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Biopolymer-based catalysts like chitosan, chitin, and cellulose offer sustainability and high efficiency both as the catalyst or catalyst
support in a broad range of applications, especially in hydrogen evolution reactions. This review focused on hydrogen evolution
catalysts of chitosan, chitin, cellulose, and carbon materials obtained from these biopolymers to highlight the opportunities of these
sustainable catalysts in this field. All the reports in this area could be classified as one of the photocatalysts, electrocatalysts, and
photoelectrocatalysts, and their mechanisms were clarified in the beginning. Then, the results of catalysts obtained from each of
these biopolymers were discussed separately to reveal the roles of the biopolymers. It was concluded that all of the biopolymers
enjoy some common benefits like hydrogen bonding, chelating with transition metals, easy chemical modification, high perfor-
mance, and potential to be used as the precursors of carbon or porous materials. Among them, chitosan showed outstanding merit
due to the better performance in metal grafting, amendment, and ability of hydrogen bonding. Moreover, it provides highly active
nitrogen-doped carbon as the support of transition metals in the hydrogen generation, enhancing the reaction rate by retarding the

charges recombination.

1. Introduction

While currently utilizing fossil fuels in most industries is
inevitable, environmental issues created by these combus-
tions force companies to develop new systems operating
with green fuels like hydrogen [1, 2]. This gas is a promising
fuel considering its high potential energy and relatively safe
combustion product [3, 4]. A substantial number of publica-
tions on hydrogen generation procedures demonstrate that
an efficient protocol has not been stabilized yet [5, 6]. In this
regard, a wide variety of starting materials were used for the
hydrogen production, such as water, formic acid, hydrazine,
and boranes, especially by heterogeneous catalysts [7]. Since
the reusability of the catalyst is considered a notable charac-
teristic of the hydrogen production reaction, heterogeneous
catalysts gained significant attention to promote the reaction
[8]. Sustainability is of importance for the heterogeneous
catalysts, leading to the employment of natural-based

supports, such as cellulose (Cel), chitin, and chitosan (CS),
in the chemical transformations [9, 10].

Recent century has witnessed superior growing up in the
uses of sustainable polymers, in which biopolymers are the
center of concentrations due to the abundancy, availability,
inexpensive nature, easy modification, and nontoxicity [11].
Cel is a well-known biopolymer on account of broad appli-
cations such as production in paper, veterinary nutrients,
cosmetics, wears, and drugs [12-14]. CS and chitin are the
other utilitarian biopolymers, especially in biomedical such
as wound healing, drug delivery, and vaccine delivery [15].
All of the mentioned biopolymers demonstrated attractive
behavior to be used as heterogeneous supports of various
catalysts. Easy modification of these polymers has been led
to numerous reports about modification of them by transi-
tion metals. Cel, chitin, and CS could adsorb metal cations
efficiently because of many heteroatoms on their structure; in
particular, CS and chitin with nitrogen atoms quickly com-
plex with metals like Pd, Pt, Co, and Au. The obtained
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FIGURE 1: Mechanism of the photocatalytic water splitting.

composites could provide catalytical clean hydrogen produc-
tion [16]. Herein, we pointed out all the catalysts synthesized
from CS, chitin, and Cel in the hydrogen production reac-
tions. This survey is of significant importance because it
provides a comprehensive review research on hydrogen pro-
duction by catalysts obtained from chitin, Cel, and CS,
highlighting their strengths and weaknesses. To provide a
better insight, four main subjects were followed in the sepa-
rate sections, including hydrogen generation, CS, chitin, and
Cel. After elucidation of the hydrogen production by various
pathways, the capabilities of materials constructed by these
biopolymers were highlighted in hydrogen evolution. In each
section, all the reports in the area were discussed with a
leading focus on the feature of the biopolymer affording
the high activity. This paper can provide a valuable overview
on the advantages and disadvantages of different approaches
and guide to the developing more efficient and sustainable
hydrogen production methods.

2. Hydrogen Production

Hydrogen is a clean and renewable energy carrier that has
the potential to play a significant role in the transition to a
low-carbon economy. There are various methods for the
hydrogen production, such as steam reforming, gasification,
and electrolysis. However, some of these methods use natural
pollutant sources, such as natural gas or coal, as feedstock,
resulting in carbon emissions and other environmental
impacts. These methods are classified as blue and gray, which
are considered unsustainable approaches for hydrogen pro-
duction [17-19]. On the other hand, there is a green method
for the hydrogen evolution, which is based on photocatalytic
[20, 21], electrocatalytic [22, 23], and photoelectrocatalytic
techniques [24, 25]. These methods use renewable energy
sources, such as solar energy or wind power, in a sustainable

and ecofriendly way to split water. As a result, these nonfossil
fuel-based methods are considered the best approaches for
the hydrogen production [26].

Photocatalytic reactions enjoy a free source of energy
without employing high-cost instrumentation, which leads
to the significant extension in various applications. There-
fore, this is not surprising that hydrogen generation was also
benefits from the photocatalytic systems to afford a worthy
energy source in a green manner. The mechanism of photo-
catalytic hydrogen production involves photo absorption, pro-
ducing electron-hole, and reduction of H" to H,. The
photocatalyst absorbs light energy, in the form of ultraviolet,
visible light, or infrared, which excites electrons from the
valence band to the conduction band to generate electron-hole
pairs. The injected electrons are in charge of hydrogen evolu-
tion from protons by a catalyst. The role of semiconductors to
accelerate this phenomenon is vital, leading to a wide study on
the development of efficient nanocomposites as the semicon-
ductors. Moreover, the semiconductor could prevent a quench-
ing process by the retarding charges recombination
(Figure 1) [27-30].

Electrocatalytic water splitting is a process that uses an
electrocatalyst to facilitate the separation of water into
hydrogen and oxygen gases. The electrocatalytic water split-
ting initiated with the formation of charges on the electrode
surface. Water is electrolyzed in an electrochemical cell,
which consists of an anode and a cathode separated by an
electrolyte. A voltage is applied across the electrodes, which
causes water to split into hydrogen at the cathode and oxygen
at the anode. The electrode reactions involved are as follows:

Cathode: 2H" 4 2~ — H2, (1)

Anode: 2H,0 — O, + 4H™" + 4e". (2)
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FIGURE 3: Mechanism of the photoelectrochemical water splitting.

An electrocatalyst is used to facilitate the electrode reac-
tions and improve the efficiency of the process. The electro-
catalyst minimizes the activation energy and subsequently
increases the rate of the overall reaction (Figure 2) [31-34].

Photoelectrocatalytic water splitting is a process that
combines photocatalysis and electrocatalysis to split water
into hydrogen and oxygen gases driven by solar energy on
the surface of active electrodes. A photocatalyst, typically a
semiconductor material such as titanium dioxide (TiO,) or a
metal oxide, absorbs photons from sunlight and makes

electron-hole pairs in the material. The excited electrons
move to the conduction band, while the holes formed in
the valence band. The electrons and holes are separated
and migrate to the surface of the photocatalyst. The cathode
and/or anode are typically coated with an electrocatalyst to
improve the electrode reactions and improve the efficiency of
the process. At the cathode, the excited electrons reduce
water molecules to H, and hydroxyl, and on the other side,
the holes oxidize water molecules to form O, and protons
(Figure 3).
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TasLE 1: Most important factors and reports of CS on the hydrogen generation reactions.
Current
Entry Effect Catalyst Hydrp gen Tafel SIOPf density
production rate (mVdec™) Uy
(mAcm )
1 As a weak base CS hydrogel/pencil graphite [45] 2,050 (mlg™" rillin_l)_1 - —
Poly(vinyl) alcohol/CS [46] 1,277 (ml H, Lo, day ) - -
—1
3 CS-supported Pd NPs [16] 24.76 (m(:TlliI:ﬂ()mOlPd) - _
4 Chelating CS with metals CS-Co complex [47] 30258 (umolg ™ hr™!) - -
5 Cu-Co/CH [48] 1,370 (mlg™" min™") - -
6 Retardant of charge Cu@CS-LN [49] 2.5% 105 (umol gCu_1 hrh) - -
recombination in
7 semiconductors and Pt-CS-TiO, [50] 93.46 (umolhr™) - -
photocorrosion inhibitor
8 Easv chemical modification Pd (0)/GO-ILCS-Fe;0, [51] 30.2 (mol H, (molpq min™") - -
9 Y rGO/carboxymethyl CS [52] 480 (min™") - -
10 Polypyrrole-CS/Au NPs [53] - —152 6.12
11 PPy/Bi,MoO/CS [54] - 19.16 -
12 Hydrogen bonding Polyaniline-CS/Pt [55] - 121 10.76
13 g-C5N,/CS/Au [56] - 13 6.01
14 ¢-CsNu/BN@CS [57] - 150 .
15 et ot Mo,C QD/NGCL [58] - 98.1 10
16 s the precursor of carbon ZnO@AC NPs [59] 1,257.69 (mlg ™" min™") - -
material in hydrogen evolution i

17 CoO-CdS [60] 10.60 (mmol g, hr™) - -
18 As a template for the synthesis ~ Co3;0,4 macrocubes with CS 1,497.55 (ml oo™ min™) 3 3

of catalysts template [61]

Overall, photoelectrocatalytic water splitting combines
the advantages of photocatalysis and electrocatalysis to gen-
erate hydrogen and oxygen gases using solar energy [35-39].

3.CS

CS, a linear polysaccharide constructed from randomly dis-
tributed p-linked d-glucosamine and N-acetyl-d-glucos-
amine, has gained attention in the energy conversion, such
as fuel cells, due to some characteristic properties (Figure 4)
[40, 41]. This biopolymer application domain is rapidly
increasing in the energy field like hydrogen generation due
to the characteristic properties like insolubility in most of
the solvents, weak base behavior, hydrophobicity, hydrogen

bonding, complexation with metals, and organic salts forma-
tion [42-44].

Table 1 summarized significant features of CS which
affected its performance in the hydrogen generation reaction,
and the results in this area were listed. In continue, we stud-
ied the impacts of each of these factors in detail.

Most of the reports on using CS-based catalysts are around
its modified form with the transition metals. However, the
metal-free CS was used for the hydrogen generation at a mer-
cury and amalgam electrode. This reaction indicated a signifi-
cant dependence on the buffer concentration and pH with the
high performances in concentrated solutions at low pHs [62].
While the mechanism of the hydrogen evolution did not inves-
tigate in this work, we believe that the protonation of amine
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ScueME 1: Effect of amine and amide groups of support in proton
evolution reaction.

groups of CS as a weak base in acidic media is a prelude for the
evolution of protons to H,. Therefore, CS directly impressed
the transformation reaction of H' to H,, in which H' is
prepared to the evolution after binding with amines of the
biopolymer. Although the assessment about consuming non-
bonding electrons of CS’s amine in the transformation of pro-
ton to H, is not established, but the impact of the base behavior
of CS was approved when the hydrogen evolution reaction did
not proceed by a chitin oligomer (containing N-acetylated
glucosamines). It is worthy to note that in the chitin structure,
nitrogen atoms are arranged in the amide moiety with no basic
behavior to bind with protons (Scheme 1).

The CS hydrogel entrapped pencil graphite composite
(CH/PG) was also employed in the hydrogen generation via
an electrochemical pathway with the rate of 2,050 mlg ™" min~".
This catalyst can be simply prepared and also recycled by taking
hydrogel from the reaction mixture [42]. In another work, a two-
chamber microbial electrolysis cell, separated by a poly (vinyl)
alcohol/CS membrane, was utilized for the production of hydro-
gen with a rate in the range of 1,277 + 46 ml H, L, ' day . The
catalytic activity of composite was found close to Nafion in the
hydrogen generation reaction. The efficiency of the prepared
composite was also investigated as a membrane that demon-
strated the highest acetate removal of 7% [45].

Amine groups have the potential to be anchored to unoc-
cupied orbitals of transition metals via nonbonding electrons.
This stabilizing interaction has been widely employed to the
deposition of transition metals on various natural and syn-
thetic polymers. Abundance amine groups on the CS back-
bone makes the biopolymer a susceptible support of transition
metals to afford catalysts for diverse transformations like
hydrogen evolution. Remarkable numbers of amine function-
ality on CS inhibited aggregation of metal nanoparticles
(NPs), providing desirable conditions for the uniform fine-
size formation of transition metals on the polymer [15]. For
instance, fine particles of Pd with the particle size 4-8 nm
were deposited on CS to obtain CS-supported Pd NPs as a
catalyst for the decomposition of NH;BH; through a

5
Hydrolytic dehydrogenation of NH;BH;
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ScHEME 2: Mechanisms of hydrogen generations from Pd-catalyzed
hydrolysis of NH3;BH; and degradation of NH,"HCOO™.

hydrolytic dehydrogenation (Scheme 2). As a result, the cata-
Iytic reaction in 0.81 and 0.45 of NH;BH; provided E, of
36.25k] mol ™ with a maximum turnover frequency (TOF)
of 24.76 mol H, molpy ' min™' at 303K [46]. After that,
researchers have managed to obtain a high dispersion value
of uniformly sized Pd NPs on CS-graphene oxide (GO) beads
by adsorption of Pd(NH;),*" followed by a reduction stage
utilizing NaBH, in order to the synthesize Pd/CS-GO catalyst
for the hydrogen production from ammonium formate deg-
radation (Scheme 2). Among their findings were reported to
be no CO/CH, formed during the process.

Another noteworthy outcome was the fact that Pd average
size reached over 3 nm after three cycles due to the leaching
and caused deactivation of the catalyst [63]. In continue, a
one-pot strategy was employed to fabricate the CS-Co com-
plex as a catalyst for the hydrogen generation in a photoelec-
trochemical pathway. The amount of hydrogen production
was determined up to 30,258 ymol g_1 hr~! under the best
conditions [47]. The nanocomposite of CS and Co NPs was
electrochemically coated on a bare 3161 stainless steel alloy to
afford a catalytic system for hydrogen generation from cal-
cium hydrogen phosphate solution. The acquired results have
confirmed the efficiency of the nanocomposite in the electro-
chemical corrosion resistance of the walls as well as promot-
ing the hydrogen production rate [64]. This is a clear
document to highlight the promising ability of CS in the
supporting of transition metals since remarkable stability is
needed for the corrosion inhibition by a composite. As men-
tioned, this gift resulted in the amine functionalities’ strong
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interactions with metals. A growth in yields was observed for
the bimetallic systems supported on CS. Bimetallic NPs
entrapped CS hydrogel container (Cu—Ag/CH, Cu-Co/CH,
Cu-Ni/CH) was prepared and used for the H, generation.
The results showed that Cu—-Co/CH was more efficient in
hydrogen production with the rate of 1,370 mlg~' min™" of
H,, while Cu-Ni/CH is efficient in the removal of toxic con-
taminants. The major advantage of this catalyst is its superior
activity and cost-effective nature. It should be highlighted that
the selection of metals is vital in the yield [48].

Semiconductors are powerful tools for the progress of
photocatalytic reactions, in which they trap the photon
energy and generate excited electrons and holes to accelerate
the redox reactions. The most important issue about the
semiconductors is the fast recombination of electron—hole
pairs before use in the reaction. This concern could be sup-
pressed by the addition of various retardants like graphene
compounds. CS—-CdS xerogel composite was prepared to
look for a catalytic system to hydrogen evolution suppressing
the previous issues, including rapid recombination of
electrons—holes produced from photo-irradiation. It was
demonstrated that migration of holes from the semiconduc-
tor to the highest occupied molecular orbital (HOMO) of CS,
created by the nonbonding electrons of hydroxyl and amine
groups, led to a remarkable retarding in the charges quench-
ing (Figure 5). Furthermore, photo corrosion is a common
issue for the CdS semiconductor, which is resulted from the
accumulation of electrons—holes or species created from
electrons—holes on the semiconductor. The presence of CS
spatially inhibited from the charges contact achieved by the
amines and hydroxyl groups. This benefit led to the stability
of the photocatalytic reaction for 55 hr [65].

Lignin was also employed to bind with CS for the syn-
thesis of a framework for the metal NPs by the formation of
core—shell material. Solubility of the biopolymers in acidic
media, and precipitation of them by changing pH allows to
trapping hosts in their network. CS-lignin (C-LN) carbon
framework  bio-composite-encapsulated Cu  catalyst
(Cu@CS-LN) was employed in methanol reforming. The
Cu@CS-LN produced 2.5 x 10° yumol H, gc,~ hr™', which
is two times higher than Cu@CS [49]. A similar observation
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ScHeEME 3: Schematic illustration of photocatalytic hydrogen pro-
duction over Pt-CS-TiO, catalyst.

was also reported for the composite of Pt-CS-TiO, photo-
catalyst, in which the CS as a ligand injected electrons to
Ti0,, retarding electron—hole recombination. The photoca-
talyst can produce H, with a high rate of 280.4 ymol in 3 hr,
because of charge transfer complex between CS and TiO,
(Scheme 3) [50].

Amine species have been known for their superior nucle-
ophilic properties, leading to the innumerable substitution
reactions by the nucleophilic substitutions. Possessing
amines, CS hosts new functionalities by nucleophilic substi-
tutions [66]. In this type of reaction, a leaving group on the
electrophilic compound is replaced by a CS’s amine. Modifi-
cation of CS with ionic liquid 3 afforded ionic liquid grafted
CS (ILCS) by an S\2 reaction (Scheme 4). This reaction was
proceeded by the attack of highly nucleophilic amine to the
carbon-containing Br and a C-N bond formation simulta-
neously leaving the Br. The reaction of ILCS with GO gave a
composite which under deposition of Pd NPs gave an organo-
metallic catalyst. Obtained results suggested the high catalytic
activity, and excellent reusability in the hydrolytic decomposi-
tion of NH3;BH; towards hydrogen generation. TOF was deter-
mined to be as high as 25.6 mol H, molpg ' min™". Notably, the
E, of the reaction over the resultant catalyst was negligible
(38 kJ mol™) compared to most of the Pd-based catalysts,
offering easy progressing the reaction [51]. In continue, ILCS,
GO, ferrous chloride, and ferric chloride were used as precur-
sors to produce magnetic composites to investigate their hydro-
gen evolution as catalysts. In this study, authors benefited from
a one-pot synthesis method combined with coprecipitation and
then, utilized GO-ILCS-Fe;O,4 composite as the support of Pd
NPs. Although their findings exhibited no enhancement in the
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hydrogen generation from NH;BH; (TOF up to 25.2mol
H, molpg 'min~") compared to the previous report, a signifi-
cant positive in the easy magnetically separation and reusability
of Pd/GO-ILCS-Fe;0,4 was achieved [51]. The amidation
reaction could provide strong binds between the CS and
the catalyst. The reaction of tetracarboxylic acid functionalized
Co(II)-phthalocyanine with chitosan by amidation reaction in
the presence of carboxylic acid activators led to the formation
of a photocatalyst with a bandgap of 1.71eV and TOF of
510 hr™! for water splitting [41].

In recent years, reduced GO (rGO) promoted a signifi-
cant number of catalytic reactions, in particular, in the field
of energy conversion due to notable characteristics such as
biocompatibility, easy production, high surface area, easy
modifications, insolubility, easy cycling, and so on [67].
Quadrado and Fajardo [52] used a combination of rGO
and carboxymethyl CS for supporting Ag NPs to prepare a

new catalyst for hydrogen generation through a straightfor-
ward borohydride decomposition reaction (Scheme 5). Synthe-
sis of rGO/carboxymethyl CS was carried out by the amidation
reaction between N-H of carboxymethyl CS and carboxylic
acid of GO and then, reduction of GO to rGO by fructose
(Scheme 2). This catalyst was demonstrated remarkable cata-
Iytic activity in hydrogen production (maximum rate of
180 x 102mlmin~" g~"), achieving TOF value of 480 min™".
This composite indicated a superior activity in both aqueous
and nonaqueous systems and recyclability for several times
without any significant decrease in the yields [52].

CS has outstanding hydrophilicity owning hydroxyl and
amine groups by the ability of hydrogen bonding with water.
Hydrogen bonding potential of CS was considered as a propi-
tious capacity to perch other compounds on the polymer. Poly-
pyrrole is an example of compound by abundant N-H bonds
susceptible for the hydrogen bonding, which was loaded on the
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CS via this interaction. A graphite electrode was prepared by
polypyrrole-CS/Au NPs to furnish an electrocatalyst for the
hydrogen production from a water-splitting reaction. For
obtaining the catalyst, the electrode was modified potentiome-
trically with polypyrrole in the presence of CS and subsequent
deposition of Au NPs (Scheme 6). Polypyrrole has a notable
conductivity with the wide applications for improving the com-
posites conductivities stocked on the electrodes. Hydrogen
bonding efficiently connected the synthetic polymer to CS,
leading to a stable catalyst on the electrode. Moreover, the
strategy offered a pathway to suppress the costs via using mini-
mum amounts of Au. Electrochemical data indicated that the
thickness of the loaded catalyst impressed the electron transfer
rate, which finally affected the current densities [53].

In a similar study, an aluminum electrode containing Au
deposited on polypyrrole-CS was obtained via coelectrode-
coration of polypyrrole and CS on the electrode and then Au
loading by cyclic voltammetry. CS also provided the possi-
bility of the polymer interconnection and high dispersion of
Au NPs on the composite. High dispersion of Au was found
as a remarkable point to increase the desired reaction in a
high cathodic current density and reduce the Tafel slope to
—152mV dec™" and current density of 6.12mA cm™>. This
finding demonstrated that Volmer—Heyrovsky mechanism is
in charge of the transformation, in which the Volmer

reaction controls the rate (Scheme 7). Furthermore, the sta-
bility of the catalyst was confirmed as it was reusable over
8 hr [68]. Bi;Mo0Qg as an inexpensive precursor instead of Au
in the composite with polypyrrole/CS accommodated elec-
trochemical hydrogen production with the low Tafel slope of
19.16 mV dec™". This success in the yield was also attributed
to the high surface area, in which the exfoliated morphology
enhanced the surface area [54].

Polyaniline has the potential of polypyrrole in the hydro-
gen bonding with CS, in which strong interactions are cre-
ated between them, and also the conductivity of the CS is
improved in the presence of this conductive polymer. An
electrocatalyst was constructed from the loading of Pt NPs
on a pencil graphite electrode containing a composite of
polyaniline-CS. This electrocatalyst performance was found
to be more promising in the field of hydrogen generation at
low pHs with the Tafel slope of 121 mV dec™" and current
density of 10.76 mA cm™>. The mechanism of the reaction
was studied by an electrochemical method, indicating the
Volmer-Heyrovsky route. The present composite can be
an intangible proof for the hydrogen evolution regarding
that the kinetics of the reaction was desired when the con-
ductivity was enhanced by polyaniline [55].

Nasri et al. [56] prepared an efficient nanocatalyst from
graphitic carbon nitride (g-C;N,), CS, and Au NPs through a



Advances in Polymer Technology

convenient, green, and cost-effective method. In this reac-
tion, pyrolysis of urea and laser ablation of Au solution
afforded g-C;N, and Au NPs, respectively, which their mix-
ing with CS gave g-C;N,/CS/Au. Hydrogen bonding between
nitrogen atoms of g-C;N, and N-H of CS was in charge of
connecting two organic materials. Synthesized catalyst after
electrochemically coating on a stainless-steel mesh was
employed in the hydrogen generation reaction with the Tafel
slope of 13mV dec™" and current density of 6.01 mA cm™>,
Cyclic voltammetry demonstrated the high activity of the
nanocomposite in the degradation reaction [56]. Hydrogen
evolution reaction was carried out with the graphitic carbon
nitride (g-C;N,) integrated with boron nitride (BN) and CS
(g-C3N,/BN@CS nanocomposite). The as-synthesized mate-
rial shows superior stability for 20 hr and HER performance
with an overpotential of ~520mV and a Tafel slope of
150 mV dec™! [57].

CS is considered the promising starting material of the
N-doped carbon compounds, having the benefits of easy
transformation, inexpensive nature, abundancy, and sustain-
ability. This reaction was employed to synthesis of N-doped
graphite as a support of Mo,C quantum dots. Decoration of
nanometer scales of quantum dots of Mo,C on the sheets of
N-doped graphite through solid-phase reaction gave an
active composite for hydrogen generation with the Tafel
slope of 98.1 mV dec™", current density of 10 mA cm™2, and
overpotential of ~136 mV. This reaction was impressed by
the synergistic effects of catalyst ingredients in the water-
splitting. The presence of nitrogen with a long-pair electron
created an interaction with an unoccupied level of H *, leading
to the efficient decomposition of water (Scheme 1). Further-
more, N as the heteroatom increased available electrons on
Mo and Cel atoms, in which these electrons conducted on the
water-splitting reaction [58]. Activated carbon obtained from
CS-supported zinc oxide NPs (ZnO@AC NPs) was used for
hydrogen evolution with a yield of 1,257.69 mlmin~"g™".
Hydrogen production reusability tests revealed 85% catalytic
activity for the recycled ZnO@AC NPs and high stability and
selectivity [59].

CS-derived carbon-supported CoO-CdS photocatalyst
was reported to produce 10.60 mmol g.,,~" hr™" of H,, which
is 7.21 times higher than that of pure CdS, with high stability
and quantum efficiency. The photocatalysts showed remark-
able performance by retarding the charge recombination and
migration photogenerated carries. This is ascribed to the
formation of z-scheme heterojunction between carbon-
supported CoO nanorods and CdS [60].

Porous macro-cubes structures of Co;0, catalysts were
constructed from the blending CS, urea, and cobalt(II) under
hydrothermal conditions. The next step was involved with
the calcination of extracted solids at different temperatures
for 4hr. This research was conducted to obtain a new het-
erogeneous catalytic system of Co;0,, in which CS provided
the template for the creation of a porous structure of the
catalyst, and urea was the support. Considerable high hydro-
gen evolution was provided by the catalyst with a rate of up
to 1,497.55ml H, min™" gcat_l. The ratio of the ingredients
used in the catalyst synthesis was impressed the size and

thickness of macrocubes, and their performance [61]. A
high catalytic activity of Co;O, resulted in a high surface
area of the catalyst caused by the utilization of CS template.

4. Chitin

Chitin is an abundant biopolymer in the nature, which is
composed of N-acetylglucosamine. This biopolymer is
employed for the large-scale production of CS through a
deacetylation reaction. Therefore, chitin offers most of the
features of CS, such as biocompatibility, complexation with
metals, insolubility in solvents, hydrophobicity, weak base
activity, and formation of organic salts [69]. However, acet-
ylated amines in the chitin backbone substantially reduce the
biopolymer intense for the modifications by nucleophilic
reactions, leading to the more attention to CS than chitin,
especially in the hydrogen generation reactions. Our litera-
ture study revealed that chitin-based catalysts have not been
well studied for the hydrogen evolution, and reports on this
area are rare. Table 2 summarizes significant features of chi-
tin that impressed its activity in the hydrogen generation
reaction, and the reported works in these areas were shown.
In continue, we studied the impacts each of these factors in
detail.

Anchoring with metals enterprise is conceivable for the
chitin on account of the plenty of amide functionalities.
Amides demonstrated superior activity to complex with the
transition metals as the bidental ligands (O=C-N). By dis-
persing chitin in a Ru(III) solution and subsequent reduction
of the cation, the nanocomposite of chitin/Ru NPs was
obtained to be employed in the hydrogen generation reac-
tions. This catalyst demonstrated superior activity in the
hydrogen production from hydrolysis of NaBH, with the
rate of up to 55.291gRu_1min_1 at 30°C with the E, of
39.16 kJ mol ™. Surprisingly, Ru supported on chitin remained
stable for 20 cycles with a negligible decrease in the yield, indi-
cating the notable capability of chitin amides in the anchoring of
metal NPs [70].

Although chitin-supported catalysts for hydrogen evolu-
tion are not well established, the use of this inexpensive bio-
polymer deserved the synthesis of carbon material for
supporting metal catalysts in the energy conversion. In a
report, chitin was used as a precursor of N-doped carbon
nanofibers, in which the adsorbing Pt on chitin, freeze—drying
the prepared composite, and its final pyrolysis led to the for-
mation of a high surface area composite of carbon-Pt. This
composite revealed a significant activity towards hydrogen
evolution with an overpotential of 34 mV and a Tafel slope
of 39 mV dec™", values worthy than commercial Pt/C (36 and
35mV dec™") [71]. Pyrolysis of chitin in the presence of cobalt
salt created a porous structure containing Co, N, and S when
the product of high-temperature thermal treatment finally
was sulfurized. This catalyst promoted oxygen reduction, oxy-
gen evolution, and hydrogen generation reactions succes-
sively (Scheme 8). Researchers synthesized active species of
Co catalyst due to the defects made in the catalyst structure by
the etching step. Furthermore, S and N-doped in the crystal-
line network create multiple active sites. For the hydrogen
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TasLE 2: Most important factors and reports of chitin on the hydrogen generation reactions.
L Hydrogen Tafel slope Overpotential
Entry Chitin role Catalyst production rate (mV dec™") (mV)
-1
1 As a ligand Chitin/Ru NPs [70] 55.29 (l_r}nn -
gRu )
2 Carbon-Pt [71] - 39
12.63
3 As the precursor of porous Co/CoO0 [72] 14 -1 -
SubDOrtS (mmolg™ hr)
PP Ru@NC [73] - - 39
5 N-doped carbon nanofibers [71] - 39 34
Porous structure containing Co, N,
6 and § [72] - - 264
N H,0
‘ 4 Colll) Pyrolysis N Sulfurization
N
+1/20,

Porous structure containing N and Co

ScHeME 8: Synthesis of porous structure containing Co, N, and S from chitin for water-splitting.

evolution reaction, a current density of 10 mA cm™ with an
overpotential of 264 mV was obtained [72]. A sustainable and
cost-effective catalyst of chitin-derived carbon and Co/CoO
hybrid was synthesized via precarbonization of chitin and
cobalt nitrate under nitrogen and subsequent calcination.
This simple pathway afforded an invaluable catalyst for the
hydrogen evolution of triethanolamine (TEOA) solution in
the presence of Eosin Y as a photosensitizer with the rate of
12.63 mmol g~" hr™". It was demonstrated that Co/CoO retards
the recombination of electron—hole pairs generated by photo-
irradiation, leading to the efficiently enhances in the reaction
rate. On the other hand, nitrogen atoms improved the reaction
rate due to the hydrophilicity [72].

In another work, Ru NPs anchored on chitin-derived
porous nitrogen-doped carbon (Ru@NC) are produced and
used for HER. Ru@NC shows HER overpotential of 39 mV at
10 mA cm ™7, with high stability in alkaline solution. The well
HER performance of Ru@ NC is due to small particle size,
changing electronic structure of Ru by N doping, and a
strong metal-support interaction [73].

5. Cellulose

The most accessible biopolymer in the nature, Cel, is a poly-
saccharide constructed from a linear chain of several hun-
dred p-linked d-glucose units [74]. A bunch of structural
forms have been reported for the polymer, such as micro-
crystalline C, Cel nanofibril, hairy Cel nanocrystalloids,
spherical NPs of Cel, and aerogel Cel obtained from acid
hydrolysis [75], mechanical processing [76], thermal treat-
ment [77], enzymatic hydrolysis [78], and freeze—drying of
Cel [79], respectively. Each of these states offers different
applications since they have unique features. These materials
attracted the attention of researchers in the energy field for
the catalytic purposes. Table 3 indicates an important

characteristic of cellulose affecting its activity in the hydro-
gen evolution, and the reported works in this subject were
highlighted. In continue, we investigated the effect each of
these factors in detail.

Spherical NPs of Cel with the size of 210 nm were syn-
thesized in a new pathway via heating microcrystalline Cel or
sawdust under a pressure of 600 psi. The BET analysis
revealed a surprising aspect ratio for the formed Cel NPs
as 1,500 m>g " The yield of NPs formation indicated
time-dependent with the better results in a long time. This
synthesized nanomaterial was utilized in the electrochemical
generation of hydrogen, and it was found that the pretreat-
ment method did play a remarkable role in the activation of
NPs for proceeding with electrochemical hydrogen evolution
[93]. A porous lamellar membrane was made using bismuth
oxychloride (BiOCI) nanosheets and CS nanofibers (CSFs)
via self-assembly. Interestingly, the as-prepared BiOCI/CSFs
afforded a hydrogen production rate of 12.49 yumol g~ hr™".
The hybridization of CSFs with 2D lamellar membranes
helps nanochannel size, water transport, and mechanical
strength (Scheme 9) [80].

Nano-fibrillated Cel (NFC) has been known as a high
surface area nanomaterial, enjoying biocompatibility and
abundancy [94]. The capability of NFCs was examined as a
carrier of TiO, NPs as semiconductors for the photocatalytic
water-splitting, in which it was recognized that the NFC-
TiO, composite has a superior activity in hydrogen produc-
tion up to 265 umol g~ min~", exceeding two to five times
over the pristine TiO, [81]. A literature survey on the C-TiO,
composites revealed a significant finding about their interac-
tion, in which the Cel surface could be covered by TiO,
molecules by a long-range electrostatic interaction and
hydrogen binding (Figure 6) [95]. Recently, Cel nanocrystals
were modified with TiO, via a one-pot strategy to reach a
chiral nematic photoactive structure. Self-assembly of the
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TasLE 3: Most important factors, and reports of cellulose on the hydrogen generation reactions.
. Hydrogen production rate Tafel slope Overpotential
Entry The desired effect Catalyst (umol g,l hr ) (mV dec ) (mV)
1 High surface area BiOCI/CSFs [80] 12.49 -
2 NEC-TNPs [81] 265 -
3 Electrostatic and hydrogen CNC/TiO, [82] 287.2 -
4 bonding NFC@Fe;0,@TNP [83] 436 -
5 Pt@HN-BC [84] - =35
6 Cel hydrogel-Ni [85] 489.2 -
7 Support of transition metal- Ni-P/BC [86] - 141 161
8 based compounds Cu@CC 3.35% 10° -
9 CdS/10%BC-Mo,S [87] 20,020 - 154
10 CoO@N/S-CNF [88] - 32 —55
N, S-doped carbon nanofibers
11 coated with N, P-doped - 99
Cellulosi/ Celfas 2111 péecursor of carbon NPs [89]
12 catalysts for hydrogen CNFs/CoSe, [90] - 54 119
generation
13 Berry-shaped-CdS/Mo,S [91] 63,590 -
14 C-doped graphitic carbon 1,024 _

nitride [92]

- Confined water molecules

- Rapid transport of water molecules

- Photocatalytic hydrogen
evolution

r

TEOA N\ S

Oxidized prod}xcts’l
/ !

ScHEME 9: Photocatalytic hydrogen evolution mechanism of BiOCl/
CSFs.

nanofibers provided a chiral nematic structure with the evapo-
ration of the solvent, which formed a xerogel template for TiO,
NPs. Moreover, a lamellar form of TiO, was generated with
calcination of the obtained xerogel structure, which promoted

Ficure 6: Deposition of TiO, on NFC as a catalyst for water
splitting.

the hydrogen evolution reaction up to 287.2 umol hr " g~" [82].
NFC/TiO, was also modified by Fe;O, NPs to produce a mag-
netic photocatalyst for the hydrogen evolution. For the synthesis
of the catalyst, in situ generation of Fe;O4 NPs was carried out in
NFC hydrogel, and the obtained nanocomposite was leached by
TiO, NPs. In this work, Fe;0,4 was employed as a shield of NFC
against degradation by TiO, under UV irradiation which was
needed for the hydrogen evolution reaction. This catalyst
afforded up to 436 umol g~' min~" hydrogen under photocata-
lytic conditions [83].

Zhang et al. [84] utilized doping polyaniline on bacterial
Cel (BC) by the polymerization to construct a BC-covered
polyaniline, and they compared the result of hydrogen evo-
lution reaction by this system with the catalyst obtained from
pyrolysis of BC/polyaniline. It seems hydrogen bonding and
electrostatic interactions directly stabilized polyaniline on
the BC. In both of the catalysts, microscopic studies revealed
that the nanowire structures of BC were lost. These supports
after deposition of Pt NPs were employed in the hydrogen
generation in acidic media, in which Pt on the carbon sup-
port indicated better performance with the onset potential of
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Cellulose
D
1—Wrapping by chitosan .
2—Metal deposition Metal deposition
NaBH, + H,0
NaBH, + CH;0H M: Cu, Fe, or Ag
NaOH + 11, +
NaOH + 11, + BOCH,), B(OH),

ScueME 10: Cu/Ni supported on Cel as a catalyst for the hydrolysis of NaBH, and Cel wrapped CS modified with metals as catalysts for the

methanolysis of NaBH,.

—1mA cm ™ and overpotential of —10 mA cm ™2, and Tafel
slope of —35mV dec™" [84]. While Cel has been deprived
from the strength ligands like amines (unlike CS), neverthe-
less hydroxyl groups could be weakly anchored to the metals.
Hydrogel of wheat straw Cel was modified by nickel and
copper NPs to construct two heterogeneous catalysts of
hydrogen production from NaBH, with the rate up to
489.2 umol g~ hr™". This hydrogel was prepared by the poly-
merization in a solution, in which fine particles were formed
as a support of the metal NPs. Kinetic study demonstrated
that the hydrolysis reaction of NaBH, needs an E, of
32.66 k] mol ™. It was also indicated that the composite could
be used up to five times with 100% conversion and 77.5%
activity for hydrogen generation. The stability of the catalyst
was investigated for a long time by storing it for 30 days,
indicating that the stored catalyst retained activity of 70% for
nickel composite and 65% for copper composite [85]. In
another work, electroless deposition of Ni-P NPs on bacterial
Cel (BC) was done. The Ni-P/BC electrode shows good HER
performance with an overpotential of 161 mV at 10 mA cm™>
and a Tafel slope of 141 mV dec™". The major advantages of
this catalyst are low cost and easy fabrication [96]. CS-
wrapped Cel composite grafted metal NPs, including copper,
iron, and silver, to construct new catalysts of hydrogen evo-
lution and remove organic pollutants (Scheme 10). Among
the metals, Cu showed high activity on the biopolymer for
the hydrogen generation from methanolysis of sodium boro-
hydride. Rate of 1,253 mlg™' min~" was obtained by the Cu
catalyst as the stable and reusable one at ambient conditions
[86]. It should be noted that the Cu has a remarkable ten-
dency to coordinate with the Cel hydroxyl groups, leading to
the dissolving the biopolymer by one of the known reagents
as the Schweitzer solution (Cu(NHj3),(OH),).

Cel fibers were also modified by cadmium sulfide simply
by an impregnation method. In this study, cadmium sulfide
nanocrystals were deposited into the micropores of commer-
cial Cel fiber. While the photocatalytic activity of the com-
posite did not investigate, authors claimed that the perched
semiconductor would be a promising photocatalyst for the
water-splitting [97]. After that, the construction of a semi-
conductor using CdS, MoS,, and BC was examined to reveal
the impacts of each of the ingredients in the hydrogen evo-
lution reaction. For the synthesis of the catalyst, BC aerogel
and MoS, was simply combined, and CdS was added to

them. Aerogel nature of the biopolymer led to the superior
surface area of the final catalyst. Binding energies were cal-
culated for various combinations of the three ingredients, in
which CdS/10%Mo,S and CdS/10%BC-Mo,S afforded the
less amounts (2.2 eV) as the desirable ones for the photoca-
talytic reactions. Evaluation of hydrogen evolution reaction
by the synthesized catalysts revealed CdS/10%BC-Mo,S is
the best composite with the hydrogen production rate of
20.02mmolhr' g~ [87]. A super hydrophilic/superaero-
phobic MoS, catalyst with 3D conductive networks has
been prepared, assisted with Cel nanofiber (CF) and carbox-
ylated multi-walled carbon nanotubes (cMWCST). The
resulting CF/cMWCST/MoS, catalyst showed excellent
HER performance with an overpotential of 154mV at
10 mA cm ™. This result was due to its 3D network structure
and which can disperse MoS, and cMWCST [98].

The potential of Cel in the supporting metal oxides has
been attracted attentions to employ the biopolymer as the
template of catalysts, considering that Cel is easily removed
by a thermal treatment. Since the polymer is deconstructed
to gases like CO,, H,O, and CO under high temperatures, the
decomposition of the catalyst with Cel template created tre-
mendous porosity in the catalyst structure due to the emis-
sion of the generated gases from Cel degradation. As an
instance, 3D CS as the template of TiO, produced a prom-
ising organometallic compound for the final synthesis of
anatase TiO, with a superior porosity observed by the Scan-
ning Electron Microscopy. Furthermore, traces of carbon
remained in the titania structure, which led to the enhance-
ment in the visible light absorption by the semiconductor.
This carbon doping leads to the decreasing energy gap
between the valance band and the conduction band of tita-
nia. Water-splitting was conducted by this catalyst under
photoelectrochemical conditions with the current density of
up to 1.61 mA cm™2 [99]. Cel was reconstructed to N-doped
carbon materials in the presence of an amine, and Pt NPs
were loaded on the obtained compound via atomic layer
deposition. The use of the BC as the starting material of
carbon compound has the advantages of providing high
surface area, a fact that could be found from the electron
microscopy imaging in this report. The catalyst carried out
the water-splitting with the overpotential of —55mV at
the current density of 10mAcm™ and Tafel slope of
32mV dec™" [88].
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ScueME 11: Use of Cel derivatives as a starting material for CS-based catalysts for hydrogen generation.

The potential of Cel as the carbon materials precursor
was employed to construct molybdenum carbide NPs depos-
ited on 3D N-doped carbon nanofiber for the catalytic pur-
pose in hydrogen evolution. This catalyst was obtained from
BC in two steps, including (1) preparing hydrogel of Cel
and subsequent freeze—drying to form a porous network
and (2) pyrolysis of the first step product in the presence
of (NH,)sMo0,0,,4. Electron microscopy study revealed the
formation of an aerogel structure of N-doped carbons with
the embedded Mo,C NPs. This non-noble catalyst success-
tully promoted the water-splitting with an overpotential of
167mV at the current density of 10mA cm™ and a high
exchange current density of 4.73 x 10~>mA cm™>. Notably,
molybdenum carbide NPs decorated on 3D N-doped carbon
nanofiber were stable in acidic media and conducted on the
reaction in neutral and basic media. It was theoretically dem-
onstrated that N-doped carbon nanofibers efficiently partic-
ipate in the hydrogen evolution reaction accompanied with
Mo,C [100]. This finding also confirms our previous claim
about the role of nitrogen atoms in the evolution of proton to
H,. Carbon nanofibers hydrogel containing sulfate ester
groups hydrolysis with (NH4)sMo0,0,,4, freeze-drying, and
pyrolysis gave Mo,C supported on S-doped carbon aerogel
as the catalyst for the hydrogen generation with an overpo-
tential of 176 mV. The sulfate groups were loaded on the
carbon nanofibers synthesis procedure from sulfuric acid
hydrolysis [101]. A metal-free system based on multiele-
ments doped carbon nanomaterial was synthesized through
carbon nanofibers impregnations by ammonium thiocyanate

and melamine-phytic acid in two separate steps and pyroly-
sis of the achieved composite. A 3D network of N, S-doped
carbon nanofibers coated with N, P-doped carbon NPs was
obtained as a catalyst for the water-splitting. This catalyst
progressed hydrogen evolution with the onset potential of
233mV, a current density of 10mA cm™> at 331 mV, and
Tafel slope of 99 mV dec™". The conductivity of the carbon
nanofibril support and the presence of active sites of N and P
and their interactions with the N and S in the down level
positively impressed the reaction [89].

Pyrolysis of BC afforded carbon nanofibers which under
grown of CoSe, by a hydrothermal pathway, provided a 3D
porous structure containing CoSe, NPs. This one-pot reac-
tion led to the formation of a large surface area support for
CoSe,, leading to the abundance in the reaction sites and
accessibility of them. Meanwhile, carbon nanofibers pro-
moted the conductivity and electron transfer, a significant
factor for achieving a high rate of hydrogen evolution reac-
tion. Catalyzing water-splitting by the catalyst demonstrated
a low onset overpotential of —85mV, low overpotential
(n10=119mV) at a current density of —10 mA cm™? and
smaller Tafel slope of 54 mV dec™" (Scheme 11) [90].

A new photocatalytic system was also obtained by hydro-
thermal treatment of the BC and CdS and then the addition of
thiourea and ammonium molybdite. A berry-shaped-CdS was
the product of the first stage, which under the second stage
produced berry-shaped-CdS/Mo,S as the hydrogen genera-
tion reaction with the rate of 63.59 mmolhr™'g~". In this
synthesis procedure, BC is utilized as a template with the
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responsibility of molding the CdS NPs and an inhibitor of the
NPs aggregation [91]. The decomposition of Cel could be
employed for the carbon-doping reaction into other struc-
tures like graphitic carbon nitride. This reaction was con-
ducted on for enhancing the optical properties of the
graphitic carbon nitride for the photocatalytic agenda. Sur-
prisingly, the carbon-doped semiconductor demonstrated an
improvement in the photocatalytic hydrogen generation reac-
tion 17 times better than the undoped one. It was found that a
remarkable charge separation and photo-absorption was
occurred, which both electronic and optical enhancement
have positive on the hydrogen generation (up to
1.024 mmol hr ™' g™") [92].

6. Advantages, Limitations, and Prospectives of
CS, Chitin, and Cel in Hydrogen Production

As the result of the mentioned reports on CS, chitin, and Cel,
it can be concluded that these biopolymers could efficiently fill
the gap of supports in the absence of harmful synthetic poly-
mers. All of them provide a heterogeneous system for the
photo, electrocatalytic, and photoelectrocatalytic hydrogen
generation reactions on account of insolubility in the majority
of the solvents. An abundance of active functional groups also
creates an ideal opportunity to load various organic and inor-
ganic compounds on them. Moreover, the surface area of CS
and Cel could easily expanded by conversion of them to aero-
gel form to stablish more reaction sites, which finally increases
the rate of hydrogen generation. The most fascinating com-
mon feature of CS, chitin, and Cel is the possibility of their
transformation to carbon materials, in which a substantial
enhancement is accommodated in the charge transfer as
well as charge recombination retarding. By this structural
revolution, the role of support is extended to semiconductor
as well. This change and improvement was considerable,
especially in chitosan with affording N-doped carbon materi-
als. In addition, the known advantages of the biopolymers,
such as inexpensive natures, accessibility, and safety, more
highlight the role of them in the future of hydrogen energy.

Despite the mentioned benefits, the nonconductive nature
of Cel is a drawback since the conducting polymers showed
better performance with easy electron movement, especially
in electrocatalytic and photoelectrocatalytic reactions. Fur-
thermore, CS is dissolved in acidic moiety, leading to the
deconstruction of catalyst when hydrogen generating in low
pH like in formic acid. A common limitation for CS, chitin,
and Cel is the low-temperature stability, limiting their appli-
cations at the high temperatures.

The COVID-19 pandemic had a significant impact on the
global energy system and displayed the need for a sustainable
energy sector. The pandemic reduced energy demand and oil
price, which was an opportunity to the extension of renewable
energy sources. Hydrogen is an energy carrier that can be
produced from a variety of sources and used in many applica-
tions. Its role in energy systems is important because human
need a cleaner and sustainable energy sector. This means that
hydrogen has the potential to be a zero-emissions fuel, which
could help reduce greenhouse gas emissions, and climate
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change [2, 102]. It was demonstrated that biopolymers-
supported transition metals could be worthy catalysts for
the generation of hydrogen. Their structures have the
required potential to be modified to desired one for obtaining
higher performance.

7. Conclusion and Perspective

CS, chitin, and Cel indicated considerable merits to be used
in the fabrication of catalysts for hydrogen evolution reac-
tions. The application of chitin has not been well established
due to the lazy nitrogen atoms as the amide functionality,
diminishing its anchoring to transition metals. Among them,
CS was more studied due to the easy modification with the
transition metals, acting as the weak base, efficient hydrogen
bonding, charge recombination retarding, and facile trans-
forming to valuable nitrogen-doped carbon. All of these are
owed to the active amines on the backbone of this biopoly-
mer. While cellulose does not contain nitrogen atoms, its
modification with transition metals afforded powerful cata-
lysts. This inexpensive natural polymer also afforded high
surface area materials and carbon species as the supports
of catalysts. However, we believe that the following perspec-
tive could be considered for the introduction of new catalysts
based on these biopolymers:

(i) Modification of the biopolymers by active organome-
tallic compounds like metallo phthalocyanines; (ii) use of
porous forms of them like CS aerogel or Cel aerogel to pro-
vide high surface area catalysts; (iii) modification with other
active transition metals, especially for chitin and C; (iv)
developing new composites by the optically active materials,
such as TiO,, graphene derivatives, and quantum dots, to
drive the hydrogen generation reaction photocatalytically.

Overall, there is a massive gap in the use of these suscep-
tible biopolymers in the designing new catalysts in energy
conversion; in particular, Cel and chitin-based catalysts have
not been well established.
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