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Chapter 4A
Electrocatalytic hydrogen production

Abstract: Hydrogen is a clean energy alternative to adjust and interconnect the en-
ergy landscape as it is renewable, cost-effective, and relatively easily processed. The
rapid development of advanced materials and deep mechanistic studies for electro-
catalytic processes provides a good backdrop for developing more efficient hydrogen
generation. This chapter summarizes the development of hydrogen energy, current
research progress in electrocatalytic hydrogen evolution, and advanced materials
in hydrogen production, storage, and utilization.

Keywords: hydrogen development, hydrogen evolution reaction, electrocatalyst,
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4A.1 Hydrogen energy and development

Fossil fuel consumption has led to emissions of polluting gases that have led to a
global warming crisis. This has been driven by rapid economic development that
has led to a doubling of global energy requirements over the last 30 years [1]. Green-
house gases are mainly generated from carbon-containing sources and have acceler-
ated climate change. Moreover, other pollution gases containing sulfur and nitrogen
are hazardous to humans and the environment [2]. Thus, more and more countries
have announced guidelines for developing clean energy systems, including solar en-
ergy, wind energy, tidal power, and geothermal energy [3]. These renewable energy
sources rely on natural phenomena, such as solar and wind, which are intermittent.
Nuclear power is also a suitable alternative to fossil fuels but risks widespread
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damaging leaks (Chernobyl, Fujishima). Further, nuclear waste disposal is a signifi-
cant problem. It is perhaps not a safe alternative for long-term energy needs, but it
has the short-term advantage of not producing climate-damaging gases [4].

Due to the different usage of electricity between days and nights, batteries, pump
storage, or other energy vectors such as hydrogen could hold the key to widespread
renewable energy usage. As clean energy, hydrogen is widely regarded as a promising,
cost-effective, environment-friendly energy alternative to fossil fuels [5, 6]. Hydrogen
can be produced from water, plants, and geothermal processes, which are fairly evenly
distributed worldwide, unlike the distribution of fossil fuel sources. Developing clean
energy can mitigate the energy shortage for those areas relying heavily on imported
fossil fuels. Hydrogen has a high energy density (142 MJ/kg), and proton-exchange hy-
drogen fuel cells are promising devices for utilizing hydrogen, and the only by-product
is water [7, 8]. Hydrogen can also be stored in tanks and transferred through pipes like
natural gas to the energy area [9]. The increasing trends of interest in hydrogen energy
are becoming more practical for the programs carried out in many countries [10]. The
related utilization of hydrogen energy has been achieved, such as in fuel-cell cars [11].
The hydrogen system consists of production, storage, and application and will become
more and more important for future energy systems [12].

Continuous and stable hydrogen production is required for the hydrogen econ-
omy. The main methods to produce hydrogen are steam reforming and electrochemi-
cal water splitting. The steam-methane reforming method is now the cheapest and
the most mature way to produce hydrogen. However, the reactions occur at high tem-
peratures and form by-product CO, making the process environmentally damaging
[13]. A different reaction is needed to transfer CO to CO2, increasing energy consump-
tion and releasing greenhouse gases. The reaction of steam-methane reforming is car-
ried out at around 700 °C, assisted by a catalyst:

CH4 + H2O = CO + 3H2 (4A:1)

Carbon monoxide is a toxic by-product, which is often converted to carbon dioxide
with further oxidation by an excess of steam:

CO + H2O = CO2 + H2 (4A:2)

The whole reaction of steam-methane reforming is described as follows:

CH4 + 2H2O = CO2 + 4H2 (4A:3)

The problems with the steam-methane process include catalyst poisoning by CO
and the necessary purification of hydrogen from the gas mixture [14]. The poisoning
is inevitable and leads to a decrease in production efficiency. The purification pro-
cess is based on membranes with selective transport, which increases the cost. The
whole process makes steam-methane reforming much more complicated than elec-
trochemical water splitting. Besides the production efficiency, the safety issues are
significant during steam-methane reforming.
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The purity of hydrogen produced from electrochemical water splitting is compara-
tively high, with oxygen being formed at the other electrode, reflected by the equation:

2H2O = 2H2 + O2 (4A:4)

The schematic illustration of electrochemical water splitting is shown in Fig. 4A.1.

The hydrogen can be directly collected from electrochemical water splitting. With the
assistance of a membrane during the reaction, the purification process is quite simple.
However, electrical consumption for water splitting is significantly higher than the es-
timated energy utilization of the produced hydrogen, which means that the hydrogen
usage directly from water splitting is not that economical [15]. Electrochemical water
splitting is an alternative to transfer excess power to hydrogens, such as electrical
power from solar energy, tidal energy, and wind energy. These natural energy sour-
ces are unstable and intermittent, which is not optimal for long-term continuous out-
put. Thus, water splitting can be an easy and excellent method to store the energy as
hydrogen, which is environmental-friendly and mobile. To reduce the cost of electro-
chemical water splitting, photocatalytic water splitting is becoming popular, acquir-
ing energy from the Sun. However, the transfer efficiency is relatively low, combined
with electrocatalytic water splitting [16].

4A.2 Electrocatalytic hydrogen evolution reaction

Electrocatalysis is the foundation of hydrogen-based renewable and green energy con-
version systems. Many devices and applications rely on hydrogen as an energy vector,
including the petroleum refining industry, fuel cells, and the synthesis of ammonia
[17, 18]. Therefore, the electrocatalytic hydrogen evolution reaction (HER) has in-
creased attention over recent years.

Nowadays, electrocatalytic HER in the alkaline electrolyte is widely studied and
applied commercially. It has relatively low cost and excellent gas generation effi-
ciency [19]. The hydrogen can be easily collected with high purity using a simple
proton-conduction membrane. The reaction mechanism of hydrogen evolution on

Fig. 4A.1: Schematic illustration of electrochemical
water splitting.
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the cathode includes three steps such as the Volmer step, the Heyrovsky step, and
the Tafel step, involving hydrogen intermediates (*H) adsorption and desorption.
When the reaction is performed in a neutral and basic environment, the first step
is dissociating water molecules in the Volmer step, as described below. Then hy-
drogen is produced through either the Heyrovsky step or the Tafel step:

catalyst + H2O + e− = catalyst − ✶H + OH− Volmer stepð Þ
catalyst − ✶H + H2O + e− = catalyst + H2 + OH− Heyrovsky stepð Þ
2 catalyst − ✶H ! 2 catalyst + H2 Tafel stepð Þ

When the hydrogen evolution happens in acidic media, the reaction pathway is
similar, except the dissociation of water occurs in the Volmer step. The hydrogen
intermediates are formed in the Volmer step, and then the pathway undergoes a
Heyrovsky step, or Tafel step, to form hydrogen:

H + + e− + catalyst = catalyst − ✶H Volmer stepð Þ
catalyst − ✶H + e− + H + = catalyst + H2 Heyrovsky stepð Þ
2 catalyst − ✶H ! 2 catalyst + H2 Tafel stepð Þ

The reaction steps are different because of the H+ or OH– domination in acidic or
basic electrolytes, which also influences hydrogen production efficiency, as shown
in the schematic illustration of HER steps in Fig. 4A.2. The adsorption and desorp-
tion of ✶H on the catalyst are significant for hydrogen evolution, which can be the
rate-determining steps.

Fig. 4A.2: Schematic illustration of three steps of hydrogen evolution reaction in different media.
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Suitable hydrogen bond formation can encourage an efficient HER process.
H-bonding can limit the pathway to either weak or strong, making the useful descrip-
tion of hydrogen adsorption energy (ΔGH) close to zero. The schemes shown in Fig. 4A.3
provide guidelines for the metal material design according to the changes in ΔGH [20].
The volcano plot shows the inherent advantages of noble metal for the appropriate abil-
ity to promote HER catalysis.

The increasing research interest in HER has accelerated the development of electro-
catalysts. Electrocatalysts with lower overpotential and enhanced stability are desir-
able to promote applications and devices relying on hydrogen. This has promoted
various synthesis methods.

4A.3 Advanced materials in hydrogen production

HER from water electrolysis is a promising strategy for producing clean hydrogen.
Many challenges need to be overcome to lower the overpotential and accelerate the
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Fig. 4A.3: (Top) Experimentally measured exchange current, log(i0), for hydrogen evolution over
different metal surfaces plotted as a function of the calculated hydrogen chemisorption energy per
atom,△EH (top axis); (bottom) the result of the simple kinetic model is plotted as a function of the
free energy for hydrogen adsorption [20] (Copyright 2005, Institute of Physics).
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HER kinetics in different media. Thus, for realizing efficient HER, numerous kinds
of catalysts have been developed, including noble-metal, transition-metal-based,
and metal-free electrocatalysts, which show promising performances and specific
advantages for HER [21, 22].

4A.3.1 Noble-metal-based electrocatalyst

Noble metals, especially Pt, have attracted attention due to their intrinsic efficient
HER properties. The inherent hydrogen adsorption energy which is close to zero
makes it a promising candidate as an HER catalyst. However, the limitation and
expense of precious metal sources restrict their use as electrocatalysts. Therefore,
researchers have developed various kinds of methods to modify the materials.
Figure 4A.4 illustrates the schematic of three main ways of structural regulation of
noble-metal electrocatalysts, including shape modification, alloy composition, and
single atom incorporation.

Fig. 4A.4: Schematic illustration of three ways of utilization of noble-metal electrocatalysts.
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One possible way is to adjust the shape of the noble-metal nanoparticles to
achieve a large specific surface area and high density of electrocatalytic sites. Among
noble-metal electrocatalysts, platinum-based electrocatalysts are considered the best
performance for HER. Different strategies have been developed to synthesize numer-
ous catalyst shapes, including nanowires [23], hollow structures [24], dendrite-like
shapes [25], nanocubes [26], and nanospheres [27].

The shape control of Pt nanoparticles is vital for improving HER performance.
Different crystal planes are exposed on the surface to minimize the surface energy,
which leads to different active planes. (111) and (100) facets are desirable for Pt
nanoparticles [28]. Synthesis methods, including hydrothermal, solvothermal,
sol–gel, and electrochemical deposition methods, are widely reported for HER elec-
trocatalyst fabrication [29]. As shown by transmission electron microscopic (TEM) im-
ages in Fig. 4A.5, Pt nanoparticles with cuboctahedra, spheres, tetrapod, truncated
cubs, stars, and dendrite-like shapes are presented [30]. The changing amounts of
precursors, reaction temperature, surface ligands, and nucleation processes will pro-
duce different shapes due to the different nucleation rates and growth orientation. By
tuning the shapes, the specific surface areas can be increased, along with electrocata-
lytic sites, increasing HER performances.

Besides modifying shapes for noble nanoparticles, alloy nanoparticles are popular
to achieve synergistic effects, which further improve the HER efficiency and stabil-
ity of electrocatalysts compared with single-component noble-metal ones. The reac-
tion is usually controlled by mixing two or several metal precursors to obtain alloy
nanoparticles. Under different solvents, temperatures, and surfactants based on

Fig. 4A.5: TEM images of (a) Pt cuboctahedra, (b) Pt spheres, (c) Pt tetrapods, (d) Pt truncated
cubes, (e) Pt stars (octapods), (f) Pt multipods. Scale bars: (a, b) 20 nm, (c) 100 nm, (d, f) 50 nm;
insets of (a, b, d) 5 nm; insets of (c, f) 20 nm; and inset of (e) 10 nm [30] (Copyright 2013, American
Chemical Society).
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single-metal electrocatalysts, noble metals will be simultaneously reduced, and the
ratio between metals can be controlled simply by adjusting the precursors.

Pt2Pd alloy nanoparticles were synthesized through a one-step method [31]. Plat-
inum phthalocyanine, palladium phthalocyanine, 2, 2-dipyridylacetyene, and gra-
phene were added into a Teflon-lined autoclave and hydrothermally treated. Finally,
the Pt2Pd nanoparticles were embedded in N-doped carbon materials and shown to
act as efficient HER electrocatalysts, as shown in Fig. 4A.6. The TEM image shows
that individual Pt2Pd alloy nanoparticles are hosted within the carbon materials.
The high-resolution TEM (HRTEM) presents the lattice space of 0.225 nm, corre-
sponding to the Pt(111) plane. The ratio between Pt and Pd is 2:1 according to the
line-scanning image across an alloy nanoparticle. The energy-dispersive X-ray spec-
troscopy (EDS) mapping images confirm the chemical composition of the alloy
nanoparticle.

Fig. 4A.6: (a, b) TEM images of Pt2Pd/NPG 700. (c) HRTEM image. (d) SEM image of Pt2Pd/NPG 700.
(e) Line-scanning profile across a Pt2Pd nanoparticle, as indicated in the inset of (e). (f) EDX pattern
of Pt2Pd/NPG 700 catalyst. (g–k) EDS elemental mapping of N, O, Pd, Pt, and Pt2Pd alloy,
respectively [31] (Copyright 2017, Elsevier).
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The HER performance was evaluated in 0.5 M H2SO4, as shown in Fig. 4A.7. Pt2Pd
nanoparticles annealed at different temperatures show remarkable performance, and
Pt2Pd/NPG 700 exhibits superior performance, even better than commercial Pt/C

Fig. 4A.7: (a) HER performance in 0.5 M H2SO4. (b) Tafel plots and (c) double-layer capacitances
(Cdl) for Pt2Pd/NPG electrocatalysts treated with different temperatures. (d) Faradic efficiency of
PtPd/NPG 700 catalysts. (e) Initial and 4,000th LSV curves of Pt2Pd/NPG 700. (f) Time dependence
of current density for Pt2Pd/NPG 700 under a static overpotential of 140 mV. The inset shows an
enlarged image [31] (Copyright 2017, Elsevier).
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materials. The lowest is overpotential (η10) at the current density of −10 mA/cm2 for
Pt2Pd/NPG 700. The Tafel slopes and electrochemical double-layer capacitance (Cdl)
are illustrated in Fig. 4A.7b and c, which reflect the electrochemical active surface
area (ECSA). Hydrogen production is consistent with the theoretical simulation. Addi-
tionally, the durability was verified from 4,000 linear sweep voltammetry (LSV) cycles
under long-term continuous applied potential. Pt2Pd alloy nanoparticles embedded in
graphene provide a synergistic effect on interfaces and facilitate the HER reaction.

Additionally, non-noble metals can be introduced to noble-metal electrocatalysts
to simultaneously lower usage and tune the electrical property. The triple metal alloy
nanowires were fabricated with S-doping through reduction methods. TEM and EDS
elemental mapping images are shown in Fig. 4A.8. Firstly, AuPb nanowires were fab-
ricated through reduction methods in an aqueous solution. Then the platinum source
was added and reduced on AuPb nanowires to form AuPbPt alloy nanowires [32]. The
lattice fringes in HRTEM are 0.235 and 0.234 nm, corresponding to Au’s (111) plane
and the intermetallic PbPt, respectively. The high-angle annular dark-field scanning
TEM (HAADF-STEM) and the corresponding EDS mapping images illustrate the com-
position of Au, Pt, and Pb in the alloy nanowires.

The HER performance in acidic electrolytes is much better than commercial Pt/C elec-
trocatalysts, as shown in Fig. 4A.9. The mass activity is 12.3 times (at −0.05 V vs. RHE)
and 3.4 times (at −0.07 V vs. RHE) higher than the commercial Pt/C materials. The
Tafel slope of the AuPbPt alloy is 17.7 mV/dec, lower than that of Pt/C, indicating that
the Volmer–Tafel process is the determining step. After 5,000 cycles of cyclic voltam-
metry tests, the performance has almost no decrease, showing remarkable stability.

Fig. 4A.8: (a, b) TEM images and (c, d) HRTEM images of S-doped AuPbPt alloy NWs. (e) HAADF-
STEM image and the corresponding EDS mapping images of (f) Au, (g) Pt, (h) Pb, and (i) S [32]
(Copyright 2013, Royal Society of Chemistry).

472 Yeshu Tan, Ivan P. Parkin, Guanjie He



Single-atom catalysts (SACs) are realized to reach a maximum utilization rate of
noble metals near 100 %. Methods that utilize the noble metal at an atomic level
can substantially decrease the cost. Various methods, including photochemical re-
action, atomic-layer deposition, and thermal reduction, have been developed [33].
Meantime, the HER performance is superior to noble-metal nanoparticles with the
same noble-metal loading. Single atoms of noble metals anchored on substrates
have been developed very quickly over recent years [34].

For SACs, the surface coordination status of the metal atom will greatly affect
their electronic structures, which subsequently influence the catalytic activity. The
substrates supporting single atoms are quite significant, such as graphene, C3N4,
and MoS2, and are widely explored [35].

A stable substrate and adjustable coordination conditions were studied to under-
stand Pt single-atom electrocatalyst. Graphdiyne (GDY) was chosen as the substrate,
and the atomically dispersed Pt atoms were loaded on GDY through a wet-chemical
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strategy. The as-prepared single-atom Pt can be observed from TEM images, as
shown in Fig. 4A.10. The Pt-GDY1 and Pt-GDY2 samples are under different temper-
ature treatments. The Pt-GDY1 was synthesized at room temperature while Pt-GDY2
was further treated at 200 °C from Pt-GDY1, making Pt in Pt-GDY2 a more positive
valence state than in Pt-GDY1 [36].

Figure 4A.10 shows the HAADF-STEM image of Pt single atom on GDY. The individual
Pt atoms are observed, and the EDS mapping confirms the elemental composition.
With the successful Pt loading on GDY, the HER performance of Pt-GDY2 shows much
better HER performance than commercial Pt/C. The mass activity is 23.64 times that of
Pt/C, illustrating the efficient Pt usage for electrocatalysis, as shown in Fig. 4A.11. The
Tafel slope indicates that Volmer–Heyrovsky is the determining step. The 1,000 cycles
of LSV tests confirm the excellent stability of SACs. The isolated Pt atoms were an-
chored on GDY by the coordination interactions of the C-Pt-Cl4 group, and the higher
unoccupied density of states of Pt 5d orbital makes Pt-GDY2 more efficient for HER.

In addition, Pt, Ru, Ir, and Pd were studied for HER with the development of SACs
[37, 38]. With the development of noble-metal materials, from shape modification and
alloy composition to single-atom incorporation, the HER performance increases with
the decrease in the amount of noble-metal loading, making them promising for future
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HER applications. Noble-metal-based electrocatalysts lead the best-in-class HER perfor-
mance. The latest HER performance is listed in Tab. 4A.1.

4A.3.2 Transition-metal-based electrocatalyst

Transition metals outside the Pt, Ir, Pd, and Ru groups are promising alternatives due
to their abundance and occasional excellent HER performance. First-row transition
metals have been introduced into noble-metal electrocatalysts to replace part of
the noble metals and form alloy nanoparticles, Pt–Co [47] and Pt–Ni [48], that
show impressive HER performances. Among transition-metal-based electrocatalysts,
transition-metal phosphides (TMPs) have gained intensive attention due to their
adjustable compositions and structures, tunable electronic properties, and remark-
able electrical conductivities, which present comparable HER performance with com-
mercial Pt/C [49].

Fig. 4A.11: (a) LSV curves of Pt-GDY1, Pt-GDY2, and commercial Pt/C in 0.5 M H2SO4 solution.
(b) The HER mass activity at η = 0.1 V for Pt/C, Pt-GDY1, and Pt-GDY2. (c) Tafel plots of Pt/C, Pt-
GDY1, and Pt-GDY2. (d) The LSV curves of Pt-GDY2 at initial and after 1,000 cycles with a scan rate
of 5 mV/s. The inset shows the time-dependent current density curve at 95 mV versus RHE [36]
(Copyright 2018, John Wiley and Sons).
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More than 100 bimetallic phosphides have been studied [50], which provide large
possibilities for tuning the ratios and compositions of TMPs and their electronic struc-
tures. The phosphorization process can successfully introduce P into transition-metal
electrocatalysts, forming P-metal bonds. The comparatively higher electronegativity of
P in the TMPs connected with metal atoms leads to a proton-acceptor process for pro-
moting HER performance [50]. CoP [51], NiP [52], and bimetallic CoP/Ni2P [53] and
CoP/Co2P [54] have been explored, and their HER performances are remarkable.

TMPs are often fabricated on substrates as self-standing electrodes. The ver-
tical CoP nanoarray was fabricated through three steps. Firstly, the CoCH nano-
rods were formed from the hydrothermal method on Ti foil and then immersed in
2-methylimidazole to grow the ZIF-67 shell. Finally, CoP/NPC/TF was acquired
through a phosphatization process at 400 °C, as shown in Fig. 4A.12.

Tab. 4A.1: Comparison of latest noble-metal-based electrocatalysts on HER performance.

Electrocatalyst Overpotential η
(mV)

Tafel slope (mV/dec) Electrolyte Reference

Pt dendrite   . M HSO []
Ru nanodot  .  M PBS []
Pt cluster    M PBS []
Pt/Ru nanocrystal    M KOH []
Ru/Pd nanowire    M KOH []
Pt/Ni nanowire    M KOH []
PtSA-MWCNTS .  . M HSO []
RuSA-N-TiCTX    M KOH []
PtSA-CN    M HClO []

TF

CoCI2∙6H2O,urea

CoP/NPC/TF

Phosphidation, 400 °C

CoCH/ZIF-67/TF

CoCH/TF

2-methylimidazole

90 °C,10 h

solution, 5 h

Fig. 4A.12: Schematic illustration of the synthetic process of the CoP/NPC/TF [55]
(Copyright 2019, John Wiley and Sons).
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The as-prepared CoP nanoarray performed in 0.5 M H2SO4 is shown in Fig. 4A.13.
The optimized CoP/NPC/TF electrode shows comparable HER performance with com-
mercial Pt/C. The Tafel slopes and overpotentials (η10) are close to Pt/C; double-layer
capacitance reflects the ECSA for the modified materials. The LSV cycling and long-
term durability tests indicate its superb stability [55].

Transition-metal-based electrocatalysts have flourished, and some of the latest elec-
trocatalysts are listed in Tab. 4A.2.

Fig. 4A.13: (a) HER performance and (b) Tafel plots of CoP/NPC/TF and other references with a scan
rate of 2 mV/s in 0.5 M H2SO4. (c) The comparison of overpotential at 10 mA/cm2 and Tafel slopes
of CoP/NPC/TF and other references. (d) Double-layer capacitances (Cdl) at −0.15 V versus RHE as a
function of scan rate for CoP/NPC/TF, CoP/TF, and CoO/NC/TF. (e) LSV curves of CoP/NPC/TF
before and after 3,000 cycles. (f) Time-dependent current density curve of CoP/NPC/TF under a
constant overpotential of 103 mV for 10 h [55] (Copyright 2019, John Wiley and Sons).
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4A.3.3 Metal-free electrocatalyst

Noble-metal-based materials are regarded as the most efficient HER electrocatalysts.
However, the limited abundance and high cost restrict future application, and thus
developing electrocatalysts with earth-abundance materials is promising. Metal-free
electrocatalysts are considered potentially efficient HER electrocatalysts, mostly car-
bon-based materials. However, the pristine carbon materials have limited and poor
electrocatalytic activity. To increase the HER performance of carbon materials, a
surface chemical environment is required by doping heteroatoms, such as N, S,
and P [63]. The dopants in carbon materials lead to physical- and chemical-tuning
properties, increasing the electrocatalytic HER performance.

Tab. 4A.2: Comparison of latest transition-metal-based electrocatalyst on HER performance.

Electrocatalyst Overpotential η (mV) Tafel slope (mV/dec) Electrolyte Reference

Mn-Ni    M KOH []
CoSA/C   . M HSO []
NiSA-MoS    M KOH []
B-CoP/CNT    M PBS []
NiO-NiP    M KOH []
CoP/CoP  .  M KOH []
NiCoP/CoP  .  M KOH []
CoP/CoMoP    M KOH []

Fig. 4A.14: Schematic illustration of the fabrication process of PCN@N-graphene film [64]
(Copyright 2015, American Chemical Society).
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Nitrogen-doped carbon is a widely explored material in metal-free electrocata-
lysts. When nitrogen is introduced into the carbon, properties such as electronic
structures and electrocatalytic activities are improved. The HER performance is
based on the amount of N dopants. Moreover, the efficient N-doped carbon electro-
des also depend on the surface structure. As shown in Fig. 4A.14, porous C3N4 is
integrated with N-doped graphene film to form the catalyst without substrate [64].
The hierarchical structure, large specific surface area, and highly exposed electro-
catalytic sites enable the electrode to achieve fabulous HER performance with a low
onset overpotential and excellent stability, as shown in Fig. 4A.15.

The HER performance is much closer to Pt/C with N doping in graphene and an-
nealing treatment, verified by the low Tafel slopes and overpotentials (η10). The charge
transfer resistance (Rct) is indicated in Fig. 4A.15d, which is related to the kinetics. The
lower value of Rct presents the fast reaction during HER. The 5,000 cycles of LSV tests
activate the as-prepared materials, resulting in better performance. Meantime, the sta-
bility is also remarkable for long-term tests.

However, due to the intrinsic properties of carbon materials, the efficient HER
performance is still a challenge, which could not hinder its advantages of stability,
low cost, and recycling properties. More importantly, double or triple hetero-atom
doping was further explored, such as N and S and N and P doping in carbon mate-
rial [63]. The metal-free electrocatalyst is another way to realize stable and efficient
hydrogen production. The latest HER performance of metal-free-based electrocata-
lyst is listed in Tab. 4A.3.

4A.4 Hydrogen storage

The utilization of hydrogen directly from water splitting is limited, and thus hydro-
gen storage and transport are quite significant. Developing a safe, cost-effective
method for hydrogen storage is still a challenge. Nowadays, compression, liquid,
chemical, and physical storage are the four main storage methods that are widely
explored [70].

4A.4.1 Compression storage

Hydrogen can be stored as a compressed gas in high-pressure tanks, and it can be
transported through pipelines like natural gas. The compression storage method is
simple and can increase the energy density for hydrogen but requires high-level
storage equipment.
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Fig. 4A.15: (a) LSV curves (inset shows LSV curves with the current density below 10 mA/cm2).
(b) Tafel plots and (c) overpotential@10 mA/cm2 versus RHE (left) and exchange current density
(right). (d) Electrochemical impedance spectra at 0.2 V versus RHE of PCN@graphene, PCN@N-
graphene, and PCN@N-graphene-750 films. (e) The polarization curves after different cyclic
voltammetry (CV) cycles. (f) Required overpotential@10 mA/cm2 versus RHE plotted as CV cycle
numbers of PCN@N-graphene film (inset is the current density@0.2 V versus RHE [64]
(Copyright 2015, American Chemical Society).
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4A.4.2 Liquid storage

Liquid hydrogen storage is a normal storage method, but the high pressure required
for liquid hydrogen storage leads to many challenges for the fabrication of storage
equipment. Meantime, the low temperature reaching 21 K is also quite strict. The
efficient load and release processes are also difficult.

4A.4.3 Chemical storage

Nowadays, more and more researchers focus on hydrogen storage materials to real-
ize the fast adsorption and release of hydrogen in a favorable environment. The
chemical storage materials involve chemical bond forming and breaking. Under cer-
tain temperatures and pressures, hydrogen can be adsorbed and generated through
a chemical reaction in many materials, including metal hydrides (LiBH4, NaAlH4,
NaBH4, etc.) [71, 72].

4A.4.4 Physical storage

Molecular hydrogen can get absorbed on the surface of some materials, which are
called physical storage materials. Physisorption only involves physical adsorption
and desorption, which requires high pressure for large amounts of storage, unlike
chemical storage materials. The most studied materials are carbon materials (gra-
phene and nanotubes) [73], organic metal frameworks [74], and covalent organic
frameworks [75].

With the rapid development of electrocatalytic water splitting and advanced
materials, hydrogen storage technology and materials are pursued as an essential
foundation for renewable energy systems. The comparison among different storage
methods is shown in Tab. 4A.4.

Tab. 4A.3: Comparison of latest metal-free electrocatalyst on HER performance.

Electrocatalyst Overpotential η (mV) Tafel slope (mV/dec) Electrolyte Reference

g-CN/N-graphene  . . M HSO []
N, S-graphene  . . M HSO []
N, P-graphene   . M HSO []
N, P-carbon   . M HSO []
g-CN nanoribbons/
graphene

  . M HSO []

TpPAM   . M HSO []
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4A.5 Summary

With the fast development of hydrogen energy, future energy systems will be more
adjustable, reducing pollution and optimizing the energy network caused by the un-
even consumption and distribution of fossil fuels. Electrochemical water splitting has
great potential due to its easy fabrication processes, pure hydrogen collection, and
safety steps. Meanwhile, the studies of numerous electrocatalysts, working mecha-
nisms, and hydrogen storage materials lead to more and more efficient hydrogen pro-
duction and storage, which shows promising future applications in the whole
clean energy system.
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