heteroatom-containing gas environments. Postsyn-
thesis heteroatom doping can be obtained through numerous
chemical reactions, and pyrolysis of precursors in the presence
of various chemical reagents and gases or by plasma treatments.
The carbon structures thus obtained are often processed through
activation steps, either by heating with KOH or H,SO, solution
(at a low-temperature (=100-200 °C) chemical activation) or
pyrolysis at a high temperature (=700-1000 °C) with gases, such
as HNj3, N,, H,, and CO, (called gas activation).*!®l Sometimes
some low carbon-containing precursors are carbonized or gra-
phitized to maximize its carbon constituents or crystallinity and
then it is activated in inert or gaseous environments. This whole
process is called physical activation of carbon materials. Het-
eroatom-doped carbon nanostructures are generally obtained
through this method from various polymers or petroleum prod-
ucts.>31% 3D printing of isotropic heteroatom-doped carbon
nanostructures can also be very interesting to conceive.

The chemical activation temperature is generally lower than
in physical activation process. Therefore, the probability of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Schematic for synthesis of aligned CNT/graphene sandwiches on bifunctional catalysts graphene sandwiches, b) digital photograph of a block
of EV catalyst (brown) and aligned CNT/graphene sandwich and c,d) SEM of aligned CNT/graphene/EV composite. a—d) Reproduced with permission.'’)
Copyright 2014, Elsevier Inc. ) Schematic of 3D pillared VACNT-graphene architecture. f) Detailed procedure for fabrication of 3D pillared VACNT—graphene
structure. g,h) Digital images of HOPG with 80 pum thickness (g) and thermally expanded VACNT intercalated graphene layers (h). i-k) SEM of 3D pillared
VACNT-graphene nanostructures. e-k) Reproduced with permission.['?6l Copyright 2013, American Chemical Society. ,m) Schematic of synthesis procedure
and structural details of 3D graphene—-RACNT fiber. n,0) SEM and AFM images of the 3D graphene—RACNT fiber, and p) its SEM and EDX elemental map-
ping. |-p) Reproduced with permission.?l Copyright 2015, American Association for the Advancement of Science. q) Schematic formation of the GONR/CNT
hybrid, and r,s) its TEM and SEM images. g-s) Reproduced with permission.28l Copyright 2013, Wiley-VCH. t-v) SEM of 3D CNT foam obtained by growing
VACNTs on Ni foam template by MPCVD, inset of (t) shows bare Ni foam. t-v) Reproduced with permission.'”! Copyright 2016, Royal Society of Chemistry.

the formation of porous architectures is higher in the chem-
ical activation process although proper gas bubbling strategy
during the physical activation process can produce micro-
porous or sometimes mesoporous materials with high graphitic
crystallinity.}1! Frankly speaking, the chemical activation pro-
cess needs a product postcleaning step to reduce the residual
chemicals from the final carbon product.'3¢37] The specific
surface area of the heteroatom-doped carbon structures and
their catalytic properties are also dependent on the activation
process parameters used. However, more research is required

Adv. Mater. 2019, 1805598

1805598 (6 of 26)

to confidently comment on such controversial issues. N-doped
carbon nanostructured materials have been widely used for
electrochemical catalytic applications.>3! Besides N and other
single heteroatom doping, such as O, B, S, P, and different
halogens (i.e., F, Cl, Br, and I), the codoping of NS, BN, NP,
NF, PS, and tridoping (such as NPO, etc.) into carbon materials
has been performed as discussed in detail in the following sec-
tions. The density function theory indicates that the heteroatom
doping into carbon lattice modulates the charge distribution
characteristics to the adjacent C atom and this modifies the
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Figure 4. a) Schematic of fabrication steps for 3D-printed graphene composite aerogels (3D-GCA). Reproduced with permission.['3% Copyright 2016,
American Chemical Society. b) Digital image and c—e) SEM images of 3D-printed microlattice using graphene aerogel (c), and graphene aerogel
without (d) and with 4 wt% R-F (e) after etching. b—e) Reproduced with permission.'*®l Copyright 2015, Macmillan Publishers Limited. f) Step I:
self-assembled 3D graphene hydrogel (GH) from GO sheets; Step Il: in situ polymerization of PANI onto GH; Step IlI: ball milling and ultrasonic
exposure of 3D GH-PANI composite for GH-PANI ink preparation; Step IV: GOP formation by printing GO ink on paper; Step V: overprinting of
GH-PANI inks onto GOP; Step VI: soaking of GH-PANI/GOP in diluted HI; Step VII: simultaneous reduction of GH-PANI/GOP using HI and forma-
tion of freestanding GH-PANI/GP after peeling off; Step VIII: fabrication of flexible supercapacitor (SC) device using gel electrolyte onto GH-PANI/GP
electrode. Reproduced with permission.'3”] Copyright 2014, American Chemical Society.

related electrocatalytic performance. Therefore, different het-
eroatom/heteroatom incorporation relates to modification in
electrochemical performance in different degrees for different
catalytic reactions (such as ORR, OER, and HER). Codoping
and tridoping have been established by numerous studies to be
beneficial for such electrocatalytic applications which are often
overlooked as synergistic effects. Therefore, more detailed study
is required to clearly understand the mechanism of multidoping
effect on electrochemical catalysis.
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5. Mesoporous 3D Carbon as Catalysts
for Oxygen Reduction Reaction

For the biological respiration process, ORR is a crucial reaction
and it is also technologically important in energy-converting
systems, such as metal-air batteries and fuel cells, etc.l>3%%7]
There are different types of fuel cells. As compared to other
fuel cells, solid-oxide-based high-temperature fuel cells
(SOECs), polymer-electrolyte-based membrane fuel cells (such
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as proton-exchange-membrane fuel cells, PEMFCs), and direct
alcohol-based fuel cells (for example, direct methanol fuel
cell, DMFC) are very well known for having lower tempera-
ture of operation and longer cell life. These fuel cells are very
promising for futuristic lightweight electric vehicles as well as
portable electronics.'*?l In both PEMFC and DMFC, precious
Pt-based catalyst, the key component, is mounted together
with a mesoporous conducting material (such as carbon black)
either as anode or cathode, for electrocatalysis of hydrogen
(named as hydrogen oxidation reaction, HOR) and alcohol
(termed as alcohol oxidation reaction, AOR) or oxygen (called
oxygen reduction reaction), distinctively. However, the lethargic
reaction kinetics for HOR and AOR at relatively low operating
temperature of 80-100 °C as well as high energy input neces-
sary for ORR induces a large polarization resistance.

ORR occurs in multisteps related either to a four-electron
(4e”) path for direct H,0O generation in acidic electrolyte and
OH~ production in alkaline electrolyte or a two-electron (2e7)
process forming H,0, in acidic electrolyte and HO,™ emission
in alkaline electrolyte as intermediate products. Such reac-
tion pathway mainly depends on the inherent electrochemical
catalytic characteristics of the electrodes. The usual reaction
mechanisms in the presence of different electrodes and media
of varied thermodynamic potential, operating under standard
condition, is presented below:[143144

ORR in acidic electrolyte

0, +2H* +2e~ = H,0, (0.7 V, a two — electron process)

0, +4H" + 4e” —» 2H,0 (1.229 V, a four — electron process)

ORR in alkaline electrolyte

O, +H,0+2¢” — HO; +OH" (—0.065 V, two —electron process)

H,0 + HO; +2¢” — 30H™ (0.867 V)

0,+2H,0+4e” — 40H" (0.401 V, a four —electron process)

For a given electrocatalyst, a selection of higher 4e™ reduction
pathway facilitates a superior ORR electrocatalysis.

Nanoparticulated Pt catalyst is considered as the best
electrocatalyst for the ORR since long past, although with con-
cerns of high related cost and scarcity which have prejudiced
the fuel cells from industrialization. With an aim to reduce
or even completely replace Pt-based catalysts with alternatives
with lower cost, there have been tremendous research studies.
We had previously discovered that heteroatom-doped graphitic
carbon nanomaterials (for example, CNTs, graphene) could act
as metal-free ORR catalysts with reduced cost and comparable
efficiency in fuel cells.23491%] Among heteroatom-doped 3D
carbon catalysts, nitrogen doping in varied carbon architectures,
including MWCNT-rGO hybrids, rGO-based aerogels, xerogels,
hydrogels, porous carbon (meso- and macroporous), graphene
foams, carbon capsules, polymer, and MOF-derived carbon net-
works, has been reported in the literature.[>3-64066.67.8487,146-171]
Carbon nitride (C;N,)-based carbon composites,¢773169-171]
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graphene foams,[">174 and S-doped carbon aerogel have also

been extensively studied for ORR applications. Furthermore,
S/N,[175-185] BN [88.186-188] p/N[189-192] and F/NI19%194 codoping
and N/P/OI)] tridoping have recently been achieved to demon-
strate the bifunctional and trifunctional carbon-based electro-
catalysis for energy storage and conversion.

Nitrogen-doped porous 3D carbon materials are very well
known for their high ORR activity and exceptional conductivity,
along with good retentivity. For instance, N-doped mesoporous
graphitic stacks (arrays) showed high electrocatalytic activity,
stability, and methanol tolerance in alkaline solutions.l®! Fur-
thermore, an aerogel based on N-doped graphene nanoribbons
(GNRs) acted superb ORR electrocatalytic performance and
superior stability compared to commercial Pt/C in alkaline
as well as acidic media.l®l In another effort, N-doped carbon
nanofiber (N-CNF) exhibited high N content (5.8 at%), high
active-site density related to N-doping, and high BET surface
area about 916 m? g ."*l This N-CNF-based aerogel has also
exhibited excellent ORR activity with 0.85 V onset potential
versus reversible hydrogen electrode (RHE), high (3.97 at 0.8 V)
electron-transfer number, and attractive electrochemical ORR
stability of about 97.5% retention even at 10 000 potential cycles
(0.1 M KOH).[*”] This N-CNF aerogel has also demonstrated a
0.83 V onset potential in 0.5 M H,SO, media,'> which is very
promising performance worth mentioning.

Hierarchically N-doped cross-linked porous 3D carbons
called LHNHPC structure possess a specific surface area
of 2600 m? g1, 3.12 at% N-dopants, and an ORR activity
closely comparable to Pt/C catalyst, the benchmark in basic
media.B¥ Such excellent electrochemical properties have often
been attributed to the synergistic effects arising due to the
mesoporous structure, doped N-heteroatoms, and the high
specific surface area.[3

Table 2 summarizes important reports on various N-doped
and S-doped 3D carbon materials for ORR application. Among
them, it is worth to note that S-doped 3D aerogel and graphene
foam showed superior ORR performance to their undoped
carbon structures (Table 2),172173] although sulfur has identical
electronegativity as of carbon implying that the doping-induced
charge-transfer remains neutral. However, the hydrophobic
nature of the thiophene-like form of S within the carbon lat-
tice plays a crucial role in drawing oxygen out of the electrolyte
that facilitates its physical adsorption on the electrode surface,
primarily enhances the ORR mechanics.’>!73l Other bulky
oxygen-containing sulfur surface groups (e.g., sulfonic acids,
sulfoxide, sulfones) situated in larger pores have also been dem-
onstrated to attract electrolyte solutions containing dissolved
oxygen toward the pore system.!'”*) However, possible contribu-
tions to the enhanced ORR performance by the sulfur-doping
induced spin redistribution cannot be ruled out.'””! Therefore,
further more research is needed to explore the S-doping effect
on ORR activities in 3D hierarchically porous carbon materials.

N- and S-codoped hollow 3D carbon-sphere (porous) nano-
composites (N,S-hcs) demonstrated excellent ORR electrocata-
Iytic performance (Figure 5a—e) with a four-electron transfer
pathway, appreciable durability, and high tolerance to methanol
crossover/CO-poisoning effects.'®” This work demonstrates
the synergistic effect associated with heteroatom codoping into
porous C structures.[81]
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Figure 5. a) Schematic for N/S-hcs preparation, b) LSVs of N,S-hcs treated at various temperatures, and c) samples (at 1600 rpm and 5 mV s™).
d) LSVs of N,S-hcs-900 °C are at different rotating speeds and e) the Koutecky—Levich curves at different potentials. a—e) Reproduced with permission.[13

Copyright 2016, The Royal Society of Chemistry.

Apart from N/S-hcs, various other codoped 3D carbon nano-
structures, including N/P-, B/N-, N/F-, and P/C;N,-codoped
hierarchal carbon architectures, have also been fabricated to
achieve superior ORR electrocatalytic performance as com-
pared to Pt/C, as summarized in Table 3. Furthermore, three
elemental doping (i.e., tridoped) in 3D porous carbon structure
has also been studied,?**”! though still not much discussed in
the literature as compared with codoping. In particular, N-P-O-
tridoped freestanding 3D graphene foam (3D-HPG) has almost
isotropic feature, having pores ranging from 50 nm to 1 pum,
and exhibited superior ORR catalytic performance of 92% cur-
rent density retention in alkaline electrolyte with 0.93 V onset
potential (vs 81% retention for Pt/C) even after 10 000 s of
reaction.®! Density functional theory calculations indicated
that N-P-O tridoping is an attractive option for electrocatalysis
since it could significantly enhance the charge delocalization.

It should be mentioned that structural defects, even without
heteroatom doping, have recently recognized to also impart cat-
alytic activities to pure carbon nanomaterials via the so-called
defective doping-induced charge redistribution.'1%l Uti-
lizing this concept, graphene nanoribbon supported graphene
quantum dots were developed showing ORR performance very
closely comparable or superior than the state-of-the-art Pt/C
electrode.l?! This electrocatalytic excellence may be attributed
to the surficial, interfacial, and edge defect sites of quantum
dots and graphene nanoribbons, as well as to the efficient
charge transfer through their intimate interfaces. Clearly, the
quantum defect and interface modification can also be adopted
to 3D porous carbon structures with or without heteroatom
doping to develop defect-induced ORR electrocatalysis. In this
context, biomass-derived 3D porous carbon materials (e.g.,
chitin, keratin, and shrimp shell)2°-204 and p-glucosel?®!
components are also reported to demonstrate as desirable ORR
catalytic performance in microbial fuel cells.2%!
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Clearly, heteroatom-doped 3D carbon structures are supe-
rior electrodes for ORR performance due to increase in charge
redistribution aided increase in O, adsorption and highly
abundant active sites in three dimensions. N-doped 3D carbon
nanostructured materials have been widely used with a few
reports on S-doped carbon structures for ORR applications.
Heteroatom-codoped 3D structures are superior to single-doped
counterparts as evidenced by many studies. Among them, NS-
and NP-codoped 3D mesoporous carbon materials are most effi-
cient for electrocatalysis of ORR and possess potential to replace
precious-metal-based catalysts. However, more research is
required to clearly understand the influence of structural details
of 3D carbon nanostructures on ORR performance. There
needs to bring more advancement in acid-electrolyte-based 3D
carbon catalysts for commercial success in fuel cell technology.

6. 3D Carbon-Based Electrocatalysts for Oxygen
Evolution Reaction

Multiple proton—electron-coupled steps that are involved in oxygen
evolution reaction to produce molecular oxygen(?72%! is pH sen-
sitive. In basic solution, hydroxyl groups (OH") are oxidized into
H,0 and O,, whereas in acidic and neutral electrolytes, two adja-
cent water molecules (H,0) are oxidized in four protons (H*) and
oxygen molecule (O,). The equilibrium half-cell potentials ( EY ) at
1 atm and 25 °C for OER are shown as follows:2*%)
OER in alkaline solution

40H < 2H,0+0,+4e  E}=0.404V
OER in acidic solution
2H,0<4H" +0,+4e E’=1.23V

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Doped (co- and tridoped) carbon-based 3D catalysts for ORR.
Material Synthesis method Chemical content Electrolyte Onset potential Tafel slope Stability Ref.
and property [V]and n [mV per decade]
N/S-codoped C
N/S-G frameworks Graphene oxide and ammonium N, $12.3% 0.1 m KOH 0.27 85.2% [176]
thiocyanate/autoclave (180 °C) and 18.4% (Ag/AgCl, 3 m), 3.9 after 20 000 s
N- and S-codoped Templateless and no toxic gas N, S:=0.58, 1 at% 0.1 m» KOH 0.051,3.67 76.5% after [177]
micro/mesoporous  thermal reaction at high temperature 20000 s
carbon foams (1000 °C) between sulfur sphere core
and polyaniline shell
N/S C with Monodispersed silica spheres+ 1-methyl-  4.4%, 2.6%, 1.1% and 0.1 M KOH  -0.11 (Hg/HgO), 95% after 10000 s [178]
macroporosity 3-propagylimidazolium bromide] 1.0% at 800, 900,1000, 3.4t03.8in-03to
[bis (trifluoromethyl) sulfonyl imide+ pyrolysis and 1100 °C —0.7 V range
in N, at different temps, SiO, remove in HF ~ SA=1146.6 m? g~
(1100 °C)
Porous S/N-C Honeysuckles pyrolysis in N, at 600-900 °C S-0.46%, N-1.75, 0.1 m KOH 0.027 (Hg/HgO), 3.6 Good stability after [179]
from honeysuckles SA =246 m? g’ 1000 cycles
N/S-doped hollow Triton X-100, pyrrole, aniline, N = 4.2% (wt), 0.1 m KOH 0.93V,3.9 90% after 20 000 s [180]
C sphere ammonium persulfate: pyrolysis S =3.8% (wt)
S/N-C aerogel Glucose and ovalbumin heated in autoclave N-3.3%, S-0.5%. 0.1 m KOH -0.13V 89% and [182]
at 180 °C for 5.5 h; N source: 900 °C pyrol- ~ SA=~224.5m? g”! 0.1 m HCIO, (Ag/AgCl), 2-4 ~75% after 12000 s
ysis in Ny; S source: S-(2-thienyl)-L-cysteine >0.2V
(TC) or 2-thienyl-carboxaldehyde (TCA), (Ag/AgCl), 2-4
N/S-porous carbon iron and polyquaternium-2 dispersed onto N =3.9% (at), S=0.76% 0.1 m» KOH 0.95 (SHE), 3.97 100% and [183]
SiO, spheres followed by coagulation, (at); SA=1201 m?2g™", 0.5m H,SO, 0.8 (SHE), 3.97-3.99 95.2% after
pyrolysis, SiO, removal and H,SO, leaching  pore, d =~ 1-28 nm 5000 cycles
N/S graphene Self-assembled pyrrole polymerized on =~9.05% (at), 0.1m KOH  0.338 (Ag/AgCl), 4 78.2,77.4% [184]
graphene oxide template, pyrolysis S=1.65% (at) 0.5 m H,SO, 0.73 'V, 3.92 after 30000 s
N/S-porous C/Pt lonic liquid (1 butyl 3 methylimidazolium N, S=7.03,1.68 at%, 0.5 m H,SO, 0.85 (SCE), 4 =100% after [185]
bis(trifluoro methylsulfonyl)imide) SA=1424 m? g™ 126 000 s
(C1oH15FgN3045,)+KCl+ZnCl,
pyrolysis at 850 °C
N/S-C nanowire Hydrothermal synthesis using N-6.38%, S-0.84 at%, 0.1 m KOH 0.905V, 4.3 91% after 20 000 s [186]
aerogel p-(+)-glucosamine hydrochloride SA=870m? g™
and thiourea, pyrolysis at 900 °C
B/N-codoped C
N-, B-, B/N-doped Ni foam template and 0.1 M KOH 3.7 (Ag/AgCl), 3.6 85%, 70% and  [187]
3D G networks electrochemical doping and 3.8, respectively. 82% after 3000 s
Hydrogel: B/N- Pyrolysis of agarose hydrogel containing TBE B/C=0.1%, 0.1 m KOH —-0.18 (Ag/AgCl), 95.3% after [88]
doped porous C buffer (boric acid, tris base, and ethylenedi- N/C =0.7%, 3.64 10 000 cycles
network aminetetra acetic acid); KOH activation. SA = 2666 m? g’1
B/N-doped gra- GO treated with urea and chitosan, then the Pore diameter = 0.1mKOH  -0.07 (SCE), 3.87 73 mV 95% after 10000s [188]
phene aerogel product pyrolyzed at 1000 °C mixing with 88.3-185.6 nm, per decade
boric acid SA=5457m?2 g,
h-B/N rGO rGO/BN by hydrothermal method, hBN = 5 wt% 0.1 m KOH 0.798 (Ag/AgCl, =~95% after [189]
composite annealing at 750 °Cin N, Sat.), 3.8 10 000 cycles
N/P-codoped C
N/P porous C copyrolyzing N and P containing precursors 1083 m? g 0.1 mKOH  0.946 (RHE), 3.9-4 [190]
+ poly(vinyl alcohol) /polystyrene: hydrogel
composites
N/P-G Partially unzipped CNTs and ammonium N-0.94% 0.1 m KOH 0.90 (RHE), 3.97 46.7 mV per  =96% after 600s [191]
nanoribbons/CNT dihydrogen phosphate (NH4H,PO,) P-2.56% decade
composites grounded and annealed 900 °C
for2hinN,
N/P-porous carbon Melamine+amino trimethylene phosphonic N-3.48, P-0.91 at%, SA 0.1 m KOH 0.92 (RHE), 3.89 84.2% [192]
acid+carbon quantum dots, pyrolyzed up to =743 m? g™ (900°C)  0.5m H,SO,  0.74 (RHE), 3.64 73.6%

1000 °Cin Arfor 1 h
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Material Synthesis method Chemical content Electrolyte Onset potential Tafel slope Stability Ref.
and property [Vland n [mV per decade]
P/C3N, nanosheets Nitrilotris (methylene)-triphosphonic N-42.72, 0-6.03 0.1m KOH 0.87 (Hg/HgO), 3.83 89 mV per =~94% after [193]
and —NH,-function- acid with dicyandiamide-thermal and P-4.53%, decade 3000 cycles
alized carbon black  polycondensation at 600 °C—addition SA=286m?g
composite of NH,-CB and freeze-drying
N/F-codoped C
N/F-C aerogel Hydrothermal carbonization of glucose and ~ N-1.8, F-0.04 at%, 0.1 m KOH 0.912 (RHE), 3.7 70 mV per  95% after 20000 s [194]
ammonium fluoride up to 1000 °C in N, SA-768.4 m? g7 decade
Tridoped C
N/P/O-G Mixture of ball-milled Artemia cyst O,N,P-9.12,1.19and  0.1MKOH  0.928 (RHE), 3.83 92% after 10000s  [89]
shells and red P: KOH activation and 1.02 at% respect.
pyrolysis at 850 °C SA = 1406 m? g™
N/S/O hierarchical ~ Melamine, nickel sulfate and potassium ~ N-2.1,S-0.8 and O-3.8 0.1 MmKOH  0.94V (RHE), 3.85 ~95% after 100h  [30]
C sheet with holes  chloride ball milled and pyrolyzed at 800 °C  at%, SA=576 m?>g™ 0.5 m H2SO, ~0.9 V(RHE)
N/P/F graphene Pyrolysis (650 °C) of GO-PANi in N-7.11, P-0.37 0.1MKOH  =0.93 (RHE), 3.85 100% after 1.4h  [57]
ammonium hexafluorophosphate (AHF) and F-0.33 at%,
SA=512m?g’!

In order to maintain the working voltage around 1.23 V and
to avoid the pH influence on the applied potential’, a reversible
hydrogen electrode is usually adapted as reference.2%! As it is
known, the evolution and transfer of four electrons out of O,
molecule needs multistep reactions of single electron transfer
in each step to achieve favorable kinetics for OER process to
take place. Also, sluggishness in OER kinetics is triggered by
the energy accumulation at each step, resulting in a huge over-
potential. So, to overcome the energy barrier highly active OER
electrocatalyst is required.?'%?!1l Consequentially, characteris-
tics of an ideal OER catalyst should be of high catalytic stability

Table 4. Carbon-based heteroatom-doped 3D catalysts for OER.

with related low overpotential, low cost, and earth-abundance
for large-scale commercialization.

The heteroatom-doped 3D carbon materials and their OER
catalytic performance is summarized in Table 4. Although
N-doped mesoporous carbon showed a better OER catalytic sta-
bility,2° N/O-codoped hydrogel?'¥ has shown a lower onset
potential (1.28 V) for OER in 0.1 v KOH besides that observed
in N-doped porous carbon'?l and C;N,/CNT composite cata-
lysts.[231 The (0.5 M H,SO,4) N/O hydrogel exhibited a better OER
performance as compared to that in commercial IrO, electrode
in acid medium.?'¥ In an alkaline medium of (0.1 v KOH) even

Material Method Content and Electrolyte Onset potential  Potential at 10 mA cm™ Stability Ref.
property [RHE] and n [RHE] and Tafel slope
[mV per decade]
N-porous C Pyrolyzed GO and dimethylsulfoxide N-4.1 at%, 0.1 m KOH 1.52V,3.9 161V ~100% after [212]
mixture at 700 °C SA=560m? g 20 cycles
C3N4/CNT Low-temperature self-assembled SA=149m? g, 0.1 m KOH 153V, 4 16V,83 86.7% after 10h  [213]
CNTs and g-C;N, sheets N-23.7 wt%
N/O-C hydrogel rGO and CNTs layer-by-layer N/C-9.9%, 0.1 m KOH 1.28 V, 4 better 1.7V, 141 better ~80% after [214]
assembly, autoclaved N-doping with  SA=519m?g™  0.5m H,SO, than IrO, than IrO, 200 cycles
ammonia
S/N-C foam Exfoliated graphite via acid+thiourea, N,S=1.18 0.1 m KOH 155V, 0.38V, 98 77% after 16 h [215]
autoclaved 12 h at 180 °C and 0.51 at%
S/N-G/CNTs urea and thiourea treated GO+CNT, N-0.71, O-3.1, 0.1 m KOH 157V, 4 1.89V, 103 - [216]
autoclaved at 180 °C for 12 h S-1.26 at%
N/P-doped active Calcined and acid treated C paper+ SA=473m?g™ 1mKOH 151V, 4 154V, 87.4 93.4% after 12h  [217]
C-fiber electrochemical hydrogel growth in (IrO, = 72.9%)
aniline and ethylene diphosphonic
acid, pyrolysis 2 h at 700 °C
P/C3N,—C fiber Pyrolysis at 550 °C of hydro- N-13.2 wt%, 0.1 m KOH 1.53V, 1.63V,61.6 93.4% after30h  [218]
thermal treatment of c-paper in P-0.9 wt%

melamine+ethylene diphosphonic
acidpyrolysis
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Figure 6. Theoretical OER study: atomic structural details of: a) N- and P-codoped carbon and the corresponding modification after adsorption of:
b) OH*, ¢) O%*, and d) OOH* intermediates. e) Estimated free energy diagrams for the OER pathways on N/P-codoped carbon lattice at 0 V, 0.402 V
(the equilibrium potential), and 0.907 V. f) Volcano plots of OER overpotential for differently doped metal-free and metal-based electrodes versus the
of O* and OH* adsorption energy difference. g) The electronic density of states (DOS) for the differently doped carbon materials. a—g) Reproduced

with permission.[17l Copyright 2017, Wiley-VCH.

with a very low doping amount (0.5-1.26 at%), an efficient OER
performance was also observed in S/N-codoped foam and rGO/
CNT composite electrodes. This is known to be due to the syn-
ergistic effects, modification in electronic configuration in the
catalysts, and modulation in conducting properties.?!>21% How-
ever though, the catalytic stability of the S/N-doped electrodes is
lower as compared to that of the N- or N/O-doped carbon-based
catalysts. As such, 3D carbon catalysts codoped with P/C;N,[218l
or P/NPI showed an excellent OER stability (>93% current
density retention) in alkaline medium (0.1-1 M KOH) for up to
30 h continuous operation. Here, the P and N codoping of the
hierarchically porous carbon nanofibers were done by directly
growing polymer nanowires on conductive carbon paper
through electrochemical polymerization of aniline monomer in
presence of phosphonic acid and followed by carbonization.%!
The obtained 3D carbon catalyst shown excellent stability
(hardly any attenuation in continuous 12 h operation) and high
OER performance with a relatively low (0.31 V at 10 mA cm™)
overpotential, which is comparatively close to that of iridium
oxide (IrO,) and the precious benchmark.l!”]

Experimental investigation has revealed that codoping carbon
with P and N led to an increase in active surface area and the
density of active sites in comparison to the single doped or
pristine carbon-based counterparts. DFT calculations indicate
that N and P dopants synergistically coactivate the adjacent C
atoms, inducing enhanced activity toward OER.2'7! This implies
that N,P codoping can sufficiently decrease the total free energy
for carbon framework as compared to that of pristine or even
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single-doped carbon structures. If the potential is reduced to 0 V,
the initial three steps, related to the electron transfer on adsorbing
HO*, O*, and OOH*, respectively, become endothermic. How-
ever, the fourth step remains exothermic which is related to
desorption of O,. Interestingly, the third step relates to highest
reaction energy barrier ultimately controlling the reaction rate-
determining step. When the potential is raised close to 0.907 V
(i.e., 0.505 V overpotential), all the above-mentioned elementary
reaction pathways show downbhill and exothermic characteristics
triggering the OER to occur spontaneously. Figure 6 illustrates
the initial structure of N,P-codoped carbon lattice (Figure 6a) and
related structural modulation after adsorption of OH* (Figure 6b),
O (Figure 6¢), and OOH* (Figure 6d) intermediates. The Gibb's
free energy diagrams of the OER catalytic reaction pathway on
N,P-codoped carbon possessing different potentials infer sponta-
neous reaction mechanism. Obviously, the electrocatalytic OER
overpotential was considerably reduced through heteroatoms
codoping. This observation prescribes that OER performance can
be well improved by N,P-codoping in carbon structures.?”] In
fact, the heteroatoms codoping into carbon materials have pro-
duced numerous OER electrocatalysts with even multifunctional
activities [62,9091,169,218-226]

Therefore, SN- and NP-codoped 3D carbon-based electrodes
are most efficient for OER electrocatalysis. Particularly, heter-
oatom (P and S)-doped C;N4-based porous carbon structures
are excellent electrode candidate in this context. Codoping
induced enhancement in OER efficiency by 3D carbon cata-
lysts are often attributed to heteroatom induced charge
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redistribution and synergistic effects related to doping. There
are various parameters related to 3D carbon materials to influ-
ence onto OER activities which must be emphasized through
more in-depth research studies.

7. 3D Porous Carbon-Based Electrocatalysts
for Hydrogen Evolution Reaction HER

Although hydrogen's superb emission-free fuel characteristics,
hydrogen is mostly generated through steam reforming of nat-
ural gas—a process that generates s carbon dioxide emissions
(also observed in water gas shift reaction).??”??8] In contrast,
electrochemical process of water reduction can produce H, via
hydrogen evolution reaction with no environment-degrading
emission. However, the high cost of Pt, active electrocatalyst
used for most HER, has impeded the large-scale commercial
production of H, through HER. Hence, it would be very impor-
tant to develop cost-effective and efficient HER electrocata-
lysts alternative to Pt. I this context, metal-free electrocatalysts
derived from carbon have emerged to be an excellent alternative
to Pt since several years. Henceforth, intense research efforts
have been devoted in fabricating 2D carbon-based HER electro-
catalysts.[229-232] The utilization of 3D carbon architectures for
HER is a recent addition to this field.2*3-240] Nevertheless, a few
specific heteroatom-doped carbon have recently been demon-
strated to exhibit attractive catalytic activity and stability toward
HER in neutral, basic, as well as acidic conditions.

There are different mechanisms, Volmer/Herovsky/Tafel, for
HER as shown below although these holds for other electro-
chemical reactions, such as ORR and OER as well:12*]

www.advmat.de
H,0+e” — H"+HO"; Volmer (120 mV per decade)
H,0+e +H" — H, + HO"; Heyrovsky (40 mV per decade)
H"+H" — H,; Tafel (30 mV per decade)nn

The Sabatier principle, most sensitive factor that influences
HER rate, is the electrochemical balance between adsorption
and desorption, which is, generally presented by a “volcano
plot.”1230-2321 Competing reactions determines HER rate, when
the substrate interaction is too slow the Volmer reaction is
inhibited, whereas, the Tafel/Heyrovksy reaction is suppressed
when it is very strong. Thus, in regulating the HER process it
is important in properly selecting interfacial properties between
the catalyst and electrolyte layer along with ensuring a well-
maintained sorption on the catalyst surface. In this regard,
the relative adsorption free energy of the H* intermediate is
used to evaluate HER performance for a catalyst and used as
an indicator of the catalytic activity. Related to this, Conway
and Tilakl?*%! developed a model for inspecting the underpoten-
tial deposition coverage of hydrogen on reaction surface and
derived the Tafel slopes associate with various mechanisms. The
structural defects and heteroatom induced defects in carbon
structures modulate the initial charge distribution to introduce
electron accumulation area as the catalytic active site for HER.?
This mechanistic understanding of the carbon-defect enhanced
HER is applicable to all graphitic and active carbon structures.

Table 5 summarizes heteroatom-doped 3D carbon-based
catalysts for HER.2*2401 Among them, the N-doped plasma

Table 5. Heteroatom-doped 3D carbon-based catalysts for hydrogen evolution reaction.

Material Method Content and Electrolyte onset potential Vat10 mA cm2 Stability Ref.
property [V vs RHE] and Tafel slope
[mV per decade]
Microporous graphitic 1,2,4,5-Benzenetetramine SA=928 m?g”! 0.5 m H,SO, —0.26 —0.44,121 - [234]
N—C framework tetrahydrochloride condensation
reaction with octaketo-tetraphenylene
assisted with ZnCl,
Poly(3,4-dinitro- Yamamoto polymerization: 1M H,SO, -0.04 -0.12, - [235]
thiophene) /SWCNT SWNT+PDNT (41.9%) mixture
composite in DMF, pyrolyzed at 70 °C, and
acid wash
N-doped, plasma- Hydrothermal treatment of N-6.9 at% 0.5 m H,SO,4 -0.06 -0.13, 66 both =100% [236]
etched 3D graphene GO+dopamine, 800 °C pyrolysis, 1 mKOH -0.14 —-0.22,108 after 20 h
20-30 min Ar plasma etching

gC3N,4 nanoribbon Autoclave of g-C3N, and GO =~23.74 at% 0.5 m H,SO, -0.11 —-0.27, 54 =~130% after 15h  [237]
network suspended mixture at 180 °C
Porous Cynamide+SiO, spheres— N-4.6 at%, 0.5 m H,SO4 —-0.008 —-0.08, 49.1 86.3% after [238]
C3N,@N-graphene hydrothermal treatment, plus SA-58 m2 g™ 5000 cycles

GO+NH,OH, hydrazine reduction
N/P-C nanofiber Electropolymerization in phytic acid of ~Electrochemical 0.5 m H,SO,4 -0.08 -0.15, 69 =~100% after ~ [239]
network aniline (precursor for N and C), then SA =325 mF cm™? 2000 cycles

pyrolysis

P graphene—-C;N, Pyrolysis of GO+triphenylphosphine, ~ N-42.12, P-2.12 0.5 m H,SO, -0.076 —0.34, 90- 97.53% after 8.3 h [240]
hybrid 900 °C, + dicyandiamide at%, SA-119 m? g 0.5 m KOH -0.62

lyophilization, pyrolysis at 600 °C
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etched 3D graphene has shown promising HER performance
in acid (0.5 m H,SO,) electrolytes with —0.06 V (RHE) onset
potential.l2%¢! For example, C;N, networks of pristine or het-
eroatom doping, have been tested for HER in both acid and
alkaline media,?¥-238240 and the graphitic C;N, nanoribbon
network in 0.5 m H,SO, electrolyte showed HER onset potential
of —0.11 V (RHE) while P-doped graphene and C;N, composite
catalyst exhibited an onset potential of about —0.076 V
(RHE).237249 Also worth to note that porous C;N, nanolayers
composited with N-doped graphene nanosheets revealed
the lowest onset potential of —0.008 V (vs 0 mV for Pt/C, vs
RHE @ 0.5 mA cm~2) in 0.5 m H,SO, electrolyte with very good
durability (negligible activity loss >5000 cycles).[*®! This is due
to the synergistic effects originated from i) 3D conductive gra-
phene network, ii) hierarchical porous structure composition in
the hybrid material, and iii) exfoliation of C;N, into nanosheets
and highly dense active sites produced by incorporation of
pores on the plane of C;N, sheets.?3¥ Also, other 3D carbon
HER catalysts include poly(3,4-dinitrothiophene)/SWCNT com-
posite?31 and N/P-codoped carbon nanofiber network.?>’!

Heteroatom-doped or codoped 3D carbon materials are
promising for efficient HER activities due to the charge transfer
induced potential modulation on the electrode surface and high
active surface area which facilitate the charge transport as well
as mass transfer through the porous 3D network. However, the
3D nanostructure must be highly conductive for superior HER
performance. In fact, 3D carbon nanostructures for HER appli-
cation needs more research attention. Among doped carbon 3D
nanomaterials C3;Ny-based electrodes doped with P or compos-
ited with carbon allotropes have been used for HER electroca-
talysis toward efficient water splitting. More research is needed
in this respect to replace or even be compared with metal-based
HER electrocatalytic performance.

8. 3D Carbon-Based Multifunctional
Electrocatalysts

Multifunctional electrocatalysts, its inherent flexibility of
enabling various redox reactions with significant cost reduc-
tion, have attracted focused research attention. In this matter,
bifunctional 3D carbon catalysts related to ORR and OER
activities is summarized in Table 6. As can be inferred from
data in Table 6, chemically and electrochemically synthesized
(N, P, C3Ny, and B)-doped and (N-C3N,, P/C;Ny, P/S, B/N, and
N/S)-codoped carbon 3D electrodes exhibited electrocatalytic
activities for both ORR and OER.[629091.169.218-226] Aq guch, in
bifunctional catalysts development, hydrothermal synthesis of
N-doped mesoporous carbon nanosheet and MWCNT hybrid
composite by pyrolyzing glucose, urea, and CNTs has shown
to be an efficient approach.??’l The resulting hybrid exhib-
ited notable OER performance showing low onset potential of
about 1.50 V versus RHE and an overpotential of only 0.32 V
at 10 mA cm2 while an onset potential of 0.95 V foe ORR with
an electron transfer number of 4 in alkaline medium (0.1 m
KOH). The observed outstanding bifunctional catalytic activity
is attributable to several factors, namely, mesoporous structure
for a full exposure of active sites available to high specific sur-
face area (594.1 m? g7!), high N content (10.7 at%), improved
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mass/electron transport, simplistic adsorption/release of
oxygen bubbles, and a stable structure.l?’]

Data in Table 6 reveal that heteroatom-doped C3;N, can
exhibit excellent catalytic performance for ORR and OER
both, though primarily in alkaline media (KOH). Particu-
larly, P-doped C3N, nanoflowers produced onto a carbon fiber
paper showed onset potential of —0.94 V for ORR and 1.53 V
for OER.[?'®! Furthermore, C nanocrystals (P,S-CNS; Figure 7)
sandwiched in P/S-codoped C;N, sponge demonstrated excep-
tionally high specific surface area (1474 m? g7') and higher
ORR and OER bifunctional catalytic activities than of Pt/C for
ORR and RuO, for OER, respectively, in spite of limiting cur-
rent density and onset potential (Figure 8a—f).°!l The resultant
electrode exhibited an outstanding durability and suitability as
oxygen cathode in rechargeable primary Zn-air batteries. These
Zn-air batteries indicated remarkable open-circuit voltage of
1.51V, excellent discharge peak power density of 198 mW cm™2,
notably high specific capacity of 830 mAh g!, and robust
durability even after 210 h mechanical recharging. An excel-
lent reversibility and durability with favorable small polariza-
tion in charge-discharge voltage (0.80 V at 25 mA cm™2) have
also been reported for the Zn-air battery in three-electrode
configuration (Figure 8g—j). DFT investigation reveals that
the mechanism behind the exceptional electrocatalytic per-
formance of P,S-CNS is due to the codoping-induced efficient
mass/charge transport associated with high conductivity of the
C;N,/C composite.l!]

It is obvious that recent rapid development of flexible
and wearable electronics requires flexible power sources.
However, processing and fabrication of flexible electrode
fabrication for ORR and OER operations is still a big
challenge.[9091:169.218.223-242] Ty this context, the flexible and suf-
ficiently large-area 3D mesoporous N-functionalized carbon
microtube (NCMT) sponge is very interesting.®® The struc-
ture possessed micrometer-scale hollow core with graphitic
interconnected pore walls. The NCMT sponge demonstrated
very good electrocatalytic ORR and OER performance showing
very small potential difference (0.63 V) in between OER
(10 mA cm™?) and ORR (3 mA cm™) current densities.”! In
another effort, a high-temperature pyrolysis method was used
by Liu et al. to fabricate nanoporous carbon nanofiber films
(abbreviated as, NCNFs). This porous film demonstrated excel-
lent bifunctional catalytic performance for ORR and OER. The
corresponding onset potential for ORR was 0.97 V versus
RHE with a limiting current Density of 4.7 mA ¢cm™ and the
OER onset potential was about 1.43 V with a value of 1.84 V at
10 mA cm™2. These values are very good as per the metal-free
carbon-based multifunctional electrocatalysts. Furthermore, the
NCNFs were flexible and have 1249 m? g! specific surface area,
147 S m! electrical conductivity, 1.89 MPa tensile strength,
and 0.31 GPa tensile modulus. These features made the elec-
trode very attractive together with its excellence as air cathode
for flexible, high-performance primary liquid ZABs (with high
maximum power density of 185 mW ¢cm2 and specific capacity
of 626 mAh g7}, and energy density of 776 Wh kg™!) and also for
rechargeable liquid ZABs (tiny charge—discharge voltage gap of
=0.73 V at 10 mA cm™2, high retentivity with an initial round-
trip efficiency of 62%, excellent stability (voltage gap increased
by =0.13 V after 500 cycles), and remarkable energy density
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Material Method Content and Electrolyte onset potential ~ Vat 10 mAcm™2[V] Stability Ref.
property [V vs RHE] and n and Tafel slope
[mV per decade]
O-C fiber (surface Edge/defect-rich and O-doped 0-13.9% 0.1 m KOH ORRO0.76 V, 3.5; OER 1.68 V, - Stable over 40000s  [220]
exfoliated) graphene in situ exfoliation on OER1.58V
carbon fibers
N-CNT/G composite CVD-NCNT growth on rGO, N-3.9%, 0.1 m KOH ORR0.97 V, 4; OER1.67V, - - [227]
aided with ethylene diamine ~ SA-175.3 m? g7! OER1.52V, -
N-mesoporous Urea and glucose hydrothermal N-10.7, 0-4.2 at%, 0.1 m KOH ORR0.95V, 4; ORR-, 79 ORR-92.5% (7 h), [222]
C-nanosheet/CNT treatment of with MWCNTs,  SA-594.1 m? g~ OER15V OER1.55V, 55 OER-100% (14 h)
hybrid (N-MCN/CNTs) 800 °C pyrolysis in Ar
N-C microtube Pyrolysis of facial 100% cotton SA = 2358 m? g™, 0.1 m KOH ORR0.89V, 4 OER-1.52V, 246 72.9% after 100 h [90]
sponge (flexible) at 1000 °C under NH; for 1 h C, N, 0—93.2, OER1.5V (Pt/C = 50%)
2 and 4.8 at%
N-doped carbon TTIP/P123/HCI/H20/ethanol  SA=1947 m? g™ 0.1 m KOH ORR0.96 V, 3.9 - 70 [223]
nanonets, in mixture plus dicyandiamide 0.5 m H,SO, OER0.37V 1.6V, 26
g-N-MM-Cnet
N-C/C3N, Chitin +NaOH+ urea+ g-C3N4- N-13.19 at%, 0.1 m KOH ORR0.86V, 3.9 - 76 89.9% [169]
stirring, drying, pyrolysis SA=87.19m2 g OER1.64V, - 1.68 V, — 86.8% after 50 000 s
at 800 °Ciin Ar
P/C3Ny nitride P/gC;3N, directly grown on CFP 0.1 » KOH ORR0.94V, - - 1223 [218]
nanoflowers-on flexible (PCN-CFP) via 550 °C pyrolysis OER1.53V
carbon-fiber paper
P/S C;N, sponge Pyrolysis at 500 °C, N-41.36, P-1.68 0.1 M KOH ORR 0.97 V/4 — 61 (Pt/C78)  97.4%after 8000s  [91]
sandwich with C freeze-drying and S-1.59%, OER1.26 V 1.56, 64
nanocrystals SA-1474 m? g™
Heteroatom-doped Microwave heating and 300 °C SA =499 m? g™ 0.1 m KOH ORR-0.02V, - —, 49.83 [224]
graphene “Idli” calcination of heteroatom- OER0.29V - 35.71
doped GO and rice flour
B/N-porous C Calcination of silicon N-7.94, 0-9.48 0.1 » KOH ORR0.92V, 3.83 123V [225,249]
sphere+methyl violet+boric and B-1.57 at% OER1.19V
acid, then 800 °C and pyrolysis
N/S porous C Teflon-assisted etching of silica ~ N+S-3.21 and 0.1 m KOH ORR0.94 YV, 1.69V [226]
template and simultaneous 0-3.15 wt%, 0.1 m HCIO, 3.86-3.96
1100 °C pyrolysis of sucrose ~ SA =830 m? g™ 0.1 m KOH 0.88V, 3.89-3.96
and trithiocyanuric acid OER1.66 V
N/P mesoporous C  Pyrolysis (1000 °C) of polyani- N =32,P=1.1, 0.1 m KOH ORR 0.94V, 3.85 -, 104 [241]
line aerogel synthesized in the O = 4.9 at%, 0.1 m HCIO, ORR0.64V, 3.8 175V, -
presence of phytic acid SA=1584 m? g™ 0.1 m KOH OER=1.3V

(378 Wh kg™).*2l No doubt, these flexible Zn-air batteries
could be interesting energy supplier while integrated as flexible
and wearable systems or devices for various applications.
Along with the advancement of 3D carbon-based as bifunc-
tional catalysts for ORR-OER, 2412421 3D carbon electrocatalysts
for ORR-HER or OER-HER operations have recently been
under intensive research,?*3-24l a5 seen in Table 7. Among
the 3D porous carbon bifunctional catalysts for HER and
OER, carbon fiber-CNT-C;N, composite and N-P-O-tridoped
porous carbon are particularly promising.?*+24?l Figure 9
shows the synthesis scheme and electrochemical evaluation for
isotropic carbon-based heteroatom-doped metal-free electro-
lyzer made of C;N,~CNT-CF and S—-C3N,—~CNT-CF as bifunc-
tional catalysts for OER and HER in basic as well as acidic
media.?*!l The rationally designed architecture along with the
3D conducting CNT-CF hierarchy helped to show excellent
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charge transport and also facilitated the electrolytic mass trans-
port through the electrode. Also, the high quality dispersion
and durability of the layered C;N, structure enabled the excel-
lent OER electrocatalytic activities (1.52 V onset potential vs
RHE in 1 m KOH), and the sulfur doping improved the HER
performance of the C3;Ny-based electrode with —0.15 V onset
potential versus RHE in 0.5 M H,SO, electrolyte.?** The above
attributes thus promote self-supported systems for proficient,
cheap and environmental protected water splitting.?** Further-
more, the N-P-O-tridoped carbon-based catalyst performed
HER and OER activities both in acid (0.5 v H,SO,) and alka-
line (1 v KOH) medium (Table 7).24¢! It is worth noting that,
compared to bifunctional electrocatalysts, the development of
tri/multifunctional carbon catalysts is still in infancy.3%*7 3D
heteroatom-doped carbon materials for CO,[?43-248250-252] apd
H,0,253-2%] reduction are also in preliminary stage and needs

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. al) Schematic preparation of P,S-CNS catalysts, a2) reaction

steps for production of the C—N polymeric complex. b) Digital images of

P,S-CNS structure sponge. c¢,d) SEM, e) TEM, and f) HRTEM images of P,S-CNS nanostructure (inset: zoomed-in view). g) Related FFT pattern for the
crystallite structure as shown in the inset of (f). h) TEM and elemental mapping of C, N, P, and S of P,S-CNS (scale, 300 nm). a—h) Reproduced with

permission.l’l Copyright 2017, American Chemical Society.

considerable attention. Thus, continued research in these
emerging areas would be of great value.

3D carbon-based heteroatom-doped have long been applied
for bifunctional electrocatalysis in ORR and OER together par-
ticularly for metal-air batteries. It is crucial to fabricate innova-
tive electrodes which perform efficiently for both ORR and OER
to make commercial impact in this field. Heteroatom-codoped
porous carbon materials have demonstrated proficient ORR or
OER activity individually and are comparable to metal-based
catalysts. However, their bifunctional (ORR and OER) property
is often not conclusive. Trifunctional carbon-based efficient cat-
alysts are even more rare. There are few reports on C;N,-based
hybrid electrodes and NS- or NP- or NPO-doped 3D carbon
materials with efficient ORR, OER, and HER performances.

Adv. Mater. 2019, 1805598
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9. 3D Carbon-Material-Based Multifunctional
Integrated Energy Devices

Integrated energy systems for simultaneous energy conver-
sion and storage applications have recently received immense
technological and commercial interest. Fundamentally, a com-
plete energy system should contain the energy conversion
(e.g., solar cells, nanogen erator, among others), energy storage
(such as Li-ion batteries, water splitting electrolyzers, super-
capacitors, along with others innovative devices), and energy
consuming units (e.g., photodetectors, pressure sensors, and
magnetic sensors).?6262 Due to technical difficulties in real-
izing the complex integration and challenges of achieving the
low-cost, highly efficient multifunctional catalysts, only a few
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Figure 8. a) LSV plots for ORR in O,-saturated 0.1 m KOH medium (1600 rpm). b) LSVs of P,S-CNS of ORR at different rotational speeds; inset:
K-L plots at different voltages. c) The HO, yield produced in ORR and estimated electron transfer number of P,S-CNS. d) LSVs for OER in 0.1 m KOH
electrolyte (1600 rpm). e) Tafel plots of ORR and OER. f) LSV curves for ORR and OER in 0.1 v KOH at 1600 rpm and 5 mV s™' scan rate, g) charge-
discharge cycles for rechargeable ZABs 2 mA cm™2 in two electrode configuration with P,S-CNS as air electrocatalyst, h) charge—discharge polarization
plots of ZABs in three electrode configuration using commercial Pt/C, P-CNS, S-CNS, and P,S-CNS as air catalysts, i) schematic diagram of trielec-
trode ZABs, and j) galvanostatic charge—discharge cycles for rechargeable ZABs in three electrode mode using P,S-CNS as bifunctional electrocatalyst.
a—j) Reproduced with permission.l®l Copyright 2017, American Chemical Society.
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Table 7. Heteroatom-doped metal-free carbon-based 3D catalysts for trifunctional activities toward ORR, OER, and HER.

Material Method Content and Electrolyte  onset potential Vat 10 mA cm™? Stability Ref.
property [V vs RHE] and Tafel slope
[mV per decade]
N-activated C Pyrolysis of activated C in NH; N-3.73 at% 0.5 m H,SO,4 HER -0.34 0.34, 66 =100% and 90.6% [243]
flow at 500 °C for 3 h followed by 0.1 m KOH ORR 0.882 - 57 after 20 000 s
calcination at 1050 °C for 2 h
S-C3N,/CNT/C fiber (HER) Melamine solution soaking of clean  SA-53.7 m? g™ 0.5 M H,SO, HER -0.15 0.236, 81.6 88.3$ after 12h  [244]
C3N,4/CNT/C fiber (OER) cotton cloth dipped into MWCNT 1 m KOH OER 1.52 1.6, 45 89.6% after 14 h

suspension; heating (90 °C),
calcined in Ar (550 °C), then heating
with S powder (450 °C)

N/P C network 1000 °C pyrolysis of melamine-phytic N =3 and 0.5 m H,SO, HER -0.14 —0.16, 89 =96% after 4 h-  [55]
acid supermolecular aggregate+tGO P =2.2 at%, 0.1 m KOH ORR 0.92 35e
SA-375 m? g™
N/P/O-porous C Acid-oxidized carbon N-0.46, P-0.32 and 1M KOH HER -0.4 —0.45, 154 =95%, 5 h [246]
cloth+ailine+phytic acid+ammonium  O-16.4 at% 1M KOH OER 1.64 1.65, 84 =97%, 5 h
persulfate hydrothermal treatment; 0.5 m H,SO, HER -0.33 —-0.39, 109 =~80%, 5 h
1000 °C pyrolysis for 2 h in N, OER 1.7 1.7, 200 =90%, 5 h
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Figure 9. a) Schematic preparation process of self-supported C3N,-based metal-free electrolyzer, b) digital photograph, c,d) SEM images and e,f) HRTEM
images of the C3N,~CNT-CF electrode, g) LSV and h) Tafel plots of CNT-CF, C3N,~CF, C3N,~CNT-CF, S-C3N,~CNT-CF and Pt in 0.5 m H,SO, at 5 mV s~
i) Chronopotentiometric response of S—C3N,~CNT-CF in 0.5 m H,SO,. j) LSV curve of S-C3N,~CNT-CF in 1 m KOH at 5 mV s (inset shows the Tafel
slope). a—j) Reproduced with permission.'®% Copyright 2016, The Royal Society of Chemistry. k) Preparation steps of melamine—phytic acid supermolecular
aggregate, MPSA)/GO-1000 through cooperative assemble along with pyrolysis. Reproduced with permission.> Copyright 2016, Wiley-VCH.
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simple integrated energy storage devices have been realized for
simultaneous energy conversion and energy storage, and/or as
a power source for other electronic devices, such as photode-
tectors and sensors.[?'-271] Heteroatom-doped porous carbon
materials have recently emerged as building blocks for efficient
integrated energy systems and replace the expensive and scarce
precious metal and other metal-oxide-based electrodes.[26>-26¢]

A wire-shaped integrated energy conversion and storage
device was fabricated after twisting two fiber-based elec-
trodes.”’”?! One of the electrodes was composed of titanium
oxide nanotube modified titanium wire and the other electrode
was made of a fiber fabricated with multiwalled carbon nano-
tubes and the electrolyte was prepared by incorporating an I3/
I~ redox ion couple into a redox element.?’" This wire-shaped

www.advmat.de

device performed as an efficient dye-sensitized solar cell
with 6.58% energy conversion efficiency of 6.58% along with
85.03 uF cm™ or 2.13 mF cm™ specific capacitance. Further-
more, the two functionalities could be altered successively
without sacrificing performance.?”")

In another report, all solid-state and efficient self-powered
“energy fiber” was fabricated, which could simultaneously con-
vert solar energy to electric power and store it.?”!! This opens
up a new paradigm for advancement in photoelectronics and
electronics technologies. MWCNT sheet was used for wrapping
up a modified Ti wire to fabricate the PC panel, as illustrated in
Figure 10a—e.”’!! For the ES panel, poly(vinyl alcohol) (PVA)/
H;PO, gel electrolyte was applied onto the titania nanotube-
modified Ti wire, and MWCNT sheets were mounted to make
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0.4 PC off
E 0.3 Discharging
o
£ 0.2-
S
o1 PCon
0.0 - T T
0 100 200 300 400
(d) Time /s Modified Ti wire
200 100mVsT _s00mvs-T MWCNT sheet
—1000 mV 512000 mV s-1 3
E ; g 10015000 mv s-1 P3HT:PCBM PEDOT:PSS PVA/H3P04 electrolyte
g 031 05 A H
; 0.2 —1pA £ 04
0.1 5pA -
0.0 -100-
0 300 600 900 1200 1500 00 02 04
Time /s Voltage / V
(ﬂ ¢ (Y Y A
\\; o‘,.\
A 3 By
v -
y
yyyy
Solar cell Water splitting %}‘,‘@ “Fuel cell
(g)15 (h) 10 (1)1.0 =~
14.7% light (=)
electric 8 / - 100 =
107 ~ S S
& S
£ 11.7% E . =4 £
< solar-to-hydrogen 7 < 4 20.61 tso §
£ 51 olight =) = °
o —o-dark ~Z >0.4] %
~~N,S-3DPG catalyst ) < Voltage [ 1B
0 P==O=O=O==0—0 0 < Power density o
A dark 0.2
0.0 0.5 1.0 1.5 2.0 0 500 1000 1500 2000 0 100 200 300
Voltage (V) Time (s) j(mAmg”)

Figure 10. Integrated polymer solar cell and electrochemical supercapacitor characteristics in flexible and stable fiber form: a) schematics of the
circuit diagram b) charge—discharge characteristics at 0.1 JA current during discharge step, c) charge—discharge plots for the self-charged fiber at 0.1,
0.5, 1 to 5 WA current densities, d) cyclic voltammograms at 100-5000 mV s™' scan rates, e) schematic representation of integrated, all-solid-state,
coaxial fiber device(left and right panels are PC and ES, respectively). a—e) Reproduced with permission.?”!l Copyright 2013, Wiley-VCH. Integrated
perovskite cells with water splitting electrolyzer and a fuel cell: f) Schematic demonstration of the multifunctional hybrid system, g) current density
versus voltage (J-V) characteristics of the perovskite tandem cell for dark and 100 m\W cm™2 light exposure. h) J—t characteristics showing the stability
and retentivity of the energy conversion performance of integrated water splitting device with on external bias under 100 mW cm=2 illumination.
i) Gravimetric polarization curve and power density profile with current density of the integrated fuel cell using H, and O, collected from water splitting
electrolyzer operated by the perovskite tandem cells. f~i) Reproduced with permission.?¢°l Copyright 2017, Elsevier Inc.

Adv. Mater. 2019, 1805598 1805598 (21 of 26) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

the ES panel (Figure 10f=i).?”! The energy density obtained was
1.61 x 107 Wh cm™ and the photoconversion and storage effi-
ciency is found to depend on the thickness of MWCNT sheet
in ES panel with a maximum value of 0.82% for 20 um thick
MWCNT layer and remained unchanged with further increase
in thickness.?®] Furthermore, aqueous solar battery was also
reported for directly converting solar energy and store as elec-
trochemical energy in carbon nitride structures. 2%l

Recently, N,S-codoped 3D graphitic framework (N,S-3DPG)
was utilized to fabricate cost-effective, high efficient, trifunc-
tional electrocatalyst for HER, OER, and ORR altogether. This
technique combines simultaneous HER to produce H, fuel
through photo-electrochemical splitting of water, OER for O,
generation from water, and ORR toward clean electricity pro-
duction in a fuel cell using the H, and O, gases obtained from
HER and OER processes, respectively.?%”! This multifunctional
catalyst, performed light assisted electrochemical water splitting
which was operated by CH3;NH;3PbI; perovskite solar cells and
generated clean energy in the form of electricity utilizing the
obtained O, and H, gases in a H,-0, fuel cell. Figure 10j shows
the detailed mechanism of solar energy conversion and storage
while Figure 10k—-m presents the overall performance of the
integrated energy system. The quantum efficiency of the solar
cell itself was about 14.7%. The operational current density of
the integrated device (Figure 10k) was 7.3 mA cm™2, which
relates to 11.7% solar-to-hydrogen efficiency (Figure 101).12%
Undoubtedly, such innovative efforts using metal-free carbon
catalysts open new avenues for cheap, environmentally pro-
tected and storage-free strategy for renewable production of
clean energy, although more research is required for further
optimization of critical parameters toward a commercial break-
through for an energy sufficient future.l?’?l

10. Conclusions and Perspectives

To make a commercial impact in the field of electrocatalytic
chemical energy storage and conversion, the costly metal and
metal-oxide-based catalysts must be replaced by cost-effective,
but highly efficient, alternatives, due to their low density,
high specific surface area, excellent transport properties (both
electrical and thermal), and suitable mechanical characteris-
tics. 3D hierarchical mesoporous heteroatom-doped carbon
nanostructures have evolved as promising metal-free cata-
lysts to efficiently convert and store energy in various forms.
3D carbon-based hierarchical materials are generally synthe-
sized by a chemical method or chemical vapor deposition
techniques. The chemical method is cheaper and can prepare
large quantity of electrode materials as compared to the CVD
technique. However, 3D carbon materials fabricated by the
chemical method are often inferior in structural homogeneity
and intrinsic conducting properties. On the other hand, syn-
thesizing actual 3D carbon structures with structural homoge-
neity is still challenging. Therefore, more attention is required
in preparing high-quality 3D carbon electrodes through CVD
methods. In this regard, the 3D-printed technique seems very
promising approach as an alternative. The activity of the heter-
oatom-doped 3D carbon electrodes depends on their fabrication
and activation techniques.
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Furthermore, codoping or even tridoping of 3D mesoporous
carbon materials led to multifunctional catalysts with similar
or even better electrocatalytic performance than most of the
precious metal and other transition-metal-oxide-based elec-
trodes, opening up a new paradigm toward commercializa-
tion of renewable energy technologies. However, the debates
on the origin of electrocatalytic activity continues, especially
regarding the recent advances in single-atom catalysts.273-276]
A trace amount of metal impurity can be present in carbon-
based electrodes that are perceived as being metal-free catalyst.
Researchers must be careful in this regard. Moreover, in-depth
studies are undoubtedly required to enlighten the real mech-
anism to achieve ideally excellent electrode with multifunc-
tional (ORR, OER, and HER) activities. This insight can make
advancement in the carbon-based metal-free electrocatalysis for
various energy storage and conversion applications. Conclu-
sively, it can be noted that more research efforts are required
to utilize 3D heteroatom-doped mesoporous carbon electrodes
for integrating various electrochemical energy conversion sys-
tems with solar, thermal, mechanical, as well as other electro-
chemical energy storage systems for efficient, self-powered, and
energy sufficient future.
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