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ABSTRACT: Chitosan-derived N-doped carbon materials are Graphitic-N, Pyridinie-N, Pyrrolie-N
attractive candidates for the preparation of catalysts with a wide :
range of applications. Chitosan is a nitrogen rich (~7 wt %)
renewable biomass resource derived from seafood waste. Nitrogen-
containing functional groups (amine and acetamide) of chitosan

make it a suitable precursor for the synthesis of N-doped carbon Chitosan
materials. This perspective provides an overview on various M z»‘/l&
techniques for the preparation and characterization of chitosan- >
Seafood waste N-doped carbon materials

based N-doped carbon materials and their application in the field
of electrocatalysis and photocatalysis. Additional doping with
nitrogen imparts greater electrochemical stability and basic character to the material due to the ability of nitrogen atoms to accept
electrons. Nevertheless, each type of C—N bonding configuration has unique potential for catalytic reactions attributed to different
electronic structure and catalytically active sites. The ability to acquire desired N-bonding states during the process of doping will
provide a better control over the material application. The promising performance of chitosan-based N-doped carbon materials in
electrocatalytic and photocatalytic reactions is attributed to their improved electronic structure and charge transfer properties.
Moreover, research trends toward the design of chitosan-based N-doped carbons materials with required features for electrocatalytic
and photocatalytic applications have also been identified.

KEYWORDS: Chitosan, N-doping, Electrocatalysis, Photocatalysis, Carbonization, Oxygen reduction reaction, Hydrogen generation,
N-doped carbon

B INTRODUCTION chemicals from it. These have restrained its application in
various fields and make its valorization rather challenging.
However, some industry branches have explored the potential of
chitin and its derivative chitosan in the fields of biomedicine,
food technology, and textiles.’

Chitosan, being derived from partial deacetylation of chitin, is
also a biobased nitrogenous copolymer, made up of repeating
units of N-acetyl-p-glucosamine and p-glucosamine (Figure 1).”
Numerous methods are employed for the deacetylation of chitin
such as steam explosion, alkali treatment, and enzymatic
deacetylation, depending on the required degree of deacetyla-
tion in chitosan.’ Highly concentrated (40%—60%) alkali
treatment is the most widely used method for the deacetylation
of chitin.” Moreover, the deacetylation of chitin is carried out to
different extents depending upon the application of chitosan.
Accordingly, chitosan with various degrees of deacetylation

The recent decline in renewable fossil fuel resources and
growing environmental problems led to a paradigm shift in the
utilization of resources. Biomass valorization has recently gained
considerable attention in an attempt to produce value-added
fine chemicals as well as carbon-based functional materials.
There has been growing interest in the use of polymer materials
derived from biomass such as cellulose, lignin, and chitin for the
preparation of carbon-supported catalysts due to their
significant advantages of being nontoxic, biodegradable, and
biocompatible."” Chitin is a straight chain biopolymer that is the
second most abundant on Earth after cellulose. It is the building
block of the exoskeleton of marine animals, like crabs, shrimps,
and lobsters.” Annually, approximately 6—8 million tons of
chitin waste (crab, shrimp, and lobster shells) are produced
around the globe.4 Nevertheless, the potential worth of the
chitin waste for the chemical and material industries is largely

overlooked. Unlike other biomass resources like cellulose and Received:  December 16, 2019
lignin, chitin is a nitrogen-rich polymer that offers a greater Revised:  February 28, 2020
potential for the production of nitrogen-containing chemicals Published: March 8, 2020

and materials. Chitin is a relatively underutilized resource due to
its inherent insolubility in common (organic) solvents and the
expensive and wasteful methods employed for the extraction of
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Figure 1. Chitosan, a linear polysaccharide composed of (1—4)-linked
p-glucosamine and N-acetyl-p-glucosamine. Reprinted with permission
from ref 10. Copyright (2014) Royal Society of Chemistry.

(DD) is formed. The molecular weight and DD are mainly
responsible for determining the physicochemical properties of
chitosan, specifically solubility. It has been reported that
solubility of chitosan is directly related to DD and inversely
related to the molecular weight.” Generally, it is soluble in acidic
media and insoluble in basic and neutral media (such as water).”

On the other hand, chitosan has a high nitrogen content (~7
wt %)'" due to the presence of nitrogen-containing functional
groups (amine and acetamide) in its structure. This makes it a
suitable precursor for the synthesis of N-doped carbon materials.
These structural functional groups of chitosan are responsible
for the nontoxic, biocompatible, and biodegradable properties of
chitosan.'” Moreover, it offers immense possibilities of chemical
and mechanical modifications for the synthesis of novel N-
doped carbon materials that have numerous advantages over its
synthetic counterparts in terms of environmental and bio-
medical applications.”” To date, various types of N-doped
carbon materials have been prepared from chitosan, such as N-
doped graphene quantum dots, graphene-like N-doped carbon
nanosheets,'* N-doped graphene aerogels,"”” and N-doped
graphitic carbon nanoparticles.'® The detailed descriptions of
the synthesis procedure and application of these materials are
discussed in the following sections. Nevertheless, the low
reactivity and insolubility of chitosan in organic solvents are a
few of the limitations associated with its application for the
synthesis of N-doped carbon materials.'”

This Perspective focuses on the preparation of chitosan-based
N-doped carbon materials especially for electrocatalytic and
photocatalytic applications to demonstrate the potential of
chitosan in these emerging fields. Although, there have been
some studies carried out in the past (over a decade ago) on the
applications of chitosan (as catalyst and catalyst support) in
heterogeneous catalysis (thermal catalysis) and enzymatic
catalysis for the synthesis of fine chemicals and biochemical
applications, respectively," ' these domains will not be covered
here. Instead of covering the whole range of applications in
heterogeneous catalysis, the focus is on the potential of chitosan-
based N-doped carbon materials for electrocatalysis and
photocatalysis.

B N-DOPED CARBON MATERIALS AND C—N
BONDING CONFIGURATIONS

Several efforts have been made to tailor the chemical and
morphological properties of carbon-based materials for
improved catalytic performance. Heteroatom (e.g., nitrogen,
phosphorus, sulfur, and boron) introduction into carbon-based
materials has shown remarkable improvements in various fields
such as catalysis, supercapacitors, lithium ion batteries, and
water splitting reactions.”” For example, N-doping in graphitic
carbon nitride (g-C;N,) improved the photocatalytic activity of
the material for H, generation under visible light. The average
H, generation rate upon doping increased from 15 to 64 ymol
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h™. This enhancement in the activity of the N-doped material
ascribed to the improve light-harvesting properties, retardation
in charge recombination and extended and delocalized 7-
conjugated system.”’

Carbon-based materials are generally rich in oxygen-
containing functional groups on the surface. This results in a
p-doping effect due to the greater electronegativity of oxygen
atoms compared to carbon atoms. Substituting oxygen func-
tional groups on the surface with nitrogen-containing functional
moieties can transform carbon-based nanomaterials into n-type
semiconductors. These materials show both p- and n-type
conductivities due to oxygen functionalities and nitrogen
functionalities. The sp” clusters of carbon nanomaterials serve
as the connection between the p- and n-domains to form a p—n
junction that is responsible for the charge transfer at the
interface.”””*

For the sake of this Perspective, N-doped carbon materials are
considered materials where the incorporation of nitrogen atoms
into carbonaceous materials occurs either into the aromatic
carbon structure or as functional moieties attached to the carbon
atom via covalent bonding. Commonly, three main bonding
configurations have been identified in carbon materials when
doped with nitrogen atoms (Figure 2), i.e., pyridinic-N, pyrrolic-

N: Graphitic, N: Pyridinic, N: Pyrrolic

Figure 2. Three main bonding configurations (graphitic, pyridinic, and
pyrrolic) in N-doped carbon materials. Reprinted with permission from
ref 24. Copyright (2018) Elsevier.

N, and graphitic-N (quaternary-N).”* Pyridinic-N atoms are
bonded to two carbon atoms with a sp® configuration in a
hexagonal structure and offer one p electron to the IT system.
Pyrrolic-N is bonded with two other carbon atoms but with a sp*
configuration and contributes two p electrons to the II system,
like in pyrrole, whereas a graphitic-N atom arises from the direct
substitution of a carbon atom with a nitrogen atom, where the
nitrogen atom is directly bonded to three carbon atoms with a
sp” configuration. Besides the three common N types, aminic-N
and pyridinic-N-oxides also been observed in N-doped carbon
materials (N-graphene and N-carbon nanotubes).”> Never-
theless, each type of C—N bonding configuration has a unique
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Figure 3. Schematic diagram for the synthesis of chitosan-derived N-doped graphene quantum dots N-GQDs. Reprinted with permission from ref 17.

Copyright (2018) American Chemical Society.

potential for catalytic reactions attributed to different electronic
structures and catalytically active sites.”® The ability to acquire
the desired N-bonding state during the process of nitrogen
doping will provide a better control over the material
application. However, the functions of different types of C—N
bonding configurations as catalytically active sites still are a
matter of debate.

B PREPARATION OF CHITOSAN-BASED N-DOPED
CARBON MATERIALS

Various methods were employed for the preparation of chitosan-
based N-doped carbon materials. Nevertheless, controlling the
position of N-doping within the carbon matrix, the density of
doping and acquiring desired bonding configuration (pyridinic-
N, pyrrolic-N, graphitic-N, and aminic-N) remain a significant
challenge.27 Herein, this Perspective summarizes the state of the
art methods for the synthesis of chitosan-based N-doped carbon
materials considering the controlling parameters that govern the
properties of the resulting chitosan-based N-doped carbon
materials for their applications in electrocatalysis and photo-
catalysis.

These methods are generally based on two techniques: direct
synthesis and a postsynthesis N-doping method.

Direct Synthesis. Direct synthesis involves the incorpo-
ration of nitrogen atoms during the synthesis of carbon
materials, also known as an in situ method. Direct synthesis is
typically carried out through direct carbonization of chitosan as a
nitrogen-rich carbon precursor or carbon precursors mixed with
chitosan as a nitrogen dopant. Other methods used for direct
synthesis of chitosan-based N-doped carbon materials include
the solvo-thermal method, chemical vapor deposition (CVD)
method, and arc discharge method.”

Chemical Vapor Deposition (CVD) Method. Chemical vapor
deposition is one of the recent techniques used for the synthesis
of chitosan-based N-doped carbon materials."” CVD involves
the deposition of solid material from a vapor phase by the
decomposition of a carbon precursor mixed with nitrogen-
containing gas on the surface of a metal catalyst. By optimizing
the reaction parameters such as substrate material, temperature,
gas mixture composition, and gas flow pressure, materials with
desired physicochemical properties can be prepared. The CVD
method (Figure 3) has been successfully applied for the
synthesis of chitosan-derived N-doped graphene quantum dots
(N-GQDs). Chitosan has been used as the sole source of carbon
and nitrogen, whereas copper foil was used as the substrate. The
formation of N-GQDs initiated with the decomposition of
chitosan via dehydration and deamination reactions.”® As a
result, different nitrogen-containing volatile compounds (ace-
tonitrile, furan, pyrrole, pyridine, and pyrazine derivatives) were
produced.” The further disintegration of the molecular
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structure of these volatile compounds follows complex
mechanisms involving various chemical reactions accompanied
by the generation of smaller molecular gases like HCN, C,H,,
NH;, CO, and CO,. Then, the reaction proceeds with the
adsorption of HCN (active species) on the copper foil. There
they undergo further decomposition into carbon atoms.
Subsequent nucleation of carbon atoms results in the growth
of N-GQDs."”

Carbonization and Hydrothermal Carbonization. Carbon-
ization is a complex pyrolytic process accompanied by
condensation, isomerization, hydrogenation, and hydrogen
transfer reactions and usually results in an increased elemental
carbon content in the resulting carbon residue.”® The carbon-
ization method is widely used for the synthesis of chitosan-based
N-doped carbonaceous materials. Verma and coworkers®'
reported a simple one-step method to prepare porous
nitrogen-enriched carbonaceous carbon nitride catalysts
(PCNx) through the carbonization of chitosan at 300 °C for 4
h under N, atmosphere. Additionally, a chitosan-based single
layer N-doped graphene film was prepared on hydrophilic
surfaces via a spin coating method followed by carbonization. In
this method, graphene formation and doping of nitrogen occur
simultaneously. The process involves the deposition of chitosan
film on a quartz support by spin coating of an aqueous chitosan
solution prepared in acetic acid (0.3 M). The deposited film was
annealed at 200 °C for 2 h under an Ar atmosphere for the
conformational relaxation (time required to change the
conformation of a polymeric segment) of the fibrils to get
superior quality (highly transparent and conductive) graphene
material. Finally, carbonization of chitosan film within the
temperature range of 600-800 °C results in the formation of a
single layer to a few layers of N-doped graphene film.*

Graphene-like nitrogen-doped (N-doped) carbon nanosheets
(NCN) were also synthesized from carbonization of chitosan
and urea."* At lower temperature, graphitic carbon nitride g-
C;N, is produced from the pyrolytic breakdown of urea that
served as a source of additional nitrogen and a structure-
directing agent for the formation of carbon nanosheets at higher
temperature. Moreover, it is also responsible for the
homogeneous distribution of nitrogen within the graphene
sheets and formation of graphitic and pyridinic bonding
configurations.'* The preparation of chitosan-based NCN
involved the formation of a semitransparent homogeneous gel
from an acetic acid/water solution (5 wt %) of chitosan and urea.
The gel obtained undergoes freeze-drying followed by carbon-
ization at 1000 °C for 5 h under an Ar flow. The process of NCN
formation initiated with the condensation of urea into g-C;N,
and carbonization of chitosan into amorphous carbon at lower
temperature (~500 °C). Meanwhile, NH; produced from the
urea degradation resulted in the doping of nitrogen within the
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carbon matrix. An increase in temperature (~700 °C) triggered
crystallization in an amorphous carbon along with the formation
of N-containing species (NH;, C,N, ", C;N,*, and C5N; ") due to
the decomposition of g-C3N,. This step lead to the formation of
multilayered graphite accompanied by the doping of nitrogen.
When a temperature of 1000 °C is reached, doped nitrogen
species (NH;, C,N,*, C;N,*, and C;N;*) acquired a stable state,
and residual amorphous carbon transformed to graphene
layers."*

Moreover, chitosan-derived N-doped mesoporous carbon
nanosheets have also been prepared by the carbonization of
chitosan and melamine (as an additional source of nitrogen)
preceded by lyophilization (freeze-drying). A two-step carbon-
ization method was employed, and initially precursors were
carbonized at a temperature of 400 °C with a holding time of 30
min. Afterward, the pyrolyzed material was further carbonized
up to 700 °C. Melamine exhibits 3D monoclinic structures
comparable with g-C;N, that assist the doping of nitrogen
during its decomposition.

In order to prepare highly porous N-doped carbon materials,
the process of carbonization has been assisted by chemical
activation. Direct carbonization incorporates nitrogen within
the carbon structure, whereas chemical activation helps to
increase the specific surface area of the N-doped carbon
materials.”” Highly porous N-doped activated carbon has been
produced through carbonization of Arundo donax and chitosan
using ZnCl, as an activating agent. The mixture containing
precursors and an activating agent was carbonized within the
temperature range of 500—700 °C for 2 h under N, flow to
synthesize N-doped activated carbon. ZnCl, as an activating
agent successfully developed porous channels within N-doped
activated biocarbons. Moreover, it has been reported that
carbonization temperature can be optimized to get the high
specific surface area of activated biocarbon. It has been observed
that N-doped activated biocarbons prepared at 500 °C exhibited
higher specific surface area and pore volume as compared to
other biocarbons prepared at 600 and 700 °C. This is due to the
shrinkage of the carbon structure at higher temperature due to
the extremely dehydrating nature of ZnCl,. The textural
characteristics and nitrogen content of the N-doped activated
biocarbons are affected also by the ratio of precursors and
activating agent, in addition to the carbonization temperature.
An increase in the amount of activating agent (0-3 mass ratio)
results in an increase in the specific surface area of N-doped
activated biocarbon at a given temperature (500, 600, and 700
°C). This is due to a property of ZnCl, that penetrates deeper
and causes hydrolysis of the biocarbon accompanied by the
production of volatiles that are responsible for the high specific
surface area and porosity of N-doped activated biocarbon.**
K,COj; has also been applied as an activating agent for the
carbonization of chitosan to prepare N-doped microporous
carbons. In order to tune the textural properties of the material,
carbonization has been carried out within the temperature range
from 600 to 800 °C for 1 h under an Ar atmosphere at different
K,CO;/Chitosan mass ratios (1 and 2). The highest specific
surface area (2569 m* g™') of N-doped microporous carbons
was obtained at 800 °C at a lower (1) K,CO,/Chitosan mass
ratio.”

Moreover, chitosan has also been used as a functionalizing and
N-doping agent to prepare N-doped graphene aerogels (NGAs).
The procedure involves the dispersion of graphene in deionized
water through ultrasonication (3 h) followed by the addition of
chitosan. The resulting suspension was stirred at room
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temperature, then heated at 90 °C for 6 h. Afterward, the
obtained hydrogels were washed with alcohol and acetone and
dried with the help of supercritical CO, to form N-doped
graphene oxide aerogels. Finally, N-doped graphene oxide
aerogels were thermally treated (3 h) at 900 °C (S °C/min)
under a N, flow to get N-doped graphene aerogels. It has been
observed that by optimizing the carbonization temperature
(800, 900, and 1000 °C) the porous structure of the aerogels
could be improved. NGAs prepared at 900 °C exhibited higher
specific surface area and pore volume compared to the aerogels
prepared at 800 and 1000 °C."?

Chitosan has also been utilized to control the volume
expansion and conduction behavior of silicon material.
Chitosan-derived N-doped carbon-coated milled silicon par-
ticles (N-C@m-Si) were prepared through a hydrothermal
carbonization technique succeeded by simple carbonization.
Prior to hydrothermal treatment, Si was ball milled (24 h) to
decrease the particle size. For hydrothermal treatment, a
suspension of chitosan and milled Si (m-Si) nanoparticles (1:3
by mass) were prepared in an acetic acid solution. The
suspension was stirred continuously until a homogeneous
solution was formed. During this process, chitosan adsorption
occurred on the m-Si nanoparticle surface via intermolecular
hydrogen bonding. The solution obtained underwent hydro-
thermal treatment at 180 °C for 12 h. The material produced
through hydrothermal treatment was washed with water and
ethanol and dried at 80 °C for 12 h. Finally, the composite
produced was carbonized at 500 °C (10 °C/min) for 2 h (Figure
4).*° Furthermore, the prepared N-C@m-Si was used as an

Carbonization
500 °C for 2 h at N, atm

A

Hydrothermal Process
180 °Cfor12 h

y
./
§3{<}’

Chitosan  m-Si Chitosan@m-Si N-C@m-Si

& -

---_-__i-_----_----___.

Figure 4. Preparation process of chitosan-derived N-doped carbon-
coated milled silicon particles (N-C@m-Si) electrode materials.
Reprinted in part with permission from ref 36. Copyright (2019)
Springer Nature.

active material to prepare an anode electrode for lithium ion
batteries. N-C@m-Si, polyvinylidene difluoride (PVDF), and
Super P (carbon black) were used at a ratio of 80:10:10 by mass.
N-Methyl pyrrolidone (NMP) was added in the mixture to form
a slurry, whereas PVDF was used as the binder and Super P acted
as a conductive agent. Afterward, a thin copper foil was coated
with a prepared slurry and dried in air for 24 h. Finally, the
prepared sample was vacuum-dried at 120 °C for 5 h.*°

A two-step approach has also been used for the synthesis of N-
doped graphitic carbon nanoparticles (N-g-CNPs) from
chitosan. Here, in the first step, N-doped carbon nanoparticles
(N-CNPs) have been prepared via hydrothermal carbonization
of chitosan at a temperature of 180 °C for 12 h. Afterward, N-
doped graphitic carbon nanoparticles (N-g-CNPs) were
prepared by the pyrolysis of N-CNPs at 900 °C for 4 h. The
N-CNPs (30—40 nm) obtained through hydrothermal carbon-
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Figure S. Synthesis of N-doped reduced graphene oxide (NrGO) using chitosan. Adapted with permission from ref 45. Copyright (2017) Elsevier.

ization were amorphous in nature. Subsequent pyrolysis at 900
°C results in the conversion of amorphous N-CNPs to N-g-
CNPs. Sulfur—nitrogen-codoped graphitic carbon nanoparticles
were also synthesized by adding a certain amount of powdered
sulfur during hydrothermal carbonization.'® In addition, hydro-
thermal carbonization following simple carbonization has also
been employed to prepare chitosan-based metal-containing
composites such as a N-doped carbon-coated CoSnO;
composite (CoSnO;@N-C). The process for the synthesis of
CoSnO;@N-C begins with the hydrothermal treatment of
carboxylated chitosan with amorphous CoSnOj; at 180 °C for 12
h. The material obtained was further calcined at 500 °C for 4 h
under Ar flow. Finally, the composite-obtained CoSnO;@N-C
exhibited cluster-like morphology where CoSnOj particles were
coated with carbon particles.”’

Solvothermal Method. The solvothermal method is quite
similar to the hydrothermal method, with the exception of the
solvent used. During the solvothermal method, a chemical
reaction occurred in an organic solvent instead of water at a
temperature above the boiling point of the solvent. These
conditions speed up the reaction between the solid species and
the organic solvent. Photocatalytically active (visible light)
carbon-coated N-doped TiO, nanostructures (CTS-TiO,) have
been prepared by a single step solvothermal technique. For this,
chitosan has been used as carbon as well as a nitrogen source.
The chemical reaction proceeds with the formation of a
suspension of chitosan and titania precursor (titanium(IV)
isopropoxide) in the mixture of ethanol and glacial acetic acid in
a sealed vessel. The resulting suspension underwent solvother-
mal treatment at 180 °C for 12 h to obtain CTS-TiO,.*

Solvent Evaporation/Solution Cast Method. The solvent
evaporation method is widely used for the preparation of
polymeric materials. This technique involves the dispersion of
the polymer in the solvent through high-speed homogenization,
ultrasonication, or continuous stirring followed by evaporation
of the solvent.”” N-doped carbon material has been prepared
from chitosan via a solvent evaporation-induced gelation
technique. The process involves the mixing of chitosan and
Vulcan-XC 72 carbon black in ethanoic acid. Afterward, the
mixture was continuously stirred and dispersed through
ultrasonication in order to form a homogeneous ink.
Subsequently, gelation was induced via a solvent evaporation
at 50 °C that results in the formation of xerogel. Finally, the
prepared xerogel was thermally treated at 900 °C for 1 h under a
N, flow to form a chitosan-based N-doped carbon material. The
obtained N-doped carbon material has been used as a catalyst
support for the preparation of nanosized platinum electro-
catalysts via a microwave-assisted polyol process. During the
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synthesis, a chitosan-derived N-doped carbon material was
dispersed in ethylene glycol through ultrasonication. Sub-
sequently, a precursor of platinum was added, and then, the
pH of the mixture was adjusted to 11 by adding a 0.1 M NaOH
solution. Later, the whole mixture was irradiated with micro-
waves (800 W) for 90 s to obtain platinum supported on N-
doped carbon materials.”” Furthermore, a Fe;O,/multiwalled
carbon nanotubes/chitosan nanocomposite Fe;0,/chitosan has
been prepared through the solvent evaporation method by
varying the concentration of Fe;O, and MWCNTs. Fe;O, and
MWCNTs were dispersed in water through ultrasonication (1
h), followed by the addition of chitosan and ethanoic acid. The
resulting mixture was stirred for 3 h and subsequently underwent
ultrasonication for 30 min. Afterward, the solution was degassed
and dried at 60 °C to form a nanocomposite film with an average
diameter of 0.04 mm."' Additionally, graphene/chitosan and
cryomilled graphene/chitosan nanocomposite films have also
been prepared following the same method with some
modification in the stirring duration (3 h) and temperature
(80 °C) used for drying.**

Nafion/carbon-coated iron nanoparticles-chitosan (CCINPs-
CS) composite film-modified electrodes have been prepared
through a solution casting method. Prior to casting, a CCINPs-
CS suspension has been prepared by dispersing carbon-coated
iron nanoparticles (CCINPs) into a chitosan solution via
ultrasonication (30 min). Chitosan aids the formation of a stable
and homogeneous suspension. Then, a drop of prepared
suspension was cast on the surface of a glassy carbon electrode
(GCE). Later, the GCE was coated with a Nafion solution and
left to dry in air for 4 h to obtain a Nafion/CCINPs-CS
composite film modified electrode.*’

Postsynthesis N-Doping. Postsynthesis N-doping meth-
ods involve the introduction of nitrogen atoms into the prepared
carbon material through reaction with nitrogen-containing
precursors such as N,, NH;, and N,H,. Postsynthesis nitrogen
doping is carried out in several ways such as thermal treatment,
plasma treatment, and N,H, treatment. The postdoping method
results in surface functionalization of the carbon materials
without changing the properties of the bulk material, whereas
the direct synthesis allows the homogeneous distribution of
nitrogen atoms within the carbon matrix.

Plasma Treatment. Plasma treatment is a state of the art
technique for the surface modification of carbon material that is
applied for the doping of nitrogen atoms and nitrogen-
containing groups within the carbon matrix. During nitrogen
plasma treatment, carbon atoms are partially substituted with
nitrogen atoms. Wang and coworkers* reported N-doped
graphene preparation via nitrogen plasma treatment of chemi-
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cally synthesized graphene. Prior to plasma treatment, a
graphene—chitosan dispersion (0.5 wt % with 2% acetic acid)
was coated on the GCE surface and subsequently dried.
Afterward the GCE was exposed to a nitrogen plasma
environment at a pressure of 750 mTorr and plasma power of
100 W. In order to optimize the atomic percentage of N-doping,
plasma exposure time was varied between 20 and 100 min.** It
has been found that by optimizing the exposure time and plasma
strength the nitrogen content (3—8.5 atom %) in the carbon
materials can possibly be controlled.”

CVD-Assisted Postdoping. N-doped reduced graphene oxide
(NrGO) was prepared via CVD-assisted postdoping of
graphene oxide (GO) through volatile nitrogen-containing
heterocyclic compounds produced through the thermal
degradation of chitosan (Figure S). In a typical experiment,
chitosan (300 mg) and graphene oxide (15 mg) were placed far
apart in a quartz tube (length, 15 cm; diameter, 8 mm) to avoid
the chance of physical mixing. The quartz tube with a precursor
and N-doping agent was placed in a furnace kept at atmospheric
pressure under an argon atmosphere (20 mL/min) and
annealed for 1 h at different temperatures (300, 450, and 600
°C) to optimize the N content and C/O ratio.*

During the process of annealing, chitosan underwent
homolytic bond cleavage (generating radicals) and immediately
formed new bonds through cross-linking reactions. Subsequent
bond cleavage and cross-linking reactions produced volatile
nitrogen-containing heterocyclic compounds (pyrazines, pyr-
idines, pyrroles, and furans) ,46’28 which were transferred via an
Ar flow toward graphene oxide. As a result of the interaction of
volatile nitrogen-containing heterocyclic compounds with
graphene oxide and simultaneous reduction, NrGO was
prepared. Moreover, it has been observed that among the tested
temperature, the optimum CVD temperature was 450 °C with
the highest content of N-doping (4.3 atom %) and maximum C/
O ratio (16).*

B CHARACTERIZATION OF CHITOSAN-BASED
N-DOPED CARBON MATERIALS

Characterization of chitosan-based N-doped carbon materials is
crucial to understand the bonding nature, C—N bonding
configuration, structure, surface morphology (microtexture
and nanotexture), and physicochemical properties for their
electrocatalytic and photocatalytic applications. Moreover, it
will also be helpful in designing new materials, improving their
properties, and gaining insight into the synthesis method-
dependent material properties.”

X-ray Photoelectron Spectroscopy (XPS) Technique.
XPS is the quantitative technique to determine the surface
content of doped nitrogen in chitosan-based N-doped carbon
materials. Moreover, it gives information of whether the doped
nitrogen atom is substituted for a backbone carbon atom or part
of functional moieties.*” In the XPS spectrum, the peak intensity
ratios of N 1s and C 1s are used to calculate the surface nitrogen
content, whereas by the deconvolution of the N 1s spectrum the
C—N bonding configuration in chitosan-based N-doped carbon
materials can be studied. Guo and coworkers*® observed ( Figure
6) four types of C—N bonding configurations in chitosan-based
N-doped carbon nanoflowers, i.e, pyridinic-N, pyrrolic-N,
graphitic-N, and N—O at the binding energies of 398.4, 399.9,
400.8, and 401.8 ¢V, respectively.48

However, slight variations in the peak positions of nitrogen
species have been observed in different chitosan-based N-doped
carbon materials."” Moreover, it has been observed that C—N
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Figure 6. High resolution XPS of N Is peaks for a chitosan-based N-
doped carbon nanoflower. Reprinted with permission from ref 48.
Copyright (2017) Royal Society of Chemistry.

bonding configuration and nitrogen content are greatly
influenced by preparation conditions such as temperature
treatment and changing precursor amount. Generally high
temperature treatment (700—1000 °C) favors the formation of
graphitic-N'*** that is favorable for electrocatalytic*® and
photocatalytic applications.

UV-Vis Diffuse Reflectance Spectroscopy (UV-vis
DRS). UV—vis DRS is a very useful technique to study the
optical absorption properties of the chitosan-based N-doped
carbon materials. Light absorption properties of the chitosan-
based N-doped carbon materials are very crucial for their
photocatalytic application. Liu and coworkers®™ observed that
the color of C self-doped g-C;N, changes from yellow to black
by increasing the chitosan content during synthesis. Interest-
ingly, the light absorption ability of pristine g-C;N, and C self-
doped g-C;N, prepared without the addition of chitosan (CCN-
0) was limited up to 450 nm, whereas after chitosan addition the
light absorption ability of C self-doped g-C;N, at higher
wavelengths has been improved. The C self-doped g-C;N,
optimized sample (CCN-0.2) was able to absorb light within
the range of 450—700 nm. Consequently, the band gap
calculated by the Kubelka—Munk function for CCN-0.2 was
reduced (2.5 eV) compared to pristine g-C;N, (2.7 eV) and
CCN-0 (2.6 eV). The reduced band gap positively influenced
the photocatalytic performance of CCN-0.2 for H, generation,
i.e, 29.1 times (320 gmol h™') more than pristine g-C;N,.*’
Moreover, chitosan has been reported to increase the visible
light absorption and reduce the band gap of TiO, in the form of a
composite. TiO, principally absorbs UV light, whereas the
introduction of chitosan in TiO, enhanced its visible light
absorption up to 650 nm. Besides that, it reduced the band gap
of the prepared TiO, from 3.1 to 2.8 eV.”!

Gas Adsorption/Desorption Isotherm Measurement.
The measurement and analysis of gas adsorption/desorption
isotherms are of major importance for the characterization of the
pore structure of chitosan-based N-doped carbon materials.
Pore structure and specific surface area of the catalyst is closely
linked with electrocatalytic and photocatalytic performances;
therefore, N, adsorption and desorption isotherm measure-
ments have been carried out for chitosan-based N-doped carbon
materials. Pore structure is defined by a number of parameters,
like pore size, pore volume, surface area, and pore shape.>” It has
been observed that an increase in carbonization temperature up
to certain extent (600—900 °C) results in an increase in surface
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area, mesopore volume, micropore volume, and total pore
volume of chitosan-derived N-doped carbon nanoflowers. The
highest surface area (907 m”* g™') and pore volume (1.85 cm?
g~') have been observed for the sample carbonized at 900 °C.
Interestingly, the chitosan-derived N-doped carbon nanoflowers
share the same trend of electrocatalytic activity as that of specific
surface area and pore volume variation. Accordingly, high
accessible specific surface area was attributed to be responsible
for the provision of active sites.** Moreover, high specific surface
area and porosity not only provide numerous active sites but also
support electrolyte ion diffusion. Additionally, the heteroatom in
the carbon material induces redistribution of charge which can
accelerate electron transfer in electrocatalytic reactions.”
Mesopores were found to be mainly responsible for increasing
the number of available active sites, whereas macropores offer
improved mass and charge transport”* thereby making the
available active site kinetically accessible during electrocatalytic
reactions.”

A similar trend of enhanced photocatalytic activity for the
degradation (96.8%) of Rhodamine B (RhB) with an increasing
specific surface area (189 m” g™') has been observed for a
chitosan-derived N-doped, carbon species-decorated TiO,
composite sample that might be attributed to the greater
number of available catalytic sites,® whereas pristine titania
exhibited a smaller specific surface area (129 m* g~') and lower
degradation of RhB (38.2%).”"

Raman Spectroscopy. Raman spectroscopy is a useful
technique for the characterization of the structure and electronic
properties of chitosan-based N-doped carbon materials,
especially graphene-like materials.”> Chitosan-derived N-
doped graphene showed characteristic “G” and “D” Raman
bands at 1580 and 1380 cm™', respectively. The G-band
corresponds to C—C stretching in the graphene material due to a
sp’ carbon network, whereas the D-band is characteristic of a
disordered structure of graphene having low crystallinity.”” The
D-band is also due to the existence of a N atom that acts as a
defect in the graphene layers.”® Moreover, the Raman intensity
ratio (Ip/I) has been used as a measure of graphitization which
is inversely related to the in-plane crystallite size.”” As the I,/I
value increases, the degree of graphitization and crystallite size
decreases. Besides that, the temperature applied for the synthesis
of materials also plays a crucial role in determining the degree of
graphitization and controlling the defects. Chitosan-based N-
doped carbon nanosheets (NCN) prepared at different
temperatures (given as °C in sample names), i.e., NCN-900,
NCN-1000, and NCN-1100, showed a decrease in Ip/I; values
(1.126, 1.038, and 0.995, respectively,).'* The higher value of
Ip/Ig is an indication of more defects and a smaller crystallite
size that is conducive for electrocatalytic activity of NCN.*

Photoluminescence (PL) Spectroscopy. Photolumines-
cence (PL) spectroscopy is commonly used to study the
irradiative recombination of photogenerated charge carriers. It
provides an insight into optical and charge transfer properties of
the N-doped carbon materials. Chitosan introduced in g-C;N,,
for the partial substitution of N with C in the as-prepared sample
CCN-1 (1 corresponds to the mass percentage of chitosan to
melamine) enhanced the charge separation by reducing the
recombination of charge carriers. It can be seen in Figure 7 that
pristine g-C;N, exhibited a high intensity PL peak at 470 nm that
suggests fast electron—hole recombination, ! whereas CCN-1
showed a substantial drop in the PL peak intensity that signifies
reduction in recombination of charge carriers. This decrease in
PL peak intensity is attributed to the presence of a carbon bridge
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Figure 7. Photoluminescence spectra of pristine g-C;N, and CCN-1.
Reprinted with permission from ref 62. Copyright (2018) Elsevier.

between heptazine units that allows charge transfer between
heptazine rings.”> This accelerated charge migration has also
been observed for ternary catalysts based on amino-function-
alized carbon quantum dots (chitosan-derived), g-C;N, nano-
sheets, and a cobalt complex. The reduced recombination of
charge carrier for the ternary catalyst compared to pristine g-
C;N, is due to the formation of amide bonds within the catalyst
which assist charge transformation that is beneficial for the
photocatalytic activity of catalyst.**

X-ray Diffraction (XRD) Analysis. The XRD technique is a
useful technique to study the crystallinity and degree of
graphitization in chitosan-based N-doped carbon materials.
XRD analysis confirms the graphitization in a chitosan-based N-
doped carbon nanoflower by the presence of two broad
diffraction peaks at 20 values of 25.2° and 42.5° corresponding
to the (002) and (100) planes of graphite.48 The broad XRD
reflexes refer to the disordered stacking of graphene nanosheets
which have also been observed in chitosan-functionalized N-
doped graphene aerogels.'> Moreover, a small shift in the (002)
reflection to a lower angle has occurred in chitosan-based N-
doped graphitic carbon that is due to the increased interlayer
spacing caused by doping.64'16

Bl APPLICATIONS OF CHITOSAN-BASED N-DOPED
CARBON MATERIALS

Novel carbonaceous materials with distinct morphologies (like
carbon nanotubes, nanofibers nanodiamonds, nanospheres, and
quantum dots) and composition (nitrogen-, phosphorus-, and
boron-doped carbons) have significant potential for catalytic
applications. Carbon-based materials can be used as a catalyst as
well as a catalyst support for enzymatic and chemical reactions.®®
The peculiar physicochemical properties of carbon-based
materials such as high specific surface area and porosity, low
density, hydrophobicity, greater electron conductivity, chemical
stability, and resistance to acidic and basic media make them
suitable candidates for catalytic applications.®”®” N-doped
carbons materials and metal-supported N-doped carbon
materials have recently gained much attention because they
exhibited high electrocatalytic®® and photocatalytic activity. In
the context of electrocatalytic application, lignin- and chitin-
derived N-doped carbon materials showed exceptional perform-
ance as electrocatalysts for the oxygen reduction reaction.”””"
Furthermore, other biomass-derived materials such as cellulose-
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and biochar-derived N-doped carbon materials proved to be
effective photocatalysts for pollutant degradation’"’* Herein,
we focus on recent progress in the potential application of
chitosan-based N-doped carbon materials for electrocatalysis
and photocatalysis.

Electrocatalytic Applications. Oxygen Reduction Reac-
tion (ORR). Multiple catalytic and electrocatalytic methods are
required to meet the demands for sustainable technologies in the
field of energy conversion and storage. Electrocatalysis plays a
crucial role in fuel cells and metal—air batteries for the oxygen
reduction reaction (ORR) occurring at the cathode. However,
the slow kinetics of the oxygen reduction reaction compared to
metal oxidation limits the inclusive power capabilities of these
electrochemical devices. Currently, platinum is considered to be
the most active electrocatalyst for the ORR in acidic as well as in
basic conditions.”” However, the high cost of platinum metal
and its poisoning via CO impedes the large-scale application of
these devices. Therefore, there is a need to develop a cost-
effective, sustainable electrocatalyst for the oxygen reduction
reaction.”® In order to address this issue, metal-free carbon-
based materials (graphite, graphene, carbon nanotubes) have
increasingly been used to prepare electrocatalysts for the ORR in
tuel cells due to their high conductivity, high mechanochemical
stability, and high specific surface area.”* N-doping of carbon
materials modifies their electronic properties (specifically carrier
transport ability), making them principally applicable for the
electrocatalytic ORR in electrochemical devices.” For example,
N-doped carbon dots-deposited graphene oxide (N-Cdots/
GO) hybrids have shown remarkable electrocatalytic efficiency
for the ORR in an O,-saturated 0.1 M KOH solution at 1000
rpm. N-Cdots/GO exhibited an onset potential of 0.13 V vs Agl
AgCl and high kinetic current density of up to 18.4 mA cm™” at
—0.70 V, which is comparable to the commercial Pt/C catalyst
(~0.03 V and ~25.8 mA cm™2), respectively.”®

The enhanced electrocatalytic activity of N-doped carbon
materials for the ORR is attributed to the redistribution of the
charge density of adjacent C atoms due to the difference of
electronegativity between carbon and nitrogen atoms.”® The
change in charge density alters the chemisorption mode of the
O, molecule from end-on adsorption to side-on adsorption
which weaks the O—O bond and favors the ORR. In addition,
the charge transfer induced by N-doping (pyridinic-N) imparts
Lewis basicity to the carbon atom next to pyridinic-N and
creates an ORR active site’””® Nevertheless, it is still challenging
to identify the active sites and the heteroatom content in the
carbon basal plane and develop a definite relationship between
the C—N bonding configuration and electrocatalytic activity.

Guo and coworkers”® reported a plausible mechanism of the
ORR on a N-doped carbon catalyst (Figure 8). Here, the
reaction begins with the adsorption of an O, molecule (A in
Figure 8) on the active site (carbon atom next to pyridinic-N)
followed by protonation (C in Figure 8). At this stage, the ORR
follows either a two-electron process (two-steps) or four-
electron process (single-step). During the four-electron process,
the other two protons attach to the two oxygen atoms, resulting
in breakage of the O—OH bond and generating hydroxyl species
(D in Figure 8). The fourth proton then reacts with the adsorbed
hydroxyl and forms water (E in Figure 8), whereas during the
two-electron process the adsorbed OOH reacts with a proton
and forms H,0, (F in Figure 8). Finally, the H,0, formed
readsorbed and after reacting with two protons formed water.”®

Chitosan as N-containing biomass has received much
attention recently for the preparation of N-doped carbon
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Figure 8. Schematic pathway for oxygen reduction reaction on N-
doped carbon materials. Reprinted with permission from ref 78.
Copyright (2016) The American Association for the Advancement of
Science.

materials for high efficiency ORR electrocatalysts. Chitosan and
amino-modified urchin-like hierarchical silica spheres nano-
particles (UHSSs-NH,)-derived N-doped carbon nanoflowers
were investigated for the ORR electrocatalytic activity via linear
sweep cyclic voltammetry curves (LSV) using 0.1 M KOH at
1600 rpm and a scan rate of 10 mV s™". 3D hierarchical NCNF
electrocatalysts prepared at 800 °C carbonization temperature
in different mass ratios of chitosan and UHSSs-NH,, i.e., 1:1
(NCNF1-800), 2:1 (NCNF2-800), and 3:1 (NCNF3-800),
have shown different activities for the electrocatalytic ORR
(Figure 9a). NCNF2-800 showed higher current density and
more positive onset potential (0.923 V vs RHE) in comparison
with NCNF1-800 and NCNF3-800 (0.906 and 0.903 V vs RHE,
respectively). The higher activity of NCNF2-800 (entry 1, Table
1) was attributed to its greater specific surface area (873 m*g™")
offering more active sites and generating a larger catalytic
current density as compared to NCNF1-800 and NCNF3-800
(686 and 482 m® g, respectively). Moreover, NCNF2-800
contained a higher content of doped nitrogen (7.8 atom %)
relative to NCNF1-800 (4.5 atom %) and NCNF3-800 (6.9
atom %) that provides effective intrinsic activity. However, the
activity of NCNF2-800 is slightly lower than that of a
commercial 20 wt % Pt/Carbon ca‘calyst.48

Additionally, a series of catalysts were prepared treating
NCNPF?2 at different carbonization temperatures (NCNF2-600,
NCNF2-700, NCNF2-750, NCNF2-800, NCNF2-900, and
NCNF2-1000) to evaluate the effect of annealing temperature
on the ORR activity. The LSV curves showed more positive
onset potential and current density for the ORR activity with
increasing annealing temperatures except for NCNF2-1000
(Figure 9b). A similar trend has been observed for the ORR
activity through the cyclic voltammetry (CV) technique. The
most positive peak potential of 0.86 V (vs RHE) with the highest
reaction current of 317 mA after background current correction
was observed for NCNF2-900. Interestingly, NCNF2-900 and
NCNF2-1000 showed slightly higher activity than the
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Figure 9. (a) Linear sweep voltammetry (LSV) curves at 1600 rpm and 10 mV s~ of NCNF800-1, NCNF800-2, NCNF800-3, and 20% Pt/C catalysts
in 0.1 M KOH. (b) LSV curves of NCNF600-1, NCNF700-2, NCNE750-2, NCNF800-1, NCNF900-2, NCNF1000-2, and 20% Pt/C catalysts.
Reprinted with permission from ref 48. Copyright (2017) Royal Society of Chemistry.

commercial Pt/carbon catalyst with a slightly negative onset
potential for the ORR and larger current reactions. Furthermore,
the higher electrochemical activity of NCNF2-900 was
attributed to its higher specific surface area (907 m* g™') and
pore volume (1.85 cm® g™') offering more catalytic active sites
and allowing a faster diffusion and better permeation of
electrolyte ions as well as generating a larger catalytic current
density."®

Nevertheless, the utmost concern associated with the
performances of electrocatalysts for the ORR is their low
activity compared to Pt/C and low stability in acidic medium.
Multiwalled carbon nanotubes (MWCNTSs) being highly
conductive in nature can be employed for the electrocatalytic
ORR by facilitating the electrochemical electron transfer
processes. However, pristine MWCNT's have shown low activity
for the ORR attributed to the absence of active sites. Coating of
MWCNTs with chitosan-based N-doped carbon via hydro-
thermal carbonization with subsequent annealing (1000 °C) is
one of the effective ways to enhance the activity of MWCNT' for
the ORR and their stability in alkaline as well as acidic media.
According to the LSV curves, the carbon—carbon nano-
composites (denoted as NC-CNT-1000) showed an onset
potential below 0.6 V (vs RHE), which is more negative than Pt/
C in an alkaline medium (0.10 M KOH solution) at a rotation
rate of 1600 rpm and with a scan rate of 10 mV. However, NC-
CNT-1000 showed better activity with a limiting current density
of approximately 6.9 mA cm™ than Pt/C (~6.7 mA cm™2).”’

Moreover, NC-CNT-1000 has also shown significant activity
in an acidic medium (O,-saturated 0.10 M HCIO, solution at a
rotation rate of 1600 rpm and with the scan rate of 10.0 mV's™*),
although the onset potential of NC-CNT-1000 is more negative
than for Pt/C. However, the current density exhibited by NC-
CNT-1000 (~6 mA cm *) was quite comparable with
commercial Pt/C (~7 mA cm™2) at approximately 0.1 V. The
ORR efficiency of a electrocatalyst is driven by a number of
crucial factors such as the inherent nature of the active sites that
is governed by the interaction of the catalyst components and its
chemical composition. Besides that, the number of active sites
directly in contact with the electrolyte and present in micropores
also plays a significant role in the ORR performance. Micropores
can generally electro-adsorb hydrated ions at a low concen-
tration-dependent rate, whereas a pore size greater than 0.5 nm
may also be electrochemically accessible but contribute little to
the electro-active surface area.®® In contrast, mesopores and the
crystallinity facilitate the electron and mass transport abilities of
the catalyst, contributing to an increase in the number of active
sites.””"* The better performance of NC-CNT-1000 in the
electrocatalytic ORR even in acidic media is attributed to
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synergy between the framework of MWCNTSs and the coating of
N-doped carbon (NC).”” Chitosan is responsible for introduc-
ing the active N-site within the framework of MWCNTs.
Additionally, the remaining iron carbide (entrapped inside the
MWCNTs from the ferrocene thermal treatment during
MWCNT synthesis) establishes linkages with graphitic carbon,
thereby activating the neighboring graphitic layers and
developing active sites,*”*" whereas the iron present on the
surface of NC-coated MWCNTSs establishes Fe—N-C bonds
that will also act as an active site for the ORR. Furthermore, NC
coating supports the growth of a 3D-network structure that
promotes the mass and electron transfer process. Besides that,
the NC coating also serves as a protective layer by shielding the
Fe-based active sites over the surface of MWCNTs from H,0,
poisoning (ORR by product), hence enhancing the stability and
durability of the catalyst.””

Thus far, few studies have explored the potential of chitosan-
based N-doped carbon materials for the ORR in fuel cells and
other electrochemical devices. Xie and coworkers® designed
cobalt and nitrogen-codoped carbon materials using chitosan as
sustainable source of carbon and nitrogen. The ORR perform-
ance of cobalt and nitrogen-codoped carbon materials prepared
at 900 °C (denoted as CoNC-900) after optimization was
evaluated through linear-sweep voltammetry (LSV) curves on a
rotating disk electrode (RDE) at 1600 rpm in a 0.1 M KOH
solution saturated with O,. TheCoNC-900 electrocatalysts
displayed an onset potential of —0.044 V vs AglAgCl (Figure
10a) which is close to that of the state of the art Pt/Carbon
commercial catalyst (—0.046 V). However, CoNC-900 showed
better electrocatalytic activity with higher limiting current
density (5.36 mA cm™?) and more positive half-wave potential
(—0.105 V) compared to the commercial Pt/Carbon catalyst
(with 5.04 mA cm ™ current density and around —0.120 V half-
wave potential). Moreover, the performance of CoNC-900 has
also been compared with catalysts prepared without Co doping
(NC) and prepared through mechanical mixing (M-CoNC).
However, NC showed very little electrocatalytic activity,
whereas M-CoNC displayed reasonable activity with an onset
potential of (—0.168 V). Nevertheless, CONC-900 showed the
best electrocatalytic activity compared to other catalysts (NC,
M-CoNC, and Pt/C). The maximum activity of CoNC-900 is
attributed to the doping of Co and ensuing uniform Co—N-C
bonds due to the strong chelating linkage between Co and
—NH, groups which are attributed to play a pivotal role in
electrocatalysis.”> The carbonization temperature is a critical
factor for the incorporation of nitrogen in the carbon matrix.
Lower temperature results in incomplete carbonation that leads
to poor conductivity and lower activity, whereas very high
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temperatures result in the breakage of the Co and N bond within
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Figure 10. (a) Current density versus potential of the Co-free NC, M-CoNC, CoNC-900, and Pt/C for ORR in an O,-saturated 0.1 M KOH
electrolyte at a rotation speed of 1600 rpm. (b) K—L plots of CoNC-900 at different potentials. Reprinted with permission from ref 85. Copyright

(2015) Royal Society of Chemistry.
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Figure 11. Chronoamperometric responses (given as percentage of current over time) of NCN and Pt/C electrodes in an O,-saturated 0.1 M KOH
electrolyte at —0.45 V with a rotational rate of 1600 rpm. Methanol (3 M) was added at around 350 s in panel (a). The ORR’s response persisted for 18
h in panel (b). Reprinted with permission from ref 14. Copyright (2014). American Chemical Society.

and assist in mass transport,”' resulting in high performance of
NCN in the ORR (see entry S5, Table 1, for detailed
electrocatalytic activity) in an alkaline medium (O,-saturated
0.1 M KOH at a scan rate of S mV s™" and a rotational speed of
1600 rpm) as determined through LSV. NCN showed onset
potentials at approximately —0.03 V (vs AglAgCl) that is
approximately 18 mV more negative than commercial Pt/C.
Conversely, it showed higher (37.04 mA cm ™) limiting current
density than Pt/C (~23.26 mA cm™2). In addition to that, it
followed the desirable four-electron ORR process according to
the K—L equation. Besides the better electrocatalytic activity,
NCN showed superior stability in terms of methanol tolerance
for the ORR, compared to Pt/C.

Chronoamperometric responses were recorded for NCN and
Pt/C electrodes in a 0.1 M KOH electrolyte (O,-saturated) at
—0.45 V at a rotational rate of 1600 rpm (Figure 11a). NCN
maintained a stable response after the addition of 3 M methanol
at around 350 s, whereas Pt/C showed a drastic decrease in
current. NCN has also exhibited better long-term stability with
27% activity loss as compared to Pt/C that showed a 41%
reduction in current after 18 h (Figure 11b)."*

Methanol Oxidation Reaction (MOR). Active and stable
catalysts for the methanol electrooxidation reaction are of crucial
significance for the viability of the direct methanol fuel cell
(DMFC) technology at a commercial scale. Pt is used as a
conventional catalyst for DMFC process. However, the high cost
associated with the expensive Pt catalysts and the poisoning of Pt
due to the formation of CO intermediate molecules during the
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methanol oxidation reaction (MOR) are key concerns
associated with Pt catalysts.”” Nitrogen doping in carbon
materials aids in improved dispersion of Pt that might increase
the activity of the electrocatalyst for MOR by the synergistic
interaction between the carbon and Pt.”” This synergy and
enhanced activity has been observed for a chitosan-based
electrocatalyst, Pt/Graphene—chitosan composite (Pt/GNs-
(CS)), employed for MOR. The electrocatalytic activity of Pt/
GNs(CS) was investigated through CV curves in acidic media
using a (0.5 M H,SO,) 1 M CH;OH solution at a scan rate of
100 mV s~". Pt/GNs(CS) showed considerably better perform-
ance for MOR than a commercial 20% Pt/C catalyst with an
onset potential of 0.36 V (vs AglAgCl) and 0.45 V (vs AglAgCl),
respectively. Additionally, Pt/ GNs(CS) depicted a mass activity
(forward peak current density) 2.3 times higher (1031 mA
mg ™) than Pt/C (455 mA mg™').”" The superior performance
of Pt/GNs(CS) was attributed to the improved dispersion of Pt
particles and enhanced interaction between Pt and carbon
materials by Wang and coworkers.”’ However, this is not
supported with additional data. Besides that, chitosan also
prevents the irreversible aggregation of Pt/GNs(CS) that
sustains the activity of the catalyst. Furthermore, electro-
chemical impedance spectroscopy (EIS) analysis indicated that
the higher electrocatalytic activity of Pt/GNs(CS) may be
attributed to its improved electron transfer ability. Pt/GNs(CS)
depicted a reduced charge transfer resistance and faster reaction
rate for MOR compared to Pt/C determined through Nyquist
plots of EIS for methanol electrooxidation (1 M CH;OH + 0.5
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M H,S0,) at 0.5 V. Moreover, Pt/GNs(CS) showed enhanced
tolerance for CO poisoning with a lower CO oxidation peak
potential (0.64 V vs AglAgCl) than Pt/C (0.72 V vs AglAgCl).
The better CO poisoning tolerance of Pt/GNs(CS) attributed
to the intricate interaction between the Pt particles and nitrogen-
containing functional groups of chitosan.”” This interaction
modulates the electronic structure of Pt particles that led to the
reduction in CO adsorption on active sites by decreasing the
binding energy of the Pt—CO bond. Therefore, CO oxidation on
Pt/GNs(CS) is more favorable than over Pt/C.”!

Zhou et al.” proposed the underlying reason for enhanced
electrocatalytic activity of N-doped carbons for MOR. N-doping
into carbon materials resulted in the reduction of oxygenated
functional groups that leads to an improved tolerance toward
oxidation (carbon corrosion processes during fuel cell
operation). Furthermore, it modifies the electronic structure
and results in an increase in specific capacitance and binding
energies. The higher specific capacitance is an indication of
higher charged species near the surface that could possibly
participate in a cocatalyst-type reaction mechanism on Pt/N-
doped carbon, whereas the higher binding energies reduced the
interaction between Pt nanoparticles and MOR intermediates
responsible for the poisoning of the catalyst.”> Additionally, the
C—N defects also help in the adsorption of oxygenated
intermediates at the catalyst particle interface and inhibits the
blocking of active sites during the MOR (Figure 12) and are thus
increasing the electrochemical activity.

MeOH

CO; + other products . .

Figure 12. Schematic of possible methanol oxidation reaction (MOR)
mechanisms involving oxophilic C—N defects near a C/Pt catalyst
particle interface. Reprinted with permission from ref 93. Copyright
(2010). Royal Society of Chemistry.

Besides that, N-doping in carbon supports assists in
developing strong metal—support interaction at the interface
by donating charge to neighboring atoms.”* It has been observed
that C—N defects not only serve as nucleation sites for Pt
nanoparticles but also assist in their uniform dispersion by
inhibitin§ agglomeration, thereby enhancing the electrocatalytic
activity.” Nevertheless, the role of the C—N bonding
configuration in electrocatalytic activity of the material is not
yet explored to a substantial extent and rather hypothesized on
the basis of experimental observation and physical reasoning.

Photocatalytic Applications. Application of carbon-based
materials in photocatalysis has increasingly gained attention.
Carbon-based materials have been frequently used as supports
for the immobilization of active catalysts. Besides that,
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carbonaceous material enables fast mass transfer and can act
as an active catalyst due to its electronic structure.”>”°
Moreover, N-doping of carbon materials assists in enhancing
the photocatalytic activity of the materials by improving the
conductivity, light absorption ability, and visible light
sensitivity.g7 For example, a N-doped graphene/CdS nano-
composite depicted high photocatalytic efficiency for H,
generation (210 umol h™') compared to pure CdS (40 umol
h™!).”® This is attributed to the enhanced electrical conductivity
of graphene due to N-doping that enables photoinduced charge
transfer, avoiding the recombination of electron—hole pairs and
increases photocatalytic activity.”

Furthermore, Mou and coworkers'*’ reported that the
photocatalytic efficiency of a N-doped graphene (NGR)/TiO,
composite was greatly enhanced for H, production (13.3 gmol
h™') as compared to pristine titania (7.1 gmol h™') and TiO,/
undoped graphene composites (8.9 umol h™") under ultraviolet
to near-infrared light. The improved photocatalytic efficiency of
NGR/TiO, was due to to the formation of an interfacial contact
between titania nanoparticles and graphene, as N-doping
provides nucleation sites for titania nanoparticles on graphene
sheets. Moreover, the electrical conductivity of NGR/TiO, has
also increased after N-doping which was due to the recovery of a
sp, graphite network ensuring effective charge transfer and
charge separation.'”” The mechanism for photocatalytic hydro-
gen production on a NGR/TiO, composite is depicted in Figure
13. Triethanolamine (TEOA) played the role of a sacrificial
agent in this reaction, whereas NGR not only acts as a scaffold
for titania but also as a charge acceptor.'*’

C

TEOA
TEOA!

Figure 13. Schematic illustration for the strong coupling between TiO,
and nitrogen atoms in NGR sheets and enhanced photoinduced charge
transfer and photocatalytic hydrogen generation (TEOA stands for
triethanolamine). Reprinted with permission from ref 100. Copyright
(2014) American Chemical Society.

The photocatalytic activity of chitosan-derived graphene
materials can also be improved via N-doping. The doping of
nitrogen within the graphene structure modifies its electronic
bands and may transform it into a semiconductor.”® However,
the magnitude of change in the electronic band structure
depends on the amount of doped nitrogen. For 2—10 atom % of
doped nitrogen, the band gap grows by 0.1—0.7 eV."*" N-doping
of graphene using chitosan aerogel beads via an in situ method
(pyrolysis at 900 °C) imparts UV and visible light activity for
hydrogen generation from methanol/water (30/70) mixtures.”’
Interestingly, the pyrolysis temperature plays a critical role in
determining the photocatalytic activity of N-graphene (N(G)).

https://dx.doi.org/10.1021/acssuschemeng.9b07522
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The increase in pyrolysis temperature (from 200 to 900 °C)
helps in improving the crystallinity of N(G), thereby enhances
the photocatalytic efficiency of N(G)-900 (entry S, Table 2).

Table 2. Photocatalytic Activity of Chitosan-Derived N-
Doped Graphene”

N XPS Evolved H,
content  graphenic r in3h
Entries  N(G)-T*  (wt %) C (%) (mmol g* h™") (umol)
1 N(G)-200 162 ND” 336 5.9
2 N(G)-400 158 ND 1497 15.9
3 N(G)-600  15.1 244 2633 16.7
4 N(G)-800 8.1 434 4999 552
5 N(G)-900 5.4 83.0 16,040 82.8

“N(G)-T* for hydrogen generation (initial reaction rate, r°) from
water/methanol mixtures under UV light (35S nm). N(G) pyrolysis
temperature in °C.Reprinted with permission from ref 57. Copyright
(2013) John Wiley and Sons. “ND: Not detected

However, it decreases the nitrogen content in N(G). This trend
of activity could be rationalized on the basis of a decreased
number of defects on the G-type structure with an increase in
pyrolysis temperature. These defects are considered to be the
determining factor for the photocatalytic efficiency of the (N)G
materials for H, generation rather than the total nitrogen
content. Table 2 summarizes the photocatalytic performance of
N(G) for hydrogen evolution with respect to nitrogen content
within N(G) and pyrolysis temperature used for preparation of
samples.

In addition, the ability of N(G)-900 to absorb within the
entire UV and visible range make it a visible light-active
photocatalyst for hydrogen generation. However, it is difficult to
calculate the band gap of N(G)-900 due to to its “neutral
absorption”, i.e., absorption within the entire UV—visible region.
Surprisingly, the visible light (532 nm) activity of N(G) for
hydrogen generation (~60 ymol after 3 h) is quite comparable
with the activity shown in UV light (355 nm) under the same
conditions. This comparable photocatalytic performance of
N(G)-900 using different light sources is attributed to the
similar light intensity used in both experiments (367 mW) and
the neutral absorption spectrum of the photocatalyst.>”

Furthermore, N-doped carbon as a support for metal
nanoparticles (MNPs) improves the catalytic activity by
increasing the number of chemically active sites on the catalyst
due to carbon—metal binding. This can be rationalized
considering that N-doped carbons assist in uniform dispersion
of the MNPs and stabilize the MNPs by inhibiting
agglomemtion.95 Besides that, C—N defects and N interstices
at an adequate level may serve as local MNPs nucleation sites on
a carbon support. Wu and coworkers'®” observed N-doped
carbon-supported Ag/AgCl photocatalysts (Ag/AgCl/NC)
effectively degrade Rhodamine B under visible light (420 nm)
and attributed the activity to stable and uniform immobilization
of Ag/AgCl nanoparticles over chitosan-derived N-doped
carbon. Here, chitosan acts as both a reducing agent (to reduce
silver ions to metallic silver nanoparticles) and stabilizing agent
(to prevent agglomeration of nanoparticles).'**

Organic semiconductors like g-C;N, exhibit great potential in
photocatalysis due to their striking optical properties like
improved light harvesting capabilities.103 However, the
application of pristine g-C;N, in photocatalysis is limited by
its reduced charge mobility, fast rate of charge recombination,
and insufficient electronic properties."”* However, it has been

4720

discussed in this Perspective that N-doping improves the visible
light absorption and electronic properties of the materials. In
this context, chitosan has been discussed as a precursor for the
synthesis of N-doped carbon materials or N-dopants. Interest-
ingly, chitosan has also been explored as a C-dopant for the
partial substitution of bridged N atoms in g-C;N, with C atoms
to improve visible light absorption and electron transport ability
of g-C;N,. Surprisingly, C self-doping of g-C;N, (introduction
of C atom in g-C;N, lattice during synthesis) using chitosan
enhances the visible light (4 > 420 nm) absorption ability of the
material which is attributed to the formation of delocalized 7
bonds among the adjacent heptazine rings which could promote
charge separation and enhance the photocatalytic efficiency of g-
C;N,. This may result in an increase in the photocatalytic
efficiency of C self-doped g-C;N, (CCCN) for H, evolution
under visible light (entry 3, Table 3). CCCN showed a 7 times
higher rate of H, generation (52.9 ymol h™") than pristine g-
C;N, (7.9 9 umol h™"). Platinum nanoparticles (Pt NPs) and
triethanolamine (TEOA) were used as a cocatalyst and a
sacrificial agent, respectively, in the hydrogen evolution
experiment. The high efficiency of CCCN compared to pristine
g-C;N, is attributed to the electronic structure of CCCN (7
bonds formation between the heptazine rings) acquired after the
partial substitution of N with C atoms. In addition, doped
carbon atoms may serve the role of a physical bridge as well as an
electron bridge between adjacent heptazine rings (Figure 14).
Consequently, charge transfer between the adjacent heptazine
units occurred more swiftly in CCCN thereby increasing the
photocatalytic efficiency of CCCN for H, evolution.”

Moreover, C self-doping through chitosan assists in
controlling the morphology of g-C3N, as well as the conduction
band position by optimizing the carbon source content.
Chitosan-derived honeycomb-like carbon-doped g-C;N, de-
noted as CCN-0.2 (0.2 refers to the mass of chitosan in g)
exhibited an enlarged specific surface area (130 m* g™') in
comparison with pure g-C;N, (9 m* g™'). Additionally, CCN-
0.2 showed a more negative conduction band position (2.5 eV)
compared to pure g-C;N, (2.7 V) and better visible light
absorption within the range of 450—700 nm. The honeycomb-
like structure acquired after C-doping resulted in a higher
specific surface area of CCN-0.2 offering more active sites and
enhancing the interfacial charge transfer and charge separation
efficiency.””'% These features are attributed to the increase in
photocatalytic efficiency of CCN-0.2 (entry 4, Table 3) for
hydrogen gas generation (using Pt NPs and TEOA as a
cocatalyst and a sacrificial agent, respectively) compared to
pristine g-C;N,. The rate of hydrogen gas generation observed
for CCN-0.2 was 320 pumol h™’, whereas the pristine g-C;N,
showed much lower activity with the rate of hydrogen gas
generation 29 times less (11 gmol h™') than CCN-0.2.”°

Inorganic semiconductors such as TiO, and ZnO are more
commonly used in the field of heterogeneous photocatalysis
than organic semiconductors like g-C;N,,. The widespread use of
these semiconductors is attributed to their nontoxicity, easy
synthesis, insolubility, stability, remarkable optical properties,
efficient photoactivity, and low cost.'’>'"” Nevertheless, these
metal oxides are active only under UV light (4 < 390 nm) that
restricts their application to utilize solar radiation. Additionally,
they exhibit a fast rate of electron—hole recombination which
further limits their application.'*®

The photochemical process involved in the degradation of
organic dyes on ZnO and g-C;N,-chitosan beads and is
illustrated in Figure 15a and b, respectively. The photo-
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Carbon
bridge:

Pristine g-C5N, Carbon bridged g-C;N,

Figure 14. Scheme illustration of carbon-bridged g-C3N, (C and N are
indicated by gray and blue spheres, respectively). Reprinted with
permission from ref 62. Copyright (2018) Elsevier.

degradation process was initiated by photoexcitation of the
Zn0O/g-C;N,-chitosan beads, followed by the generation of an
electron—hole pair. The holes (h*) may directly react with the
dye molecules (Figure 15b) and oxidize them or may react with
OH~ to produce hydroxyl radical species (OH®). OH* species
further react with the dye molecules; this results in either partial
or complete degradation of the dyes (Figure 15a). Molecular O,
reacts with an electron and forms a superoxide anion radical
(0,7*). O,™* species after protonation form a hydroperoxyl
radical (HO,"). HO,® species then subsequently react to form
H,0,, which generates reactive hydroxyl radicals (OH®) after
dissociation. The hydroxyl radicals are very reactive and lead to
degradation of the dye molecules.'”'"” The chitosan in the g-
C;N,-chitosan beads may also act as an electron acceptor
(Figure 15b); however, it is not proven with further data.'™®
Coupling these semiconductors with a carbon support and
doping with nitrogen or carbon are possible ways to enhance the
visible light absorption of TiO, and ZnO and reduce the rate of
electron—hole recombination.''' Moreover, the pore size of the
support also plays a crucial role in controlling the growth of these
metal oxide nanoparticles during synthesis and catalytic
application thereby increasing the reactivity by allowing
stabilization."'* Chitosan-based composites of N- and S-doped
TiO, (NST/CS) have shown high performance for photo-
catalytic degradation (91%) of tetracycline under visible light
(after 20 min of illumination) compared to N- and S-doped
TiO, (NST). The rate of photocatalytic degradation of
tetracycline exhibited by NST/CS was 2 times higher than
that of NST. The lower photocatalytic efficiency of NST
compared to NST/CS is due to the direct binding of the

tetracycline to the surface of NST that decreases the optical
activity and consequently its photocatalytic efficiency, whereas
chitosan, preventing a direct adsorption of tetracycline on the
active sites, improves the photocatalytic performance of NST/
CS.""? A similar synergy between chitosan and TiO, has been
observed by Farzana and Meenakshi''* for the photocatalytic
degradation of Reactive red 2 (RR), Methylene blue (MB), and
Rhodamine B (RB) under UV light (365 nm) using a chitosan/
TiO, composite (CTC). Here, the improved activity was
attributed to chitosan, reducing the recombination of photo-
generated charge carriers and also to its assistance in the
adsorption of dye molecules increasing their availability to the
active site (TiO,) without blocking it." "' CTC exhibited high
photocatalytic activity with 94%, 90%, and 80% degradation
efficiency for RR, MB, and RB, respectively, after 30 min of
illumination,'®® whereas pure titania exhibited comparatively
lower photocatalytic efficiency for the degradation of RR, MB,
and RB (70%, 74%, and 45%, respectively).

The approach of preparing composite catalysts also provided
a new insight for developing noble metal-free cocatalysts with
significant photocatalytic activity for hydrogen production. For
this, a visible light (450 nm)-active ternary photocatalyst has
been prepared by chitosan-derived amino-functionalized carbon
quantum dots (CQDs), graphitic carbon nitride nanosheets
(CN), and cobalt complex (entry 2, Table 3). The photocatalyst
was denoted as Co(dcbpy),(NCS),/CQDs/CN (dcbpy =
(4,40-dicarboxy-2,20-bipyridine) ). CQDs improve the mobility
of photogenerated electrons. Simultaneously, the amido group
of CQDs also established an amide bond with the carboxyl
group of Co(dcbpy),(NCS),, while Co(dcbpy),(NCS),
accepts an electron from the conduction band of CN or
CQDs. The distribution of the cobalt complexes over CN
improved due to the amide bond formation thereby enhancing
the hydrogen generation up to 295.9 umol h™' g™' with an
apparent quantum efficiency of 14.1%, whereas pristine CN was
inactive under the same set of conditions.®®

B CONCLUSIONS AND FUTURE PERSPECTIVE

In conclusion, chitosan as a cheap, abundant, and renewable
biomass resource rich in N content (~7 wt %) has vast potential
for the preparation of N-doped carbon materials. This results
from the functional groups of chitosan that offer a broad range of
possibilities of chemical and mechanical modification. Numer-
ous recent studies on the preparation and photocatalytic and

Degradation

p
+CO,+water

b
-OH- D CS
02 g-CN,
.02— ® MB
) CARCHIR AN
B A
GRS
&&’W ..... > g-C,N4
[ S Dye
VB —
Products

Figure 15. Photochemical processes involved in the degradation of organic dyes on (a) ZnO and (b) g-C;N, (CS stands for chitosan beads and MB
stands for Methylene blue). Panel (b) reprinted in part with permission from ref 110. Copyright (2018) Royal Society of Chemistry.
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electrocatalytic applications of chitosan-derived N-doped
carbon materials have been reviewed in this Perspective.
Chitosan-based N-doped carbon materials can be prepared
through a number of techniques such as CVD, hydrothermal
carbonization, and postsynthesis treatment. Direct carbon-
ization of chitosan results in the formation of graphene-like N-
doped carbon materials. The process of carbonization has been
assisted with chemical activation to prepare highly porous N-
doped carbon materials. Direct carbonization incorporates
nitrogen within the carbon structure, whereas chemical
activation helps to increase the specific surface area of the N-
doped carbon materials.

Some important features have been identified in chitosan-
based N-doped carbon materials that are crucial for their
electrocatalytic and photocatalytic activity. These features
include (i) specific surface area and pore volume which are
closely linked with the density of catalytically active sites and can
to some extend be controlled via carbonization temperature, (ii)
degree of graphitization that affects the activity of the catalyst by
influencing the electron transfer resistance, (iii) C—N bonding
configuration that has a unique potential for catalytic reactions
attributed to different electronic structure and catalytically active
sites, and (iv) contents of nitrogen and carbon and their
electronic structures which are critical for charge separation
efficiency and visible light absorption. Consequently, there is a
need to develop scalable and economical synthesis methods to
precisely control and acquire the ordered porous structures of
chitosan-based N-doped carbon materials. More efforts are
required to be made on controlling the C—N bonding
configuration by adjusting N-doping and resulting defects for
tunable electronic and chemical properties.

Nevertheless, promising results have been obtained with
chitosan-based N-doped carbon materials for electrocatalytic
reactions and specifically for the ORR in an alkaline medium.
These are comparable or even superior to those of the noble
metal-based commercial catalyst (Pt/C). However, there are
limited studies that have explored the potential of chitosan-
based N-doped carbon materials for the ORR in acidic media,
which is attributed to their low activity and stability in acidic
media compared to the commercial catalyst. Further studies are
required to overcome these limitations. Moreover, chitosan-
based N-doped carbon materials gained much attention for
photocatalytic applications due to their visible light absorption.
However, most of the reported studies use cocatalysts or require
metal/metal oxide assistance (to prepare a composite) for
improved photocatalytic hydrogen generation and contaminant
degradation, respectively. These findings suggest the need for
the development of new, more active, stable, and economically
viable photocatalysts as an alternative to conventional UV light-
active metal-based catalysts (TiO, and ZnO). Despite the visible
light activity of chitosan-based N-doped carbon materials, there
are few studies on their photocatalytic applications in the fields
of hydrogen evolution and contaminant degradation. Moreover,
this promising material class holds large potential for a wide
range of photocatalytic applications such as biomass valor-
ization, chemical synthesis, or CO, reduction.
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