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ARTICLEINFO ABSTRACT

Keywords: Hydrogen evolution reaction (HER) invelving electrocatalytic process is established as a promising and non-
Hydrogen evolution reaction pollution method for hydrogen production. The cheap alternatives of precious-metal electrocatalysts with high
Biomass

activity and robust stability is essential for the high-scale application of electrocatalytic hydrogen evolution.

Carbon material Recently, carbon-based electrocatalysts derived from biomass have attracted more and more attentions with

Transition metal

thanks to their characteristics as low-cost, renewable, abundantly distributed and environmentally friendly. In
Electrocatalyst N M

this work, the original carbon material derived from biomass and the one doped with N and/or S as HER
electrocatalysts are intensively overviewed regarding to the electrochemical performance and hydrogen yield.
The overpotential at 10 mA em™? (y0) is generally greater than 100 mV, which is far inferior to Pt-based cat-
alysts. Consequently, biomass-based carbon materials decorated by transition metal and/or trace amount
precious metal were introduced for improving the HER performance. The synergistic effect between metals and
heteroatoms can significantly enhance the electrocatalytic activity, and the smallest value of ;0 is 10 mV. The
limitations and challenges in this area were also addressed as (1) the in-depth investigation of conversion and
electrocatalytic mechanism, (2) metal modification via in-situ growth, (3) the reproducibility for biomass
transformation, and (4) the catalyst assembly with renewable energy equipment.

1. Introduction energy, hydrogen gas (H,) has attracted world-wide concern of scientist

for its high energy density and pollution-free. However, the actual in-

With the rapid development of human society, huge energy demand
has been generated. The energy demand will reach 30 Terawatt (TW) in
2050 which is about 3 times than that of in 2010 [1]. Currently, fossils
fuel still accounts for a very high proportion (about 79.5%, according to
the statistics in 2018 [2]) in the human energy system. The consumption
of fossils fuel such as coal, oil and nature gas has greatly promoted
economic development [3]. Meanwhile, the heavy dependence of fossils
fuels not only brought out energy crisis inevitably, but also seriously
harmed the ecological environment [4]. To subject this problem and
maintain long-term development, clean and sustainable energy has
drawn extensive attention gradually. As an extraordinary alternative

dustrial method of hydrogen production is mainly through steam
reforming of fossil resources which will consume fossil fuels with low
conversion and emit carbon dioxide (CO2) [5]. An efficient, renewable
and green method to achieve industrial generation of H is urgency to
further explore.

Consequently, water splitting through electrochemical which is an
ideal reaction path to generate H, has been received widespread
attention for its no emission and abundant raw material. The process of

water splitting consists of hydrogen evolution reaction (HER) and oxy-

gen evolution reaction (OER) as shown in Fig. 1a [6]. However, owing to
the abnormally stable chemical structure of water molecule, a



considerable energy is needed to overcome the energy barrier, which is
called overpotential in the electrochemical reaction (the value of 5 in
Fig. la). Since the Platinum-group metal (PGM)-based catalysts and
their derivatives have the optimal hydrogen bonding energy (HBE) and
Gibbs free energy (A Gy+) for atomic hydrogen adsorption as shown in
Fig. 1b, it have been regarded as the most active electrocatalyst for HER
[7,8]. But the high-cost and source scarcity have greatly limited the
application of PGM-based catalysts in large-scale H, production [9,10].
In addition, some obvious disadvantages such as gas poisoning, poor
durability, metal corrosion and detrimental environmental impact also
affected the use of PGM-based catalyst [11]. Hence, reducing noble
metal loading or searching another efficient HER catalysts with low-
cost, earth-abundant and stability is highly desirable.

According to the HBE data of different catalysts shown in Fig. 1b,
scientists attempt to design a HER catalyst with use of transition metal
(TM) such as nickel (Ni), cobalt (Co), molybdenum (Mo) ete. which
generally existed as alloy or compounds in the process of catalyst con-
struction [12-17]. However, the corrosion result from acidic or alkaline
electrolytes will always affect the operation life and stability of such TM-
based catalyst [6]. The agglomeration of TM-based catalyst during the
electrocatalytic process is another restriction for the operation life and
electrocatalytic activity toward HER. The inferior conductivity of some
metal compounds also induces poor electronic transfer may limit the
performance in HER [18-21].

It is a promising method to improve HER performance using the
conductive carbon substrate as the support of TM-based catalyst
[22.23]. The operation life and durability have been greatly upgraded
with the protection of carbon substrate which can inhibit the corrosion
from electrolytes and reduce the agglomeration of electrocatalyst nano-
particles [24-29]. The commonly used carbon support is graphene and
carbon nanotubes which are expensive and cumbersome to synthesize. A
simple, efficient, and green protocol with using of widely distributed
raw materials to synthesize highly performance catalyst for hydrogen
production is necessary.

As a well-known renewable energy source, the utilization of biomass
is extremely limited and most of them have been combusted as a kind of
fuel which will cause a waste of biomass and aggravate the air pollution
[30]1. It can be converted as the adsorption material, electrocatalyst,
carbon support for catalysts and constructing the hybrid catalysts with
the modification of metal compounds [31-36]. Such intrinsic properties
of biomass can be summarized but not limited to the following aspects:
(1) The biomass production usually involves to environmentally friendly
processes with high quantity and quality, which provide reliable raw
materials for carbon production by controlling the carbonization process
[371, (2) The micro texture and multichannel structure in raw biomass
can be designed as a natural electron transmission channel which will
enhance the ability for ion diffusion/transport [38], (3) The morpho-
logical parameters such as size, shape and porosities are flexible to
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control in the process of structural and architectural design due to the
adjustable carbonization process by alter the carbonization temperature
or activator et al. [39], (4) Heteroatom, such as sulfur (S) (hair) [40,41],
nitrogen (N) (peanut nodule) [42.43], and phosphorus (P) (phytic acid)
[44,45] doped biomass-derived carbon material after carbonization is
capable to manufacture lattice defects, expose more active sites, modify
the electron acceptors-donors characteristics of carbon, regulate the
density of states (DOS) near the Fermi level, et al., resulting in an better
catalytic performance for hydrogen production [6,46-48], (5) Various
functional groups on the surface of biomass such as C-O, COOH-, and
—OH, et al. endow an immense space for the surface modification,
further functionalization, and adjustment of physicochemical
properties.

Recently, partial research has been reported on the electrocatalytic
activity for HER using biomass-derived carbon material or the hybrid
material of biomass-based carbon material and metal compounds. In this
work, the nature of biomass-based catalyst is summarized, and the
original biomass-derived carbon materials with heteroatom self-doped
are intensively discussed. The work on the exogenous heteroatoms
doped with biomass-derived carbon materials is introduced, followed by
the biomass-based carbon material with the transition metal modifica-
tion of TM and its compound. The synthesis protocols and functionali-
zation approaches of various catalysts are also described, involving the
relationship among the defective construction, active sites exposure,
crystal structure and catalytic activity. Finally, the prospects, chal-
lenges, and development trends in the designing methods for biomass-
derived carbon material used in HER are addressed.

2. Conversion methods for biomass-based carbon materials

Biomass is a widely-distributed carbon source for preparation of
carbon materials via facile thermochemical methods (ig., thermal-
treatment, hydrothermal, and activation). The functionalization and
modification of biomass-based carbon materials can be achieved by
using these synthesize methods. During the conversion process, the
introduction of metal compound into the carbon framework could
improve the electrocatalytic performance for the composite materials.

During the process of the biomass pyrolysis, the volatiles immersed
in biomass were gradually released to introduce pores of hierarchical
sizes into final carbon material. However, the porous, morphological,
and physical-chemical properties of the carbon material was greatly
influenced by the pristine structure of biomass species and the harsh
operating conditions [49]. By using chemical activation method, the
porosity and specific surface area of biomass-based carbon materials are
significantly enhanced with the help of potassium hydroxide (KOH),
magnesium chloride (MgClo), zinc chloride (ZnCly), ete. as the
commonly-used activation reagent [4].

It is estimated that the original framework of biomass was demanded
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Fig. 1. (a) Hydrogen evolution reaction and oxygen evolution reaction of electrocatalytic water splitting. Adapted with permission [6]. Copyright 2019, American
Chemical Society. (b) Voleano plot of the exchange current density as a function of the DFT (density functional theory)-calculated Gibbs free energy of adsorbed
atomic hydrogen for ditferent catalysts. Adapted with permission [7]. Copyright 2007, American Association for the Advancement of Science.



to be sustained due to its facilitation of the electronics transportation
and electrocatalytic activity [38]. As a mild transformation process,
hydrothermal is helpful for maintenance of the morphological structure
of biomass during carbonization process, which can also be sustained in
the post-calcination [50-52]. The hydrothermal method is also adopted
to prepare carbon quantum dots, as another excellent electrochemical
catalyst precursor [53].

In order to introduce metal compound into the carbon skeleton, the
co-pyrolysis of biomass with metallic compound is well developed. The
mixture of biomass and metallic compound prepared by mechanical co-
grinding or impregnation was calcined at an elevated temperature
[54,55]. The biomass was reacted with metal compound during the
calcination process to produce the functional carbon materials. The
metal loaded on the carbon skeleton in terms of nanocrystals of oxides,
nitrides, and carbides etc. [56.57]. Hydrothermal carbonization process
is another method to hold the metal ions on the solid product, distri-
bution of the metal compound on which can be homogeneously
distributed after the post-calcination [58].

3. Preparation of biomass-based carbon materials as
electrocatalyst

Metal-free catalyst exhibited an inferior performance toward HER
until Chen’s group reported a high activity catalyst constructed by nano-
porous graphene with N and S co-doped [46]. The coupling effects be-
tween heteroatom and lattice defects significantly promote the catalytic
ability through the high conductivity resulting from electron-rich in
defective structure and the optimized AGy- which is infinitely
approaching to the Pt catalyst (/AGMC.=0.12 eV vs. AG »=0.09 eV)
[46]. Hereafter, various heteroatom dual-doped graphene (such as S/N-
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G, P/N-G, ete.) has been investigated through DFT calculation and ex-
periments. The electron acceptor—donor properties of graphene are
modified with the synergistic coupling effect of two heteroatoms.[47]
The strategy of heteroatom doping can also be applied to the
biomass-derived carbon material which may improve the HER property
of the obtained carbon materials. Especially, the abundant heteroatom
in biological component can form self-doped atom which can largely
enhance the HER performance and reduce the use of chemical reagents.
Furthermore, graphitized carbon materials with high conductivity will
be obtained by high temperature treatment or catalytic graphitization
[59-61]. Therefore, to construct the heteroatom self-doped graphitiza-
tion carbon material is a promising catalytic choice. Moreover, doping
with exogenous atoms from chemical reagents is another method of
synthesizing heteroatom-doped biomass-based carbon material.

3.1. Carbon material with self-doping heteroatom

3.1.1. N-doped carbon material

Since N-containing organic components are the most common sub-
stances in biomass, it is so convenient to design of catalysts for N self-
doped carbon materials using natural abundant biomass precursor
such as plant [62,63], animal [64,65], microorganism [66,67], biomass
extracts [68,69] and food waste [70,71]. Peanut shells are widely used
as precursor for the fabrication of carbon materials and commonly uti-
lized in the oxygen reduction or supercapacitors due to its rich N-con-
taining [36.72]. However, few studies have reported its application
toward HER. For the first time, Maduraiveeran’s group demonstrated a
facile two-step thermal-treatment to synthesize a multilayer carbon
nanosheets (PSAC) from peanut shell waste which is consistent with the
strategy of green chemistry [73]. In the second step, KOH as an
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Fig. 2. (al) Model for the activation mechanism by KOH in pyrolysis process in N atmosphere, (a2) N, adsorption-desorption isotherm of PSAC (inset BJH pore
distribution of PSAC). Adapted with permission [72]. Copyright 2019, Elsevier. (b) Graphical representation of synthesis of HPNS carbon from palm waste. Adapted
with permission [11]. Copyright 2019, Elsevier. (¢1) Schematic illustration of the synthesis process of PNCs, (¢2) Photo of raw pine needles, (¢3) LSV curves and (c4)
corresponding Tafel plots of PNC samples for HER in 0.5 M H,50,. Adapted with permission [83]. Copyright 2017, Royal Society of Chemistry.



activating agent was added in the residual carbon, the activation
mechanism by KOH is shown in Fig. 2al, it will significantly enhance the
porosity, the formation of the defects sites and possibly affect the
graphitization [74]. The multilayer and abundant mesopores endowed a
high surface area of 2338 m? ¢! (Fiz. 2a2). In addition, the ratio of the
ratio of G band and D band (I5/Ip) was 0.99 which suggested a defect-
rich structure of PSAC [75,76]. The plentiful defect sites coordinated
by N-containing component such as pyridinie, pyrrolic, graphitic and
pyridine oxide nature of nitrogen atoms may increase the catalytic sites
in the carbon structure [75]. Such superior characteristics leaded an
excellent HER performance of PSAC in 0.5 M sulfuric acid (H2504). The
onset potential is 80 mV (ip) and the overpotential at 10 mA cm ™2 is
about 400 mV (#1;0). The Tafel slope which indicates the mechanism and
the rate-determining step of HER process is only 75.7 mV dec™!, which is
better than many previous reported catalysts [77-80].

Through a similar two-step thermal-treatment shown in Fig. 2b,
Prabu and co-workers reported a N-doped graphene-like hierarchical
porous nanosheets using the dry spathe-pollen waste of palm plant [11].
The synthesized hierarchical porous nanosheets (HPNS) owned a high
surface area of 1297 m? g~! and a higher ratio of Ig/Ip of 1.03.
Furthermore, it is believed that the pyridinie, pyrrolie, and graphitic at
defects will promote the HT adsorption/desorption during the HER
process [81.82], which is consistent with the DFT results that the HPNS
with N-doped has a more optimal HBE than undoped carbon (super P).
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In the investigation of HER in 0.5 M H3504, HPNS exhibited a small
overpotential of 330 mv at 10 mA cm™2, a low Tafel slope of 63 mV dec™!
as well as a durability of about 10 h. The double layer capacitance (Cgp)
which is related to the electrochemical active surface area (ECSA) was
also studied through cyclic voltammetry (CV) at a non-Faradaic process.
The relative high ESCA value of 61.4 cm? g™! through the calculation
from Cq value (7.86 mF cm™2) is another reason for the high HER
performance.

Zhu et al. synthesized a microporous N-doped carbon framework
(PNC) with pine needles [83]. As shown in Fig. 2¢1 and c2, pine needles
were firstly pre-carbonized at 450 °C, followed by a ball-milling for 30
mins and finally with the activation of KOH at a range of 700 — 1000 °C
(PNC-T, T = 700 - 1000 °C). The PNC-800 showed the best HER elec-
troactivity in 0.5 M H5SO4 with a small onset potential of 4 mV, a
overpotential of 62 mV at 10 mA cm ™2 and a quite small Tafel slope of
45.9 mV dec’ (Fig. 2¢3 and 2c4), all of them are comparable to the
commercial Pt/C. Notably, the physical-chemical properties of PNC-800
are not the best among PNC-T. With the increase of pyrolysis tempera-
ture, the specific surface area of PNC-900 is larger than that of PNC-800
(2433 m? g~ vs. 1931 m2 g~ 1), but the electrocatalytic activity of PNC-
900 is poor. This may attribute to the decrease in the ratio of I/Ip (0.96
vs. 0.93), nitrogen content (1.4 at% vs. 1.1 at%), and the value of Cg (2.4
mF em™2vs. 1.1 mF cm_z). Furthermore, the PNC-1000 leaded the most
inferior catalytic activity resulting from the sharply decrease of the ratio
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of Is/Ip value (0.43). The high graphitization of carbon materials can be
achieved by high temperature, while the disordered carbon and defect
sites will also be seriously reduced. Hence, it is critical for the carbon
material to control the degree of disorder and graphitization.

Silk cocoon is a commeon raw material in apparel industries. Through
a one-step thermal carbonization process with potassium chloride (KCl)
activation, Liu et al. designed a honeycomb-like carbon nanosheets (KCIl-
T) consisted of microporous and multilayers structure as depicted in
Fig. 3al [84]. The extraordinary performance of HER in 0.5 M H»50,4
was achieved when the pyrolysis temperature is 900 °C (KC1-900) due to
the rich N-containing of 4.7 at%, low charger resistance of 19.99 Q and
high ratio of Ip/Iz of 1.06. Hydrogen evolution occurred at an onset
overpotential of 63 mV (Fig. 3a2). When the current density reached 10
mA cm™2, the overpotential is 137 mV. In addition, a slightly higher
Tafel slope of 132 mV dec! (Fig. 3a3) and a fine durability of more than
10 h was obtained.

It is accessible for hydrothermal carbonization (HTC) protocol to
obtain the functional carbons by maintaining of original structure of
biomass precursor. With natural micro-tubular structure of Strepto-
myces sporoverrucosus dwe-3 (S. sproroverrucosus dwe-3) (Fig. 3b), it
was chosen for the first time as the carbon precursor for a low temper-
ature HTC research by Li et al.[85]. After low temperature HTC at
180 °C, the intrinsic micro-tubular of S. sproroverrucosus dwe-3 was
inherited by carbon-based microtubes (CMTs). The diameter ranges
from 400 to 500 nm, as well as a wall thickness of about 50 nm. The
electrochemical study in 0.5 M Na,SO4 + 0.1 M H,SO, electrolyte
showed that the prepared CMTs owns a high electrocatalytic activity for
HER.

The HTC carbon still has obvious drawbacks of low porosity and
large particle size which is not sweet for electrocatalyst. The biomass-
derived carbon material via HTC needs further functionalization.
Therefore, Huang et al. reported a 2 dimensional (2D) morphology of
crystalline carbons via HTC method combined with high temperature
pyrolysis as shown in Fig. 3¢l [86]. They integrated abundant nitrogen
atoms, developed porosity and 2D morphology into carbon frameworks
by using biomolecule guanine and diverse carbohydrates (glucose,
fructose and cellulose) as carbon precursors. As illustrated in Fig. 3c2,
the high Ip/Is values (1.15) showing a defeet rich structure in the
flawless carbon skeletons. The nitrogen content of 2.39 at% and porous
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nitrogen doped carbon with high specific surface area of 974 m? g_'

were obtained by further high temperature carbonization (Fig. 3¢3). The
Fru/Gu-HTC-1000 catalyst required a 350 mV overpotential to drive a
current density of 10 mA em™2in 1.0 M KOH, which is better than most
other equivalent benchmarks as well as Pt-based electrocatalysts.

It is economical and environment-friendly to utilize the food waste as
a kind of precursor for carbon material. As shown in Fig. 4al, the N-
doped porous carbon material (NPCSBF) from Chinese steamed bread
flour through suecessive hydrothermal treatment and pyrolysis was
successfully proposed by Nsabimana et al. [87]. The hydrothermal
treatment tremendously promoted the strength of NPCSBF which
enabled the manufacturing of robust monelithic N-doped porous car-
bon. Due to the high strength and integration, NPCBSF was applied to
prepare a self-support electrode. It showed an excellent HER perfor-
mance in 0.5 M H;804 with a relatively low overpotential of — 220 mV
at 10 mA cm ™2 and a Tafel slope of ~ 77 mV dec”! which mainly ascribed
to the higher value of Cg (140.24 mF em™?) (Fig. 4a2 and a3). The
NPCSBF modified electrode exhibited a nearly 100% Faradaic efficiency
and a robust stability for more than 11 h.

Prabu et al. developed a facile two-step thermal-treatment with the
activation of KOH to construct a 2D hierarchical carbon nanosheets
(NACS) from Indian Ooty Varkey (IOV) food waste (Fig. 4b) [88]. The
inter-tuned sheets and micro/mesopores structure with a high specific
surface area of 1478 m> g_' was founded in NACS. The ratio of Ip/15 is
1.03 from the detection of Raman spectra which suggested a defect-rich
structure in NACS. The NACS required a 380 mV overpotential to drive a
current density of 10 mA em™2in 1.0 M KOH and the Tafel slope is 85
mV dec.

The ideal HER electrocatalysts owns near zero value of /A Gy, while
the N-doping adjusts the band structure and electronic properties of
biomass-derived carbon materials which will approach the AGy+ value
to zero and thus affect the adsorption behaviors of H atoms. Especially,
the pyridinic-N and pyrrolic-N in carbon lattice significantly favors the
adsorption of H atoms to promote the HER performance of N-doped
carbon materials [89]. Hence, to synthesize the self-doped heteroatoms
of N through N-containing biomass is a superiority for biomass-derived
carbon. The pyridine-N and pyrrolic-N are two kinds of N-atoms doping
forms for promoting the electrocatalytic performance of biomass-
derived carbon. It needs to be noted that the conversion of N atoms is
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Fig. 4. (al) Schematic representation of the synthesis of NPCSB, (a2) polarization curves of NPCSBF-1000, NPCSBF-850, and NPCSBF-700 in 0.5 M H2504 and (a3)
corresponding Tafel plots. Adapted with permission [37]. Copyright 2018, Elsevier. (b) Pictorial representation of the synthesis of NACS. Adapted with permission

[58]. Copyright 2018, Elsevier.



complicated, leading to the difficulty for controlling the oriented con-
version of N-atoms to the aforementioned forms. The conversion
mechanism for self-doped N-atoms is critical to prepare functional car-
bon materials with high catalytic activity.

3.1.2. N and S co-doped carbon material

Compared with the single-atom-doped graphene, the dual-doped
ones exhibited more incredible performance in HER resulted from the
more appropriate H* adsorption [738]. Through the theoretical calcula-
tions, a small /A Gy- value of 0.23 eV was obtained with S and N dual-
doped graphene, which is much lower than the N single-doped gra-
phene (0.81 eV) [47]. Accordingly, the S and N co-doped carbon ma-
terial derived from biomass may possess similar properties which can
improve the electrocatalyst activity.

By taking advantage of the rich elemental properties of the peanut
root nodules, Zhou and co-workers prepared the S and N co-doped
carbon nanosheets (RN-800) through one-step thermal decomposition
of peanut root nodules with the activation of MgCl, [90]. Through the
HER investigation in 0.5 M H35804, the obtained RN-800 showed an
excellent HER performance compared to the other reported HER cata-
Iysts [91-93]. The onset potential is only 27 mV, along with a small
overpotential of 116 mV at 10 mA em ™2 (Fig. 5al). The Tafel slope is
67.8 mV dec’! (Fig. 5a2). In addition, RN-800 has a larger current
density of 59.4 mA em™! at 200 mV and a robust electrochemistry sta-
bility of more than 12 h (Fig. 5a3). The electric density surrounded S and
C atoms was increased with the modification of S dopants compared
with the N-doped carbon skeleton which may resulted in a better elec-
trocatalytic activity of RN-800. Followed by the demonstration of DFT
calculation as shown in Fig. 5a4, the S atoms play an important role in
the HER activity promotion.

Considering the richness of nitrogen and sulfur content in human
hair, Zhou's group reported a S, N co-doped porous carbon (HPC-800)
via two-step pyrolysis [94]. The ZnCls as a chemical activation agent
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was mixed with the pre-carbonized hair pieces in the second process of
pyrolysis. Since the specific surface area and sulfur content is more than
RN-800 (820 m% g~ ' vs. 513.3 m? g™'; 4.9 at% vs. 0.27 at%) [90], HPC-
800 showed more satisfactory performance toward HER with a smaller
onset overpotential of 12 mV, a current density of 10 mA ecm™2 at 100
mV, as well as a Tafel slope of 57.4 mV dec’!. Moreover, a higher sta-
bilized current density was acquired compared with commercial Pt/C at
same voltage (450 mA em ™2 vs. 300 mA cm’z].

Compared to the N-doped carbon materials, the N/S dual-doped
carbon materials exhibited the high activity for HER with a relatively
suitable H* adsorption. The combination of positivity charged N dopants
and negatively charged S dopants at a lattice defect provides a fast
electron transfer path for HER. The interplay of N and S dopants with
geometric lattice defects resulting in the superior electrocatalytic ac-
tivity of HER [6]. In addition of N, § co-doped carbon materials, other
non-metal element such as phosphorus, boron in biomass was potential
for being converted to dopants due to its modification on the hydrogen
bonding energy. Therefore, the forms of these heteroatoms played an
important role in improving the electrocatalytic performance for HER.

3.2. Carbon material doped with exogenous atoms

The exogenous atoms doping with additive of commercial chemical
reagent is another method to manufacture the heteroatom doped carbon
catalysts. The exogenous atoms loaded on the carbon skeleton can
improve the amounts and species of the heteroatoms in biomass mac-
romolecules. Hence, a graphene-like sheets (NHPCF) from natural cat-
tail fibres was designed by Liu et al. via a chemical activation and N
atom modification treatments as illustrated in Fig. 6al [95]. Natural
cattail fibres were firstly grounded with potassium bicarbonate (KHCOg)
and then calcinated at 900 °C. Subsequently, the rinsed porous carbon
was mixed with hot melamine solution and hydrothermal reaction was
carried out at 100 °C for 320 mins. The obtained compound was
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annealed at 400 °C for 2 h, then heated to 500 °C at a temperature in-
crease rate of 2.3 °C min"‘ and then maintained for 3 h. The NHPCF
displayed a relatively high specific surface area of 2345 m? g_l
(Fig. 6a2) due to the hierarchical pores structure. HER test in 0.5 M
H»504 showed the onset potential is 80 mV, the overpotential at 10 mA
em™2 is 150 mV and the Tafel slope is 89 mV dec™.

As shown in Fig. 6b, Mulyadi and co-workers prepared a N, S, and P
tri-doped 3D carbon architecture using the cellulose nanofibrils through
solvothermal and pyrolysis [96]. During solvothermal treatment, N, S
co-doped carbon fibers (NSC) was firstly obtained which the N and S
atoms originated from ammonium thiocyanate. Then, NSC was mixed
with the melamine-phytic acid (MPA) to form NSC/MPA suspension by a
sequential step of incubating, centrifugal treatment and re-dispersing.
Finally, the N, S co-doped carbon fibres coated with the N, P co-doped
carbon nanoparticles (NSC/MPA-5) was obtained after a two-step
thermal-treatment. Although the hybrid material exhibited a compara-
ble activity with Pt/C toward ORR, the HER performance is relatively
inferior. The onset potential is up to 233 mV, while the overpotential of
331 mV was required to drive a current density of 10 mA em™2,

The nature of biomass-based electrocatalysts derived from biomass
have been discussed above. The dopant with heteroatoms greatly
affected the electroactivity for HER by constructing more defects,
exposing more active sites and optimizing the value of AGps, etc.
Table 1 has shown the parameters associated with the electrocatalyst
activity and HER performance. As one can see, most of the electro-
catalysts derived from biomass with the dopant of N atom have a rela-
tively higher overpotential (over 130 mV) to obtain a current density of
10 mA cm™2. There is only the pine needle derived carbon materials
exhibited the most active electrocatalytic for HER, which have the
lowest value of 5;p of 62 mV, together with a smallest Tafel slope of 45.9
mV dec! [83]. The biomass-based carbon materials with the N and § co-
doped presented better HER performance with a smaller ;o which is
lower than 120 mV [90,94]. However, the HER performance of this kind
of electrocatalysts are far inferior to commercial Pt/C because the
overpotential to drive the current density to 10 mA em 2 of Pt/C is lower
than 40 mV in 0.5 M H3SO4. The biomass-derived carbon material
should be further functionalized and modified to approach, or even
exceed, the electrocatalytic activity of Pt/C. The oriented conversion of
various dopants was demanded during the preparation of biomass-based

HER electrocatalyst.

4. Metal-involved modification of biomass-based electrocatalyst

Carbon materials modified with TM showed considerable activity for
HER [97-101]. This result is attributed to the fact that the more
appropriate HBE of TM compared with carbon material [6]. Therefore,
the preparation of HER catalysts using TM or its compounds on biomass-
derived carbon materials may be an effective method. The natural-rich
structure for biomass makes it can be designed to obtain carbon mate-
rials with particular morphology (sphere, tube, et al.) and excellent
physical-chemical properties via simple preparation protocol. Mean-
while, the micro texture and multichannel structure in raw biomass can
be designed as a natural electron transmission channel which will
enhance the ability for ion diffusion/transport, thereby promote the
efficiency of hydrogen evolution. Furthermore, the surface functional
groups of biomass derived carbon endow its more easily to coordinate
with the metal ions during the synthesized process. The well-distributed
heteroatoms (N, S, P et al.) doped in the skeleton of biomass-derived
carbon can be introduced without chemical agents. Moreover, the self-
doped heteroatoms not only adjust the electronic and band structure,
but also can hybrid with metal compounds to form nitrides, sulfides,
phosphides et al. Moreover, biomass-derived carbon materials as sub-
strate can protect TM from corrosion of the electrolyte, thereby
extending the operation life of the synthesis catalyst.

4.1. Tungsten (W)

W and its compounds have been widely explored as active catalysts
toward HER due to its satisfactory structural and electronic properties
[102,103]. Since carbon atoms are embedded in the W lattice, a “Pt-like”
d-band electron density is formed [104-106]. Therefore, tungsten car-
bide (W,C and WC) is similar to Pt in catalytic performance. Tungsten
carbide and its compounds have shown effective surface catalysis in
many research fields such as methanol oxidation, cellulose conversion
and water reduction, etc. [107-109]. Meng and co-works reported WSoy
catalysts by sintering ammonium tungstate (AMT), soybean powder and
graphene nanoplatelets (GnP) [56]. Specifically, the mixtures of soy-
bean powder and AMT were firstly added into deionized (DI) water and



Table 1

Comparison of HER performance of HER catalysts synthesized by biomass precursor.

Catalyst Method Biomass source Sggr(m® Ip/Is ECSA Electrolyte ~ Mass “*Overpotential Tafel Refs
L) (mF loading (mV), 10 slope
cm-2) (mg (mV
cm ™) dech)
Biomass-based carbon materials as electrocatalyst
N-doped carbon material
PSAC pyrolysis peanut shells 2338 0.99 0.5M 0.95 400 75.7 [73]
HaS04
HPNS thermal treatment palm waste 1297 1.03 7.86 0.5 M - 330 63 [11]
H,50,
PNC-800 thermal treatment pine needles 1931 - 2.4 0.5 M 0.35 62 45.9 [83]
HaS04
KCl-900 thermal carbonization silk cocoon 349.3 =1.05 - 0.5M - 137 131.6 [84]
H)504
Fru/Gu-HTC- hydrothermalcarbonization guaninecarbohydrate 974 1.15 - 0.1MKOH 0.45 350 108 [86]
1000
NPCBSF hydrothermal treatment/ Chinese steamed bread - - 140.24 0.5 M /! 220 77 [87]
pyrolysis flour H,50,
NACS thermal treatment Indian Ooty Varkey 1478.0 1.03 - 0.5 M 0.519 380 — [88]
(I0V) food waste H2S04
N and § co-doped ecarbon material
RN-800 thermal treatment peanut root nodules 513.3 =1.1 27.4 0.5M 0.285 116 67.8 [90]
H,50,
HPC-800 pyrolysis human hair 830.0 1.07 7.2 0.5 M 0.285 100 57.4 [94]
HaS04
Carbon material doped with exogenous atoms
NHPCF thermal treatment cattail fibers 2345 1.14 / 0.5M 0.417 150 89 [95]
H.S0,
NSC solvothermal/pyrolysis cellulose/ phytic acid 682 0.88 24.4 0.5M 0.25 331 99 [96]
H,50,
Metal-involved modification of biomass-based electrocatalyst
Tungsten (W)
WSoyo 7GnP o sintering soybean - - 49.0 0.1 M 10 105 36 [56]
HClO,
WO3/B-AC sonochemical reaction/ neem leaves - 0.9 11.96 1 M KOH - 360 14 [114]
pyrolysis
Cobalt (Co)
Co0304/NCMT-  pyrolysis willow catkin 470.1 0.92 - 1 M KOH 1 210 - [115]
800
CoOx@CN sol-gel method/ calcined glucosamine 311 - 37.4 1 M KOH 0.42 232 115 [571
hydrochloride/glucose
Co/ hydrothermal/pyrolysis shrimp-shell 647.7 - - 0.1MKOH 0.305 ~343 - [1211
CoO@Co-N-
C-800
Co-CoO/BC impregnation/pyrolysis holly leaves 926.2 - - 0.5 M - -~210 - [122]
yoll-shell H2S04
CogSg@NPC molten-saltcalcination/ shrimp shell 278.6 0.98 - 1.OMKOH - 261 101.8 [123]
phosphorization
CoP/NPCFs pyrolysis /thermal sodium alginate 44.32 0.94 - 0.5M - 135 67 [126]
decomposition HaS04
CoP@C-NPs/ sol-gel/ phosphorization sodium alginate - 1.03 55.83 1.OMKOH - 225 66 [127]
GA-5
CoP/BMHNC solvent thermal/Calcined cinnamomum - - - 0.5M 0.30 95.8 33 [128]
platyphyllum leaves H,50,
CosP — C hydrothermal/thermal yeast particles 632.8 <1 124.1 0.5M - 96 34 [58]
treatment H,80,4
Co- hydrothermal/thermal Saccharomycete cells 110.2 - 2.9 0.5 M 0.357 61.5 50.64 [50]
CosP@NPC/ treatment H3504
rGO
Co,P hydrothermal/ carbonization spirulina 243.9 0.95 12.27 0.5 M 0.357 181 55 [129]
H.S0,
Molybdeum (Mo)
MooC QDs/ solid-statereaction chitosan - 1.05 55.2 0.5M - 134 68.4 [137]1
NGCL HaS04
MoxC@S-CA freeze-drying/ thermal cellulose — — - 0.5 M 0.48 176 66 [138]
treatment H,50,
Mo,C@N-CNFs  freeze-drying/ pyrolyzed bacterial cellulose 81.98 - 11.34 0.5M 1.02 167 70 [54]
H.S0,
MooC/C solid reaction glucose 259 —~1 38.6 0.5M 0.286 114 52 [55]
H)504
NP-MoaC/ hydrothermal/freeze-drying/ red jujube 188 - 39.7 1.LOMKOH - 80 46 [146]
PCMS annealing
Mo,C@SNC calcination sunflower seeds 392.9 1.0 6.31 1.OMKOH 2.47 60 71 [147]
Mo,C anaerobic pyrolysis/annealed birch tree 80 - 18.6 0.5 M 1 35 25 [150]
H>504

(continued on next page)



Table 1 (continued)

Catalyst Method Biomass source Sger(m® In/lg ECSA Electrolyte Mass *Overpotential Tafel Refs
g h (mF loading (mV), y10 slope
cm-2) (mg (mV
em™%) dec!)
DAC/MoS2 activation/hydrothermal/ diospyros 1509 - - 0.5 M - - 84 [155]
grinding, melanoxylon leaves Ha2504
MoS2/BCTM hydrothermal/calcined green celery - - - 0.5M 0.159 176 51 [158]
H2504
MoP/CF pyrolysis sodium alginate 229 - - 0.5M 0.36 200 56.4 [164]
H.S0,
Mo, Soy ultra-sonicated/ calcined soybeans 5.2 - - 0.1 M 0.47 109 62.7 [168]
HClO,
MoCot hydrothermal/ annealing sterilized cotton 63 - - 0.5M - 167 67 [169]
Ha2504
Nickel/Iron (Ni/Fe)
PC-Nig 7 hydrothermal/ pyrolyzed carrot 216 0.96 81.8 0.1]MEKOH - 297 134.9 [171]
NiOx-AC-500 thermal/ultrasonic cauliflower leaves 1133 1.04 - 0.]MKOH - 180 121 [173]
NiP-800 Ni treatment filter paper - <1 - 0.5M - - 45 [174]
H2504
CW-CNT@NC- heat shock treatment natural wood - - - 0.5M - 59 52.8 [179]
NiFe HaS50,
NiP/ activation/plating poplar wood - - 24.1 1.OMKOH - 83 73.2 [180]
Poplarwood
FeP NPs@NPC pyrolysis phytic acid - 1.04 - 0.5M 1.4 130 67 [184]
Ha504
Ni-NiP@NPC/ hydrothermal/calcination Saccharomyc-ete cell 230.34 - 13.57 I.OMKOH - < 100 57.93 [51]
rGO)
P-FesN@NC annealing Saccharomyc-ete cell — - 18.61 1.OMKOH - 102 32.93 [185]
NSs/TF
Fe304/NCMTs pyrolysis catkins 530.41 1.086 - 1.0 M KOH 1 170 - [193]
(IL)
Nig 2sFep 75-N, annealing alfalfa 121.2 0.85 4.4 1.0 MKOH 0.13 250 84 [200]
P, S
NF-8-A pre-carbonized/pyrolysis duckweed 116.5 1.49 28.1 1.OMKOH - 106 90 [201]
Platinum-group (Pt/Ru)
G-ABC(Pt) thermal treatment turf grass 1201 - - 1.0M - - - [202]
HaS04
1% Pt@AC pyrolyzed areca leaves 388 - - 0.5M - - - [203]
H2504
Mo,C@Ru annealing corns 274.9 - - 0.5M 0.275 24.6 58.4 [212]
H,S0,
Ru@CQDs hydrothermal/ annealed ginkgo leaves - <1 67.24 1.OMKOH - 10 47 [222]
Ru@CQDs hydrothermal/ annealed porphyra - 0.95 - 1.OMKOH 0.42 65 63 [223]
RuCo@CQDs hydrothermal/ annealed poplar leaves - 1.16 52.3 I.OMKOH 0.42 16 56 [224]
n-Pd@NDCDs hydrothermal M. citrifolia fruit - 0.59 0.06 0.5M 0.05 291 135 [225]
H,S0,
Pd/VSAC chemical activation vine shoots 1689 - - 8 M KOH 0.57 224 144 [226]
/Oleylamine- mediated
synthesis
0.5Rh-GS1000 calcination guanine 344.3 - 39.3 0.5 M 0.72 40 26 [229]
HaS0y4
Rh/Ni@NCNTs calcination dglucosamine 121.2 - 35 1 M KOH 14 37.2 [230]
hydrochloride
Rh,P/NPC calcination/phosphorization starch 223 0.97 41.3 1 M KOH 0.78 17 32 [231]
Ag-WO; CSNSs  hydrothermal/ calcination glucose - - 54.92 0.5M 3.6 207 52.4 [232]
Ha504
P-Ag/NC thermal annealing glucose - - - 0.5M 0.8 78 107 [233]
H>504
Au@NC bioreduction/calcination pycnoporus - -1 18.65 0.5M 0.357 130 76.8 [234]
sanguineus H,50,

a) The overpotential (11;4) is given with respect to reversible hydrogen electrode (RHE)

ultrasonicated for 40 mins to form uniform suspensions. After dried at
90 °C for overnight, the dried powders were mixed with GnP and sin-
tered at 850 °C in argon (Ar) for 2 h to obtain WSoyg 7GnP g. Herein, the
C and N atoms which come from the soybean powders have finally
combined with W atom to form o-W»C, 5-WC and WN (tungsten nitride)
NPs which is confirmed via XRD patterns (Fig. 7al). The crystal facets of
a-WyC, 8-WC and WN can be further explored by comparing the XRD
patterns with the standard JCPDS. As shown in TEM (Fig. 7a2) and
HRTEM (Fig. 7a3) images, the GnP as the conductive support is deco-
rated by a-W»C, 6-WC and WN nanoclusters with a size range from 5 nm
to 20 nm. Notably, a-W>C and 8-WC contribute to the catalytic activity,
while WN is the catalysis stabilizer. And the graphene was a metal-like

connector and carrier to favor the charge transfer between the catalyst
particles and the electrode to enhance the electrocatalytic activity.
Through the investigation in HER, the WSoyg 7GnP, o demonstrated an
overpotential of 105 mV at the current density of 10 mA em2in0.1M
HClOy4. The Tafel slope is 36 mV dec” which is approaching to the
commercial Pt/C (31 mV dec").

Tungsten oxide (WOg)-based materials have the advantages of
enhanced reaction kinetics, low cost, good catalytic stability, etc. and
have become a considerable candidate for OER/HER electrocatalyst in
recent years [110,111]. Furthermore, the high specific surface area and
conductivity of biomass activated carbon (B-AC) make people have great
interest in compounding it with WO5 to produce high-performance AC-
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WO3 composite [112,113]. Lee’s group designed a B-AC-anchored WO4
Nanoflakes (WO3/B-AC) through a simple sonochemical reaction [114].
The B-AC was firstly prepared from the neem leaves (Azadirachta Ind-
ica) via two-step thermal treatment. Then, the WO3/B-AC was obtained
by mixing B-AC and WO3 nanopowders in DI water after 1 h of ultra-
sound. The WO3/B-AC showed an outstanding electrocatalytic activity
for HER in 1.0 M KOH compared with the pristine WO3 nanoflakes. It
required 360 mV to drive the current density to 10 mA em™2, while the
value of WO3 nanoflakes is 440 mV. Besides, the Tafel slope of the WO3/
B-AC is also lower than that of pristine WOz nanotlakes (14 mV dec! vs
27 mV dec"l). The better electrical conductivity of the WO3/B-AC is
attributed to the fact that WO3 is encapsulated with highly conductive B-
AC. Furthermore, the value of Ip/lg is clearly increased after WOg
nanoflakes loading on the B-AC nanosheets (0.71 vs. 0.90). indicating
that the decoration of WO3 nanoflakes will also promote the formation
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The biomass-based carbon decorated with W-based compounds
exhibited the excellent catalytic performance for HER. The biomass can
not only supply the carbon skeleton to support catalysts, but also act as
the C and N source to form metal compounds with W. The non-metal
element (P, S, et al.) of biomass performs as the reactant with metal to
produce the metal compounds. It is necessary to specify the reaction
process for promoting the hybrid efficiency among the non-metal ele-
ments and metals.

4.2. Cobalt (Co)

The oxide [115], sulfide [116], phosphide [117] of Co have been
extensively investigated as promising catalyst for HER. Moreover, under
the protection of carbon support, the catalyst will show more stable
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Fig. 8. (a) Schematic of the synthesis process for the Co304/NCMTs-800. Adapted with permission [122]. Copyright 2019, Elsevier. (b1) XRD patterns of CoOx@CN,
Co@CN and CoOx@C, (b2a) SEM and (b2b) TEM images of CoOx@CN, the inset picture of (b2b) showing the corresponding particle-size distribution histogram.
Adapted with permission [57]. Copyright 2015, American Chemical Society. (¢) Schematic illustration of the synthesis of Co/CoO@Co-N-C. Adapted with permission

[121]. Copyright 2016, Royal Society of Chemistry.



electrocatalytic activity [23,118]. Due to its superior performances such
as high conductivity and specific surface area, widely available and
cheap, biomass-derived carbon material is an ideal choice to be the
carbon substrate.

The Co-based oxides and N-doped carbon matrices can synergisti-
cally improve the catalytic activities and it is promising tri-functional
electrocatalysts for ORR, OER and HER [119]. As illustrated in
Fig. 8a, Wang et al. prepared Co304/N-doped hollow hierarchical
porous carbon microtubes by taking advantages of the natural
morphology structure of micron grade tube in willow catkins [120]. The
overpotential at 10 mA em™2 is 210 mV when taking the HER experi-
ment in 1.0 M KOH. Furthermore, Wang’s group was surprised to find
that the existence of multivalence Co will significantly enhance the
electroactivity of the catalyst [57]. They designed a hybrid catalyst
(CoOx@CN) consisted of Co/Co oxide (Coo, Co0, Co304) and N-doped
carbon via a one-pot thermal treatment method with the raw material of
Melamine, Co(NO3),:6H,0 and D(+)-glucosamine hydrochloride. The
multivalence Co has been proved by X-ray diffraction (XRD) test in
Fig. 8b1. As shown in TEM images in Fig. 8b2(a), the Co nanoparticles
are homogeneously dispersed on the carbon matrix with a mean size of
12.3 nm. The lattice fringe spaces revealed in HRTEM images (Figz. 8b2
(b)) have further confirmed the existence of multivalence Co. The sta-
bility of the hybrid catalysts has been promoted with the metallic Co
embedded on the carbon frameworks [27]. Through the HER experi-
ment in 1.0 M KOH, it needed 232 mV to drive the current density to 10
mA cm™2, and the Tafel slope is 115 mV dec’'. It is believed that the
existence of multivalence Co will significantly enhance the electro-
activity of the CoOx@CN. Therefore, multivalent Co composites such as
Co/Co0O decorated biomass-derived carbon support have been studied
by several groups [121,122]. With utilization of the natural abundant
raw material such as shrimp-shell and holly leaves, the N-doped carbon
support was obtained. Afterwards, the Co/Co0O loaded on the N-doped
carbon support can be synthetized through further polymerization and
pyrolysis.

As depicted in Fig. 8¢, the N-doped carbon nanodots (IN-CNs) was
obtained via hydrothermal process by Zhang et al. [121] By further
polymerization and pyrolysis, the Co/Co0O loading on the N-doped car-
bon support (Co/CoO@Co-N-C) can be synthetized. The as-obtained Co/
CoO@Co-N-C shows a microporous structure with high surface area. The
synergistic effect of Co, CoO and Co-N doping in a graphitic carbon
lattice was proved to promote HER performance by creating catalyti-
cally active sites. By using the same biomass material, the CogSg@NPC
was fabricated through one-step molten-salt calcination method [123].
Elemental mapping demonstrates that the Co and S were homoge-
neously overlaid and P is uniformly dispersed on the entire carbon
structure. It has been confirmed that CogSg and the dopant of P are active
species that can provide more catalytic sites [124,125]. Hence, the
CogSg@NCP exhibited better electrocatalytic activity for HER compared
with NC and CogSg@NC in 1.0 M KOH.

The P dopant can capture electron from metal atoms for its higher
electronegativity. The negatively charged P atoms acted as effective
local sites to trap the positively charged protons from the electrolyte
during HER process. Besides, phosphides possess better corrosion
resistance in acid media to exhibit robust durable catalytic activity. Due
to the significant effect of P doping on enhancing HER performance, the
phosphides of Co are another attractive solution for HER catalysis. Using
biomass macromolecule sodium alginate or campanulaceae leaves as
precursors, CoP-modified N, P co-doped biomass carbon hybrid catalyst
was prepared through several works [126-128], while the sources of P
in these works mainly originated from the chemical reagent. It is more
economical and more environmentally friendly to use biomass with
natural N/P content as a template. Since P is the main nutrient element
of yeast, it can be converted into P self-doped carbon matrix. Therefore,
Hu’s group designed a carbon architecture through hydrogen thermal
and high-temperature treatment using yeast as biomass source [58].
With the in-situ phosphidation of Co during the high-temperature

treatment, the metal phosphide (CooP) was highly dispersed on the
surface of obtained porous carbon sphere. (Fig. 9al) The porous and
open structure, abundant surface functional groups, as well as the inert
environment ensuring by the high-temperature carbonization would
greatly contribute to the anchoring of Co species. Through the HER test
in 0.5 M H»S04, the CooP-C exhibited an outstanding performance as
shown in Fig. 9a2 and a3, the overpotential to drive the current density
to 10 mA em ™2 is 96 mV. The Tafel slope is 34 mV dec”!, which is smaller
than 20% Pt/C (68 mV dec"). The value of Cgris high of 126.27 mF cm™2
which indicates the rich active sites on the surface of Co,P-C. Zhou's
group [50] reported that N/P co-doped carbon spheres decorated by Co
and Co/P (Co-CoP@NPC) can maintain the sphere morphology of sac-
charomycete cells. The hollow Co-CoP@NPC spheres with size of ~ 1.6
pm dispersed on the reduction graphene oxide (RGO) exhibited high
activity for catalytic HER. Similarly, Li’s group synthesized a porous N-
doped carbon material decorated with CosP (Co2P/NC), and the dopant
of N and P is from the pristine spirulina (Fig. 9b) [129]. Notably, the
electrocatalytic activity for HER of CosP/NC was investigated in
universal-pH range and exhibited a comparable activity with 20% Pt/C.

Various compounds of Co as the HER electrocatalysts generally
possessed great activity. The nonmetallic element of biomass such as O,
P, N can hybrid with Co to form the CoOy, CoP or the structure of Co-N-
C, which were mainly the active sites for catalytic HER. Especially, the
mild conversion such hydrothermal and direct calcination was used to
retain the original structural of biomass. It is serious to maximize the
utilization of biomass characteristics for the preparation of high-
performance carbon materials.

4.3. Molybdenum (Mo)

Mo-based compounds have attracted extensive attention in catalytic
HER such as the carbide [130,131], sulfide [16,132], oxide [133,134],
of Mo, etc. Among them, Molybdenum carbide (Mo,C) has been antic-
ipated as a promising electrocatalyst for HER due to its similar electronic
properties to Pt-group metals [130,135,136]. Hence, there are extensive
efforts devoted to investigating the HER performance of Mo,C supported
on the biomass-derived carbon. Mu’s group demonstrated a facile solid-
state reaction to prepare a MoC quantum dot embedded N-doped
graphitic carbon layer (MosC QD/NGCL) [137]. The N-doped graphitic
carbon layer (NGCL) was derived from the biomass extract, chitosan.
The as-formed Mo,C was proved by comparing the characteristic peaks
with the standard card of JCPDS No. 15-0457. With the decorating of
Mo,C quantum dot, the value of the Ip/ls increased from 1.02 to 1.05,
suggesting the more defects in Mo,C QD/NGCL compared with the
NGCL. The obtained Mo,C QD/NGC exhibited remarkable HER elec-
trocatalytic activity and durability at a wide range of pH value. The Pt-
like electronic configuration of Mo,C endow its with active adsorption of
hydrogen. The hydrogen desorption of Mo,C was more favorable after
coupling with carbon because the d-band of Mo would downshift and
transfer the charge from Mo to C, which possessed more optimal Mo-H
bong strength.

The carbon matrix doped with heteroatoms (S and N) have been
confirmed for boosting the activity for Mo,C to catalytic HER. The
dopants and their adjacent atoms provided additional active sites.
Moreover, the 5/N atoms doping in the carbon lattice could regulate the
d-orbitals of MosC, tune the Fermi level [6]. As an biomass containing S
elements, cellulose nanocrystals (CNC) have been used as the precursor
to synthetize the carbon support for Mo,C (Mo,C@S-CA) [138]. The
Mo,C with size of 3 — 6 nm loading on the homogenous carbon nano-
rods (5 —~ 10 nm) was reveled via FESEM and TEM. Especially, the S
containing group in CNC will promote the surface functionalization and
create the self-doping of S to facilitate the exposure of active sites
[138-141]. The MoC@S-CA exhibited an excellent HER performance
with the overpotential of 176 mV at 10 mA em™2, along with a small
Tafel slope of 66.1 mV dec!, the enhanced catalytic activity can be
attributed to the strong interaction between Mo,C@S-CA networks and
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S atom [138,142].

The bacterial cellulose can be produced via the microbial fermen-
tation process which can be another ideal biomass precursor to prepare
heteroatom-doped carbon nanofiber networks (N-CNFs) [143-145]. Wu
and co-workers synthesized the ultrafine Mo»C nanoparticles (<5 nm)
embedded within N-CNFs (Mo,C@N-CNFs) via the process of impreg-
nation, freeze-drving and pyrolysis [54]. The HER performance was
tested in a wide range of pH value, and the Mo,C@N-CNFs showed a
good activity in 1.0 M KOH with an overpotential of 168 mV at 10 mA
em™2 and a quite small Tafel slope of 47.1 mV dec”!. Meanwhile, the
Mo,C@N-CNFs exhibited a better HER performance than CNFs, N-CNFs
and commercial MosC in acid electrolyte result from the synergistic
effects between Mo,C and N-CNF which is consistent with DFT study. By
comparing the AGy+ of Mo,C@N-CNFs and Mo,C@CNFs, the dopant of
N was proven to play a critical role in enhancing the electrocatalytic

activity.

Unlike biomass extracts, intrinsic biomass has more organic com-
ponents (cellulose, lignin, ete.), which makes it possible to turn into
various carbon matrix such as carbon sheet, carbon sphere ete.
[55,146-148]. Through one-step solid reaction method, Mu et al. pre-
pared the Mo»C loaded on the porous graphitized carbon flake (Mo,C,/C)
with using the cornstalks as the carbon sources [55]. The as-prepared
Mo,C/C exhibited a superior HER performance with overpotential of
114 mV to drive the current density to 10 mA em ™2 and a small Tafel
slope of 52 mV dec™! in acid electrolytes.

Thanks to the red jujube is full of organic matters, it will be converted
into heteroatom dopants [149]. Chen’s group fabricated MosC deco-
rated on the N and P co-doped porous microspheres (NP-Mo,C/PCMS)
via hydrothermal and following annealing treatment [146]. The size of
microsphere is about 1 pm. The as-prepared NP-Mo,C/PCMS exhibited



extraordinary electrocatalytic activity in the acid and alkaline electro-
lytes toward HER. Especially in alkaline solution, the overpotential is
lower of 80 mV at 10 mA cm™>, as well as a smaller Tafel slope of 46 mV
dec’.

The S contained in sunflower seeds can produce S self-doped carbon
matrix. Therefore, MosC supported on N and S co-doped carbon matrix
(MoC@SNC) which is derived from suntlower seeds has been designed
through one-step calcination reaction by An et al. (Fig. 10al) [147]. The
diameter of Mo2C NPs ranges from 6 to 8 nm is shown in Fig. 10a2.
According to the JCPDS card (No. 35-0787), the characteristic peaks in
XRD patterns was confirmed to be the erystal facets of (100), (002),
(101), (102), (110), (103), and (112) planes of p-MosC. The as-
synthesized Mo,C@C showed a better electrocatalytic activity in 1.0
M KOH. The overpotential at 10 mA cm™2is 60 mV and the Tafel slope is
71 mV dec’'. With the application of similar synthesized strategy as
reported by Yan et al., the porous p-MosC nanoparticle clusters sup-
ported on carbon matrix (Mo,C@C) derived from the walnut shell
powders and ammonium heptamolybdate were obtained (Fig. 10b)
[148]. The Mo,C@C showed an excellent HER performance in 0.5 M
HQSO4.

Dasog group prepared a spiky-like Mo»C with the birch tree derived
carbon as the carbon source via a scalable solid-state magnesiothermic
reduction reaction (Fig. 10c) [150]. The as-prepared Mo,C appeared a
great electrocatalytic activity without the carbon support in 0.5 M
H55804. To drive the current density to 10 mA em™2 and 100 mA cnfzj
the overpotential is as low as 35 mV and 60 mV, respectively. Further-
more, during the HER process, the hydrogen bubble was generated
continuously for about 100 h which suggested a long-term stability.
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Due to the low cost high-chemical stability and good catalytic per-
formance towards HER, MoS; is the most widely researched TM
dichalcogenides as the electrocatalytic for HER in recent vears
[151.152]. However, due to the low conductivity of MoS,, the working
efficiency of the single-component system is not high. Therefore, it is
compounded with conductive materials such as carbon and can be
effectively used for numerous applications. Several works of the
research team have proved that the compeosite of MoS, and carbon-based
materials can improve the electrochemical activity of the materials (for
supercapacitors and HER) [153,154]. Selvakumar’s group prepared the
nanocomposites consisted of MoS, and the defective activated carbon
(DAC/MoSs) through simple grinding method [155]. Specifically, the
2D MoS; layers was synthesized by using the same method introduced in
previous work with slight adjustment in reaction parameters [156].
Meanwhile, the activated carbon was produced from diospyros mela-
noxylon leaves via two-step thermal-treatment. Followed by hydro-
thermal N doping and high-temperature treatment, the DAC was
obtained based on AC. The as-prepared DAC/MoS, exhibited an onset
potential of 90 mV for HER, and the value of Tafel plot is 84 mV dec’!
which mainly attributed to the decoration of MoS,.

The DAC/MoS, prepared via facile grinding could not make full use
of the excellent electrocatalytic activity of MoS» for HER. Therefore, the
method of assembling MoSs and biomass-derived carbon into hybrid
catalyst needs to be future developed. Through the facile hydrothermal
and followed by annealing, the amorphous carbon supported MoSs
(MoS,/AC) was fabricated for the first time by using the glucose as the
source of C element [157]. The MoS, nanosheets vertically grew on the
carbon nanosphere have assisted in the exposing of catalytic active sites,

Mg metal
—
Ar, 650 °C

Mo,C

Fig. 10. (al) Schematic illustration of the synthesis of Mo2C@C nanocomposite, (a2) TEM image of Mo2C@SNC. Adapted with permission [147]. Copyright 2017,
American Chemical Society. (b) Preparation process for Mo,C@C catalysts. Adapted with permission [148]. Copyright 2020, Elsevier. (¢) Schematic illustration of
the formation of Mo,C nanostructures. Adapted with permission [150]. Copyright 2018, Wiley.
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while the carbon support will enhance the conduectivity of hybrid cata-
lyst. The existence of hexagonal MoSs of (100) and (002) planes was
proved by HRTEM and XRD tests.

The reassembled hybrid catalysts exhibited enhanced catalytic per-
formance for HER in 0.5 M H2S04. The onset potential is 80 mV, while
the value of pure MoS; and commercial bulk MoS, is 180 mV and 170
mV respectively. The Tafel slope is 40 mV dec™! which is approaching to
20% Pt/C. Through the similar synthesize method of hydrothermal,
Qiao and co-workers demonstrated a simple approach of hydrothermal
to prepare a biomass carbon tube matrix (BCTM) with MoS; loading
(MoSo/BCTM) [158]. Before that, the BCTM have been manufactured
through freeze drying and pyrolysis process. The well dispersed MoS»
nanosheets have greatly promoted the pore creation, while the carbon
support of BCTM can significantly enhance the conductivity of MoS,
nanosheets. Compared with pure BCTM and MoSs catalyst, the MoSa/
BCTM showed an excellent electrocatalytic activity toward HER due to
the synergistic effects between the MoS, nanosheet and BCTM. In 0.5 M
H,S04, the overpotential at 10 mA em 2is 176 mV, and the Tafel slope is
51 mV dec’.

MoP has been utilized in a variety of hydroprocessing reaction and
proven to show a higher catalytic activity than MoC and MoN
[159-163]. Hence, MoP may be a potential electrocatalyst for HER.
Through a facile synthesis method of solid-state reaction, the MoP
nanosheets decorated on carbon flake (MoP/CF) was prepared using
ammonium heptamolybdate tetrahydrate ((NH4)gMo7054-4H50), so-
dium dihydrogen phosphate dihydrate (NaH,PO,2H50) and sodium
alginate [164]. The as-prepared MoP/CF was investigated in both acid
and neutral electrolyte and presented good electrocatalytic activity and
durability in both two electrolytes.

Binary phase of Mo-based compounds has been intensively studied
due to its extraordinary electronic and mass-transfer properties
[165-167]. The synergistic effect between -Mo2C and y-MooN in pro-
moting HER catalytic activity have been demonstrated by Chen et al
(Fig. 11a) [168]. Such hybrid catalyst (Mo;S0y) showed an excellent
electrocatalytic activity for HER in 0.1 M perchloric acid (HClO4) with a
low overpotential of 177 mV at 10 mA em™ 2. Notably, a robust dura-
bility for more than 500 h operation in the acid electrolyte was obtained
for the Mo,;Soy. In addition, the HER performance of the Mo,Soy can
rival to the commercial Pt/C when the Mo,Soy was loaded on graphene
sheets. Since the MoySoy/RGO promotes the HER electrocatalytic ac-
tivity through the synergistic effect between f-MosC and y-MosN, the
MosC/MosN decorated biomass template was developed via a high-
temperature solid-state reaction process by Vivek's group (Fig. 11b1)
[169]. The biomass template chosen in this report is cotton which is full
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of natural fibrils. The use of templates not only promotes the charge
transfer through the catalyst interface but also provides carbon support
during the reaction. The crystalline MosC/MosN was the hexagonal
p-MozC and cubic y-Mo,N via PXRD. As shown in element mapping in
Fig. 11b2, the MosC/MosN with diameters range from 10 —~ 12 nm was
uniformly dispersed on the fibrils template. Through the HER tests in
0.5 M H250y4, the onset potential is 110 mV, along with an overpotential
of 176 mV at 10 mA cm’z, while the Tafel slope is 64 mV decl.
(Fig. 11b3) This research will provide exciting insights for the growth of
biphasic Mo derivative catalysts on natural biomass matrix. It will also
introduce a new system for the basic study of nanohybrids and apply it to
realistic energy conversion system.

Most of Mo-based compounds (MoP and MoS,) was prepared by
hydrothermal with using other chemical reagents as the source of
nonmetallic. It was attractive to obtain Mo-based phosphide and sulfide
through in-situ growth protocol, because the P and S is rich in most of
biomass sources. In addition, nonmetal elements of biomass could be
introduced into biomass-derived carbon as dopants, because the carbon
doped with heteroatoms would increase the active sites and optimize the
Mo-H bond energy to moderate value.

4.4. Nickel/Iron (Ni/Fe)

Metallic Ni is a promising electrocatalytic for HER in alkaline due to
its minimum AGy+ value and a maximum HER exchange current density
among various nonprecious metals [6]. The rich lignocellulose, protein
and carotene in carrots make it to be a potential precursor [170].
Therefore, Van et al. reported an environment-friendly and facile route
to prepare Ni NPs decorated on P-doped carbon materials [171]. The as-
obtained Ni NPs was proved to be anchored on the carbon substrate as
the Ni and nickel oxide (NiO) nanoparticles with a diameter of 15 ~ 50
nm via XRD and HRTEM. The PC-Nig 75 exhibited a Tafel slopes of 134.9
mV dec” and overpotentials of 297 mV to reach 10 mA ecm™? for HER.
They found that the addition of Ni NPs has an important effect on the
number of active sites of HER. It was known that Ni/NiO NPs were
embedded on nitrogen-doped graphene displayved an excellent HER ac-
tivity as reported in the work of Wang et al. [172]. Then, Van et al.
immediately reported an inexpensive svnthetic one-step synthetic route
to prepare Ni/NiO NPs immobilized on nitrogen-doped activated carbon
derived from cauliflower leaf (NiOx-AC-500) [173]. The large specific
surface area means large number of active sites and the abundant ni-
trogen functional groups in the biomass-derived activated carbon are
beneficial to the close contact between Ni/NiO NPs and carbon skeleton.
In the investigation in HER, the NiOx-AC-500 needed 180 mV to reach
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Fig. 11. (a) The synthesis from soybeans and ammonium molybdate of a solid catalyst suitable for electrochemical hydrogen production. A solid-state reaction
between soybeans and the molybdate leads to their reductive carbonization and nitridation, so as to form p-MosC and y-MogN crystals. Adapted with permission
[161]. Copyright 2013, Roval Society of Chemistry. (b1) Hlustrating the synthesis of the carbon supported Mo2C/Mo2N nanchybrid, (b2) HRTEM image shows the
collective distribution of different elements (Mo, C, and N) on the fibiil structure, (b3) Polarization curves (iR-corrected) of MoCot compared with the other
electrode. Adapted with permission [169]. Copyright 2015, American Chemical Society.



10 mA em ™2 and demonstrated an excellent stability over 2000 CV ¢y-
cles in 0.1 M KOH.

Thermal carbonization requires a low heat input, no high-cost metals
and eco-friendly which is a facile technique compared with other
physical or chemical treatments. Meanwhile, reducing the energy cost in
the carbonization process is of great significance for large-scale pro-
duction. Hence, Jiang et al. presented a Ni treatment method to anneal
filter paper to graphitized carbon materials by reducing the carboniza-
tion temperature from 1500 °C to 800 °C as shown in Fig. 12al [174].
The onset potential of HER of NiP-800 shifted to —0.26 Vand —-0.17 V
for activation of 4000 and 12,000 CV cycles respectively as depicted in
Fig. 12a2. In the continuous CV activation process, Ni atoms can easily
to find the most stable binding site structure, thereby making the newly
grown Ni surface more organized and crystalline, thus efficiently
improved the HER activity.

Wood possesses many aligned vertical channels, higher density and a
dense structure, playing a vital role in the multiphase contact reaction
process [175-177]. In addition, the wood surface with a large number of
active sites provide a deep foundation for firmly grasping metals or their
compounds [178]. Based on the above advantages of wood, Hu's group
firstly reported a wood derived carbon framework embedded with N-
doped, few-graphene-layer-encapsulated NiFe alloy NPs (CW-CNT@N-
C-NiFe) via using rapid heat shock treatment [179]. The average size of
N-C-NiFe was 22.5 nm detected by particle size analysis, which is 22.2
times smaller than N-C-NiFe nanoparticles prepared through conven-
tional pyrolysis. The crystal NiFe was proved to NigFe alloy through XRD
tests. The NigFe alloy anchored on the unique channel structure of N-
doped graphene layer endowed the hybrid catalysts with a lowest AGy»
value(-0.03 eV), which will leads more optimal H™ absorption and
electrocatalytic activity. The CW-CNT@N-C-NiFe thus showed a low
overpotential (59 mV) at 10 mA em ™2 and low Tafel slope (52.8 mV dec’
1) in acid solution. It is of great significance to study the alkaline water
electrolysis mechanism of wood skeleton in alkali solution which is
widely used in industry. Therefore, Hui et al. developed a natural wood-
based 3D framework loaded on an amorphous NiP alloy (NiP/Poplar
wood) through a facile electroless plating method (Fig. 12b) [180]. The
NiP/Poplar wood exhibited a prominent HER activity. It needed 83 mV
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to drive a current density of 10 mA em™2. In addition, it showed a small
Tafel slope of 73.2 mV dec! in alkaline solution. This work provides a
new pathway for the optimization of transition metal phosphides
(TMPs) and natural multi-channel wood to obtain high HER electro-
catalytic activity.

Phytic acid (Myoinositol 1, 2, 3, 4, 5, 6-hexakisphosphate, PA) is a
green organic phosphate compound extracted from plant seeds. Six
phosphate groups in PA can not only be used as P source, but also be
easily crosslinked with metal precursors [45,181-183]. Thus, Pu et al.
demonstrated a green method to fabricate FeP NPs encapsulated in NPC
matrix (FeP NPs@NPC) by pyrolyzing self-assembled PA cross-linked
metal complexes and melamine [184]. The FeP (111) nanoparticles
with mean size of 160 nm was well loaded on the N, P doped carbon
support. The synergistic effects between FeP and NPC layers leaded an
excellent HER activity at all pH values. It needed 130, 386 and 214 mV
in 0.5 M H5S04, 1.0 M phosphate buffer solution (PBS) and 1.0 M KOH
respectively to drive a current density of 10 mA em ™2 In addition, the
encapsulation by NPC effectively prevented the corrosion of FeP NPs,
and exhibited almost unaffected catalytic activity after 10 h testing at all
pH values. Therefore, this synthesis idea opens a door for the design and
preparation of new low-cost TMPs-based electrocatalysts.

Biomass enriched in P-related components was another attractive
protocol, leading to lead to in-situ phosphating of metals to form
phosphides [58]. Li and co-workers [51] prepared the heterostructure
Ni-NisP embedded into N, P-doped carbon on graphene frameworks (Ni-
NiP@NPC/1rGO) by using the saccharomycete cells. The particles of Ni
and NisP with a size — 60.49 nm uniformly dispersed on the hollow
carbon sphere of 1 - 1.6 pm. The Ni-NiP@NPC/rGO exhibited a small
overpotential at 20 mA cm™2 of 113 mV, together with a Tafel slope of
57.93 mV dec’'. The heterostructure Ni-NisP leaded an optimal AGy* of
—0.075 eV which could efficiently weaken the strong Ni-H bonding and
promote the desorption process of H ions, thus yielding a faster HER
kinetics.

P involved in biomass can be introduced into hybrid materials as
heteroatoms [185]. The P-doped FesN was encapsulated by N-doped
carbon nanosheets grown on Fe foam substrate (P-FesN@NC NSs/IF)
gave excellent activity of electrocatalytic HER in 1.0 M KOH and durable
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Fig. 12. (al) Brief diagram of the synthesis of NiP-800, (a2) CVs in 0.5 M H2504 at NiFP-800 (i) before electrochemical activation, (ii) after 4000 cycles activation,
(iii) after 12,000 cycles activation. Adapted with permission [174]. Copyright 2018, Elsevier. (b) Schematic representation of the preparation of NiP/wood. (Step I
represent the activation process and Step II represent the plating process). Adapted with permission [130]. Copyright 2019, Elsevier.
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stability. The dopants of P effectively regulated the electron density state
which was proved by DFT results. And Fe sites of as-prepared FesN NPs
was the active centers which possessed high electrocatalytic for HER.

Ionic liquids (ILs) possess an adjustable hydrophilicity, ionic nature,
high chemical stability, and good thermal stability [186,187]. It has
been shown to maintain a uniform distribution during carbonization
process [188-192]. Making use of the affinity of ILs, Liu et al. designed
uniform Fe;O04 NPs decorated on willow catkins derived hollow carbon
microtubes (Feg04/NCMTs-800(IL)) [193]. Here, as shown in Fig. 13al,
the ionic liquid (Fe-IL) controls the size of the FesO4 NPs, inducing
uniform distribution of Fe304 NPs on hollow porous carbon microtubes.
The Fe304/NCMTs-800(IL) afforded a small overpotential at 10 mA
em ™2 for HER (170 mV) (Fig. 13a2).

Previous studies have shown in contrast to monometal-decorated
carbon, synergistic benefits can be obtained by combining different
monometals, and found that compared with other bimetals (i.e., FeCo,
NiFe, FeMn, CoNi, MnCo, and NiMn) materials, the synergistic effect of
NiFe contributes the most to catalysis [194-199]. Therefore, NiFe
decorated, N, P and S tri-doped nanocarbon with oxygen-containing
groups (NiposFegys-N, P, 5) was reported by Wang et al. [200]. The
synthesis process is illustrated in Fig. 14a, Alfalfa is rich in N, P and S,
works as the sole carbon and heteroatom precursor. The Ni and Fe
nanoparticles existed as both the metallic and alloy phase distributed on
the surface of the carbon support. Take the HER experiment in 1.0 M
KOH, the NigssFeg 7s-N, P, S showed a prominent HER activity with a
low overpotential of 250 mV at a current density of 10 mA em™2 and a
small Tafel slope of 84 mV dec’.

Electrolyzer coupled with photovoltaic modules to produce solar-
powered hydrogen are a desirable sustainable energy conversion sys-
tem. Therefore, Kumar et al. demonstrated a novel method to synthesize
duckweed (DW) derived N, S-doped mesoporous carbon matrix sup-
ported bimetallic NiFe alloy nanoparticles as efficient earth-abundant
electrocatalysts (NF-8-A) (Fig. 14b1) [201]. According to the XRD pat-
terns, the TM existed in the NF-8A was only the phase of the face
centered cubic Ni-Fe alloy. The NF-8-A required 215 mV at 10 mA em ™2
in 1.0 M KOH. The DW derived electrolyzer integrated with perovskite
solar cell module can produce quite stable photocurrent of water
decomposition (Fig. 14b2), and the conversion efficiency of solar-to-
hydrogen (STH) is 9.7%, which provides an opportunity for its prac-
tical and expandable application.

The compounds of Ni or Fe were commonly the additives in the
chemical activation process of biomass. The Ni and Fe were mainly to
form the active sites for catalytic HER. Through the combination of the
activation and decoration in one step, the Ni/Fe modified carbon ma-
terial can be obtained. The synchronous activation-decoration is
considered to be an economical and environmentally friendly method
for the preparation of highly-efficient biomass-based HER catalyst.

(a1)

4.5. Noble metal

Reducing the Pt content in the catalyst is another feasible strategy to
decrease the cost of the electrocatalyst, which may promote industrial
application of hydrogen preduction from water splitting. 20% Pt/C is
the most used commercial electrocatalyst for HER, but the price is as
high as about 130 dollar per 1 g. Kalyani et al. developed an activated
carbon derived from turf grass and areca leaves as matrix for Pt
[202,203]. It is remarkable that the loading amount of Pt is only 1%
which will be more economical. The clean biomass precursor was firstly
mixed with ZnCl, solution, and then the dehydrated mixture was
calcined at 250 °C for 2 h to obtain the activated carbon. The Pt loaded
on the activated carbon via water reduction reaction. Compared with
the pure activated carbon, the electrocatalytic activity of the hybrid
catalyst was enhanced by the decoration of trace Pt.

Ru have a moderate hydrogen bonding energy (about 65 keal mol™")
as a member of Pt-group metals, while the price of Ru is only 4% of Pt
[6]. Ru can be used as an ideal alternative electrocatalyst for Pt, which
has been received extensive attention in many reports [204-2101. The
aggregation phenomenon during the HER process will seriously affect
the stability of Ru-based catalyst. Studies have shown that designing a
matrix loaded with Ru NPs is a promising strategy that can improve its
durability by eliminating agglomeration [209,211]. Wang’'s group syn-
thesized the Ru-doped MooC embedded in N-doped carbon matrix
(Mo>C@Ru) (Fig. 15a1) [212]. The raw corns were firstly heated in a
sealed container to obtain popeorn like previous reports [213,214]. The
obtained popcorns were mixed with KOH to form “popecorn-hominy™
solution. Then, the (NH4)¢Mo07054-4H50 was throwed into the as-
obtained solution and stirred for 6 h and the homogeneous solution
was dehydrated via freeze-dried after adding the RuCls. Finally, the
hybrid catalyst was prepared by an annealing the solid mixture. Through
the annealing treatment, the popcorns derived carbon not only devel-
oped the carbon matrix, but also formed Mo,C with Mo and the Ru®t
was reduced to Ru NPs [215]. Notably, Ru nanoparticles loading on the
surface of Mo,C with a loading amount of 7.6 wt%. The hybrid
Mo2C@Ru was uniformed dispersed on the carbon framework derived
from popecorn with a size range from 3 to 8 nm. The crystal facets of
MooC (121) were confirmed via both XRD and HRTEM. As depicted in
Fig. 15a2, through HER experiment in 0.5 M H»504, the Mo,C@Ru
exhibited an excellent performance with an overpotential of 24.6 mV
and 66.5 mV to drive the current density to 10 mA cm™2 and 50 mA
em ™2, respectively.

Carbon quantum dots (CQDs) as a zero-dimensional material with
extraordinary physicochemical properties attracted world-wide atten-
tions in various photo-electrochemical fields [53,216-218]. As an
excellent electron donors and acceptors, CQDs not only favor the elec-
tron and charge transport, it also protected the metal NPs without
agglomeration to guarantee the stability of electrocatalysts. Ru-based
NPs loaded on the biomass-based CQDs was an up-to-date concept for
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designing HER electrocatalyst [219-221]. With a lower mass concen-
tration of Ru NPs of 3.78 wt%, Li and co-workers demonstrated a facile
pyrolysis strategy to prepare the Ru NPs decorated carbon quantum dots
(Ru@CQDs) [222]. As illustrated in Fig. 15b1, the CQDs was obtained
firstly via hydrothermal treatment using the ginkgo leaves, followed by
another hydrothermal process to mix the as-prepared CQDs with RuCls
to achieve a membranous structure. The Ru@CQDs480 was prepared by
further annealing at 480 °C for 2 h. The hexagonal Ru NPs of were
homogenously dispersed on the surface of the CQDs with an average size
of 3.28 nm as shown in Fig. 15b2. Surprisingly, the Ru@CQDs480
exhibited an overpotential of 10 mV to afford the current density of 10
mA em ™2 without IR correction in 1.0 M KOH, which is 20 mV lower
than that of 20% Pt/C. The synergic effect between Ru NPs core and
CQDs greatly promote the electronic transfer through reducing the
charger-transfer resistance (Ret-Ru@CQDs480 = 6.35 Q vs. Ret-20% Pt/
C = 11.08 Q). Moreover, it is worth admirable that the cost of
Ru@CQDs480 is only 0.80% of 20% Pt/C. Lu’s group [223] presented
the porphyra-CQDs-supported Ru NPs catalysts (Ru@CQDs800) to cat-
alytic HER (Fig. 15¢1). Compared to the hybrid material prepared by
direct pyrolysis of Ru and porphyra/porphyra-based activated carbon,
the CQDs is estimated to be better for the dispersion of Ru NPs (~2.21
nm) (Fig. 15¢2). The overpotential for Ru@CQDs800 to drive the cur-
rent density to 10 mA ecm™2 was only 65 mV in 1.0 M KOH, as well as a
small Tafel slope of 63 mV dec”!. The loading amount of Ru was only
1.24 wt%. When the biomass-based CQDs was modified by Ru and Co
NPs, the catalysts possessed a smaller overpotential than that of com-
mercial Pt/C at 10 mA em™2 [224].

In addition of Ru-based electrocatalysts, Palladium (Pd) have been
loaded on the CQDs (n-Pd@NDCDs) to prepare HER electrocatalysts due

to its moderate value of A Gy« [225]. The CQDs with a size range from 1
to 9 nm was derived from the M. citrifolia fruit by hydrothermal process.
The aqueous NHz was added in the hydrothermal process to introduce
more N dopants into CQDs. The activated carbon derived from biomass
was another support for Pd NPs [226]. Cardoso et.al [226] have pre-
pared the activated carbon using vine shoots (Pd/VSAC) and grape
stalks (Pd/GSAC) for the support of Pd NPs. For comparison, Vulcan
XC72 carbon black was also used to synthesized carbon support for Pd
NPs (Pd/Vulcan). Since the small specific surface area and no hetero-
atoms dopants of Vulcan-derived activated carbon, the Pd/Vulcan
exhibited relatively poor HER behavior compared with Pd/VSAC and
Pd/GSAC. Due to the better dispersion of Pd NPs, the Pd/VSAC showed a
lower overpotential at 10 mA cm™2. Therefore, compared with tradi-
tional carbon materials, it is feasible to make use of the advantages of
biomass derived carbon materials as a metal carrier such as relatively
large specific surface area and abundant heteroatoms to construct effi-
cient hydrogen evolution catalyst.

Rhodium (Rh) is one of alternative for Pt electrocatalysts toward
HER which have been explored extensively [227,228]. The relatively
high loading amount and low activity seriously limited the application
of Rh-based electrocatalyst. It is an appealing protocol to using the
biomass-derived carbon materials as the support for Rh NPs to enhance
the activity [229,230]. Liu et. al [229] have prepared Rh decorated N/S
doped carbon (0.5Rh-GS1000) by using the biomolecule precursor
(guanine). The N/S doped carbon sheets with high surface area
benefited the homogenous dispersion of Rh NPs, thus greatly improved
the activity of 0.5Rh-GS51000. Since the carbon support is worth to the
dispersion of Rh NPs and protect it away from aggregation, ultrasmall
Rh NPs decorated on N doped carbon nanotubes with encapsulated Ni



o
N
S

700 ;
—3— Mo,C-1|
) 600 4 —— !
g o~ ——
» §m~+ ?
3 1 -

(em

200°C 8h
—_—
Hydrothermal

RuC1, N,. 480°C 6h
Hydrothermal Pyrolysis

(c1)

Fig. 15. (al) lllustration of the preparation process of MoaC@Ru embedded in the 3D porous popeorn-derived carbon matrix, (a2) Polarization curves of MosC@Ru,
Mo»C-300, Ru, commereial Ru/C, and commereial Pt/C. Adapted with permission [212]. Copyright 2018, American Chemical Society. (b1) Schematie illustration of
the synthesis of the Ru@CQDs480 electrocatalyst, (b2) TEM image of as synthesized Ru@CQDs480 (Inset: corresponding particle size distribution of the Ru
nanoparticles). Adapted with permission [222]. Copyright 2018, Wiley. (e1) Schematic illustration of the synthesis of the Ru@PC, Ru@CQDs and Ru@P-AC, (c2)
TEM, HRTEM image and schematic illustration of Ru@PC, Ru@CQDs and Ru@P-AC. Adapted with permission [223]. Copyright 2020, Royal Society of Chemistry.



NPs (Rh/Ni@NCNTs) was obtained [230]. The Rh and Ni NPs with size
of —~ 1.92 nm and ~ 18.56 nm was highly dispersed on the surface of
carbon nanotube which was expected to provide more active sites. The
Rh/Ni@NCNTs showed excellent HER performance in a range of
universal-pH, even exceed the commercial Pt/C. In addition of carbon
matrix to support Rh NPs, using the phosphide of Rh is another potential
protocol to synthesize an efficient electrocatalysts for HER. Liu’ group
[231] has demonstrated a novel supramolecular starch-assisted
confinement-assembly-pyrolysis (SCAP) strategy to synthesize RhoP
NPs anchored on N and P co-doped porous carbon (RhoP/NPC)
(Fig. 16a1). The molecular structure contains abundant hydroxyl groups
of starch was the stabilizer of metal ions aggregating in the synthesize
process. The highly dispersed RusP NPs ensure the robust activity of
RusP/NPC. Through FT-EXAFS measurement, the strong interaction
between the Rh-P site and H>0O have been proved to be the positive role
in HER process (Fig. 16a2). DFT results reveled the hydrogen bonding
energy of Rh-P site was —0.06 eV, further confirming the high HER
activity of RusP/NPC (Fig. 16a3).

As a less expensive noble metal, silver (Ag) can be one of choice to
prepare electrocatalysts to replace Pt [232]. Sun’s group [233] have
prepared P-doped Ag nanoparticles embedded in N-doped carbon (P-
Ag@NC) via thermal-annealing and phosphorization using the glucose
as the biomass precursor. The (111), (200), (220) and (311) crystal
planes of metallic Ag were proved by XRD patterns. The slightly shifted
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of higher Bragg angle have revealed the existence of P dopants. The P-
Ag@NC exhibited excellent HER behaviors with 78 mV to drive the
current density to 10 mA cm ™2, 198 mV lower than Ag@NC (without P
doping). The A Gy+ value decreased slightly due to the combination of
metallic Ag with NC. The A Gy- value was further decreased after suc-
cessfully doping into the Ag@NC of P atoms, and thus resulted in an
great electrocatalytic activity for HER. To introduce the heteroatoms
combining with the metallic sites is an efficient method to improve the
HER activity of hybrid catalysts.

The research of utilizing Aurum (Au) to catalytic HER in the elec-
trochemical process was rarely reported, due to its relatively large
hydrogen bonding energy. Through an environmental process of bio-
reduction, Zhou et al. [234] prepared the Au decorated N-doped carbon
(Au@NC). As presented in Fig. 17al and a2, the Au ions trapped by
microorganism cell wall and cytoplasm was reduced into Au NPs via
proteins/enzyme. The Au NPs loaded on the N-doped carbon substrate
with a size range from 10 ~ 40 nm after the process of being annealed in
Ar. The overpotential to drive the current density to 10 mA em™? was
about 130 mV in 0.5 M H»504. There was no chemical reductant
involved in the bioreduction process. The conversion process demon-
strated an appealing protocol to acquire functional carbon materials

from biomass.
The natural abundance, modifiable, and easily functionalized of the
biomass-based carbon material

and TM have drawn an extensive
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(a3) Gibbs free energy diagrams for the HER on NPC, RhoP and RhyP/NPC (Gra-NPC, Pri-NPC and Pro-NPC denote graphitic, pyridinic and pyrrolic NPC, respec-
tively). Adapted with permission [231]. Copyright 2018, Royal Society of Chemistry.
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attention in electrochemistry fields. With rational design, the biomass-
derived carbon hybrid with TM can be prepared as a HER electro-
catalysts. Among the discussion above, the HER electrocatalysts con-
sisted of biomass-derived carbon material which decorated with the TM
showed enhancement performance in HER compared with pristine
biomass-derived carbon material as shown in Table 1. Some of them
showed an outstanding electrocatalytic activity for HER and even could
be a promise substitutes to precious metal catalysts
[58.128,146,147,150,179,180]. The overpotential at 10 mA em™2 for
such hybrid electrocatalysts is smaller than 100 mV. Among these
hybrid catalysts, the spiky-like MooC synthesized using the birch tree has
the smallest value of 5;0 (35 mV) [150]. Especially, when the biomass-
based carbon material was modified via trace amount of Ru, the over-
potential to afford a current density to 10 mA em™~2 is only 24.6 mV and
10 mV respectively, which is exceed the electrocatalytic performance of
commercial Pt/C [222]. In fact, The noble metals are still the most active
electrocatalysts for HER due to its most suitable value of /A Gy», which
results in an low overpotential and fast kinetics to drive HER. Since the
scarcity and high cost limit the extensive utilization. As the cheapest
metal among Pt-group metals, to design the electrocatalysts using trace
Ru is a promised method.

5. Conclusions

The natural organic components and microstructure of biomass can
promote the self-doping of heteroatoms or the in-situ transformation of
morphological structure through a simple preparation strategy. For
metal-free catalysts, the electrocatalytic activity of the metal-free elec-
trocatalysts is related to specific surface area, porosity, surface defects,
active centers and heteroatom doping. When the biomass-derived car-
bon material is loaded with metals and their compounds, abundant
surface functional groups, pores, and heteroatoms will promote the
anchoring of metals and their compounds. During the electrochemical
process, the biomass-derived matrix protects the metal particles from
corrosion and aggregation. The synergistic effect between heteroatoms
and metals can significantly optimize /\Gy- improving the HER per-
formance. It is remarkable that the hybrid catalyst decorated with the Ru
NPs exhibits a prominent performance regardless of commercial Pt/C.

With regarding to the above discussion, the challenges of this area
are carefully addressed as follows:1) The conversion mechanism (espe-
cially, the defects, active sites, etc.) of the biomass precursor into final
carbon material, 2) The directional and controllable preparation of
carbon-based electrocatalysts derived from biomass for hydrogen evo-
lution, 3) Anchoring the metals on biomass-derived carbon matrix by in-
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situ growth, 4) The new structure and electrocatalytic performance of
catalyst, 5) The synergetic effect between the heteroatom and metal and
its enhancement, 6) Integration of electrocatalytic HER equipment with
renewable energy configurations to test the HER performance of the
catalyst (such as the generation speed hydrogen bubbles, duration, ete.)
and evaluating the energy efficiency of the system.
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