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Abstract: Energy storage and conversion via a hydrogen chain is a recognized vision of future energy systems based on renewables and, there-
fore, a key to bridging the technological gap toward a net-zero CO, emission society. This paper reviews the hydrogen technological chain in
the framework of renewables, including water electrolysis, hydrogen storage, and fuel cell technologies. Water electrolysis is an energy con-
version technology that can be scalable in megawatts and operational in a dynamic mode to match the intermittent generation of renewable
power. Material concerns include a robust diaphragm for alkaline cells, catalysts and construction materials for proton exchange membrane
(PEM) cells, and validation of the long-term durability for solid oxide cells. Hydrogen storage via compressed gas up to 70 MPa is optional for
automobile applications. Fuel cells favor hydrogen fuel because of its superfast electrode kinetics. PEM fuel cells and solid oxide fuel cells are
dominating technologies for automobile and stationary applications, respectively. Both technologies are at the threshold of their commercial
markets with verified technical readiness and environmental merits; however, they still face restraints such as unavailable hydrogen fueling in-

frastructure, long-term durability, and costs to compete with the analog power technologies already on the market.
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1. Introduction

Global energy consumption is the basis of modern civiliz-
ation. Fossil fuels are the prevailing energy source that is
usually converted into heat, mechanical energy, and electri-
city via combustion, thermal engines, and generators, re-
spectively. Thermal engines are limited in energy conversion
efficiency, which is typically less than 40% for modern
power plants and 10%—-20% for small engines. Another crit-
ical issue is the power production from fossil fuels generat-
ing greenhouse gas emissions. On a global scale, approxim-
ately 50 billion metric tons of greenhouse gases are emitted
every year, 78% of which is from the industrial combustion
of fossil fuels. These numbers have already doubled since
1970, and the increasing rate in recent years is over one bil-
lion metric tons per year [1]. Today the atmospheric concen-
tration of CO, has reached 400 ppm, and the concentration of
all greenhouse gases is greater than 430 ppm. Without any
action, the world is projected toward 450 ppm greenhouse
gases in 2030, increasing to as much as 1300 ppm by 2100.

The emission of greenhouse gases has already caused av-
erage global warming of 1.1°C since the beginning of the in-
dustrial revolution, and the warming is estimated to exceed
1.5°C over the next two decades. This will result in severe
climate consequences, including heat extremes, drought, and
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flooding. Worldwide efforts are being made to mitigate the
climate issue aiming at restraining global warming to less
than 2°C, which is estimated to correspond to an extra 800 to
1000 billion metric tons of greenhouse gases or a 450 ppm
limit of the greenhouse gas concentration [1].

Technologically, the immediate solution is CO, capture
and storage (CCS). The critical challenge to deploying cur-
rent CCS technologies is affordability, which is 50-120 $-t'
CO, compared with the target cost of 15-20 $-t' CO,, de-
pending on existing technologies in different countries and
industry sectors [2]. The ultimate solution is to replace fossil
fuels with renewable energies, e.g., solar, wind, hydro, or
biomass, which are still immature technologies facing key
challenges associated with efficient energy storage at various
time and power scales. Water electrolysis is regarded as a
practical method of energy storage of renewable energy
sources. The hydrogen, as an energy carrier, could be stored
in a power scale, matching the grid with high flexibility.

Hydrogen and its combination with electrochemical en-
ergy conversion technology, the fuel cell, has been recog-
nized as a reliable, secure, and clean technology for future
energy systems. For mobile applications, hydrogen can be
further stored physically; for example, as compressed gas, li-
quid, or metal hydrides, or alternatively, via synthesis of li-
quid biofuels.
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Fig. 1 schematically shows the hydrogen chain in associ-
ation with renewable energy sources. Water is the medium
when pure hydrogen is used, while carbon dioxide cycling is
involved if other hydrogen-containing carriers, e.g., hydro-
carbons and alcohols, are used. The key linking technologies
of the hydrogen chain are water electrolysis, hydrogen stor-
age, and fuel cells. The present paper is devoted to a brief re-
view of these technologies where the emphasis is placed on
state-of-the-art materials, performance, and challenges.
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Fig. 1. Hydrogen chain in association with renewable ener-
gies where the key technologies are electrolyzer, hydrogen stor-
age, and fuel cells.

2. Hydrogen production by electrolysis

Hydrogen production by water electrolysis was the first
discovery of the electrochemical process after the invention
of the voltaic pile (batteries) in 1800 [3]. From an energy
storage point of view, this method is clean, scalable, and easy
to operate under a dynamic mood, which are essential to
matching the intermittent renewable power grid. The purity
of the hydrogen obtained is also high, and water as the medi-
um is abundant and inexpensive [4-5].

Three kinds of electrolysis cells have been invented, i.e.,
low-temperature alkaline electrolysis cells (AECs) [6], pro-
ton exchange membrane electrolysis cells (PEMECs) [7], and
high-temperature solid oxide electrolysis cells (SOECs) [5].
The scale of AECs can be megawatts with a well-demon-
strated lifetime; however, the AECs require a constant power
supply. PEMECs have good dynamic performance (quick
startup/shutdown and variable loads) to fit the intermittent
nature of renewable sources. In general, the performance of
both alkaline and proton exchange membrane (PEM) electro-
lyzers is greatly limited by sluggish electrode kinetics be-
cause of operation in the low-temperature range. Alternat-
ively, high-temperature SOECs are kinetically favored and
operate more efficiently, though the technology has not yet
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reached large-scale commercialization.
2.1. Alkaline electrolysis cells

2.1.1. Cell construction and key materials

AECs have been used to industrially produce hydrogen for
over a century, and they account for the largest capacity of
the installed water electrolysis worldwide. Commercial
AECs have a power size up to megawatts, corresponding to a
hydrogen production rate from several hundred Nm’-h™" up
to a thousand Nm*-h™' [8].

With an alkaline electrolyte, the hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER) are de-
scribed as follows (E° is the standard reaction potential)
[4,7,9]:

Cathodic HER: 2H,0 +2e~ — 20H +H,, E* =-0.828 V
(D

1
Anodic OER: 20H™ — 502 +H,0+2¢e7, E°=-0.401V
2
1
Overall cell reaction: H,O — H, + 502, E°=-1229V 3)

The electrolyte is typically 25wt%—30wt% potassium hy-
droxide (KOH) aqueous solutions, taking advantage of the
high ionic conductivity. As shown in Fig. 2, the electrodes
are immersed in the electrolyte that circulates within the cell
and carries the produced gas out. During the electrolysis, the
electrolyte is not consumed while water is continuously sup-
plied. Hydrogen produced in AECs contains fine droplets of
electrolyte and water vapor; drying is necessary to further
purify the hydrogen.

Cathodes and anodes are most commonly made of Ni-
based materials, which have reasonably low prices, high
catalytic activity, and stability in alkaline electrolytes. The
electrodes are in hollow structures through which the liquid
electrolyte flows and circulates. The Ni-based cathode is of-
ten modified to metal alloys such as Ni-Mo and Ni—Cr-Fe.
Alternative cathode catalyst materials that are in develop-
ment include phosphides, sulfides, selenides, and carbides
[10]. The OER requires an overpotential or high activation
energy to resolve the low kinetics, which limits the effi-
ciency of the technology [11]. The anode is also made of Ni,
often coated with metal oxides.

A diaphragm between electrodes is used to separate the
two product gases. This is the most critical cell component to
optimize the dynamic performance when the electrolyzer cell
is used in association with the fluctuating power of renew-
able sources. The minimum fraction of load of AECs is re-
frained by the diaphragm performance, which does not fully
avoid the crossover of the produced gases. More cross-mix-
ing of hydrogen and oxygen occurs under low current dens-
ity operation, which reduces the energy efficiency and cre-
ates safety issues.

Conventionally, the diaphragm comprises asbestos with
several millimeters thick. This material is carcinogenic and
currently forbidden in more than 60 countries. Microporous
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Fig. 2. (a) Schematic of alkaline electrolyzer cell constructions and (b) zero-gap cell with anion exchange membranes.

polymer substrates such as polyphenylene sulfide, usually
filled by glass fibers, are alternatives. The commercial Zir-
fon® diaphragm is typically a polysulfone matrix containing
up to 85% ZrO, nanopowder with a thickness of ~500 pm.
This material has a porosity of approximately 60% with sub-
micron pores, an area-specific resistance down to 0.1 Q-cm’
(80°C), and allows for a bubble pressure up to 0.4 MPa when
filled by KOH electrolyte.

2.1.2. Performance and challenges

Current alkaline water electrolyzers typically operate with
acell voltage of 1.8-2.2 V, a current density of 0.1-0.3 A-cm 2,
and a working temperature of 60—80°C. This relatively low
current density of operation limits the hydrogen production
rate, making the system volume and weight bulky [5].

The current required to operate alkaline electrolyzers re-
lies on the hydrogen generation rate or the scale of the elec-
trolyzers. The energy consumption is approximately 4.5 kWh
per Nm® H, (50 kWh per kg H,) when the nominal hydrogen
generation rate is greater than 10 Nm® H, per hour. The high

heat value (HHV) of hydrogen production is 39.4 kWh per
kg H,. The energy consumption of an alkaline electrolyzer
can be converted to an HHV-based efficiency of 79%. In ad-
dition, a pressurized electrolyzer needs more power con-
sumption. Table 1 lists the specifications and operating para-
meters of alkaline electrolyzers [8,12—13]. The partial load
operation of an AEC is limited to a range of 20%—40%, less
than when the cell is poorly operational. The cell response to
startup, shutdown, and load transition is also slow. These is-
sues are associated with behaviors of the product gases that
are supersaturated in the surrounding liquid electrolyte and
form bubbles at the active sites of the electrode surface. The
gas bubble behavior has a vital impact on the cell perform-
ance, especially when the load level is varying. This is a ma-
jor challenge for applications with renewable power sources.
It is therefore essential to reduce the polarization and dynamic
barriers by optimizing the electrode—electrolyte interface [14].

Great efforts are being made to design zero-gap electro-
lyzers, as schematically represented in Fig. 2(b), with anion

Table 1. Specifications and operating parameters of alkaline and PEM electrolyzers [8,12-13]
Maturity AECs PEMECs
Current density / (A-cm?) 0.2-0.4 0.6-2.0
Cell area / m’ <4 <0.3
Hydrogen output pressure / MPa <3 <3
Operating temperature / °C 60-80 60-80
Minimum partial load range / % 20-40 5-10
Overload (nominal load) / % <150 <200
Ramp-up from minimum load to full load / (%s™' 0.13-10 10-100
Startup time from cold to minimum load 20 min—several hours 5-15 min
H, purity / % >99.5 >99.99
Voltage efficiency (HHV-based) / % 62-82 68-82
Indicative system cost / (€W ™) 1.0-1.2 1.9-2.3
System size range 0.25-760 Nm™-h™'; 1.8-5300 kW 0.01-240 Nm>-h™'; 0.2-1150 kW
Lifetime stack / h <90000 <20000
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exchange membranes (AEMs) [15]. The electrodes are in dir-
ect contact with the AEM surface, similar to that in proton
exchange membrane fuel cells (PEMFC). In this way, the
ohmic loss between electrodes will be minimized. Pure wa-
ter, rather than aqueous alkali hydroxide solutions, is used as
the feeding liquid without a corrosive electrolyte. A high
AEM cell performance of 2.7 A-cm ? at 1.8 V has been re-
ported using a pure water electrolyte [16]. Construction of
zero-gap cells requires stable and robust polymer mem-
branes with a high OH™ conductivity to achieve operation at a
current density above 1 A-cm . AEMs with imidazolium
functionalized or sulfonated poly(ether ether ketone) back-
bones are desirable candidates to resist severe electrolyte at-
tack [17]. Further efforts are needed to improve the ionic
conductivity and durability of AEMs and ionomers.

2.2. Proton exchange membrane electrolysis cells

2.2.1. Cell construction and key materials

PEMECs, which are typically based on perfluorosulfonic
acid, e.g., Nafion® membranes, are constructed with a solid
proton-conducting membrane as an electrolyte. The mem-
brane functions as a separator of the two electrodes and
gases, and it has high proton conductivity, good mechanical
strength, low gas permeability, and chemical stability. The
construction of a PEMEC is schematically shown in Fig. 3. In
contrast to AECs, the hydrogen product does not need to be
purified. Porous electrodes loaded with catalysts are attached
on each side of the membrane, i.e., in a zero-gap assembly.
Electrode reactions in PEM electrolysis are written as:

Cathode: 2H* +2¢™ - H,, E°=0V 4)

1
Anode: H,0 — 502 +2H +2e”, E°=1.229V (5)

Electrode

= Bipolar plate (BPP)

Frame with sealings (or end plate)

Membrane

Fig. 3. Schematic of the construction of a PEMEC. DC rep-
resents direct current.

The selection of the acidic membrane electrolyte dictates
the electrocatalyst and structural materials chosen from
highly corrosion-resistant candidates. Active and stable elec-
trocatalysts are limited to precious group metals (PGM), e.g.,
Pt or Pt/Pd alloy, as the hydrogen evolution catalysts at the
cathode [18]. The state-of-the-art electrocatalyst for oxygen
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evolution is IrO, or IrO,/RuO, with typical mass loadings of
approximately 2 mg-cm * [19-20]. Iridium is a scarce ele-
ment with a crust abundance of only 3 x 10 ppm and a
global annual production of 7 t.

To store solar/wind energies, the worldwide installation of
water electrolyzers requires a power capacity of several ter-
awatts (1 TW = 10" W), which can be translated to a hydro-
gen production rate over 10 t H, per hour. At a power dens-
ity of 4 W-cm™ and a catalyst loading of 2 mg Ir per cm™,
state-of-the-art technologies need 1250 tons of Ir per TW ™.
In other words, the world’s annual production of iridium
would allow for a PEMWE installation of a few gigawatts ca-
pacity. A significant reduction of the iridium usage and even-
tual replacement of the metal must be realized for the com-
mercial application of the technology in association with re-
newable energy storage.

On a technology level, these catalysts cover a small frac-
tion of the stack (<10%) and system (<5%) cost. Because of
the extremely corrosive conditions of PEMECs, i.e., the acid-
ity of the electrolyte and the high potential of the anode, the
use of carbon or stainless steel materials as cell components
is excluded. Titanium is the most commonly used material
for (anodic) porous transport layers and bipolar plates of PE-
MEC:s. Titanium forms an oxide surface layer, which is the
primary cause of the performance deterioration. Stainless
steel coated with Ti, Pt, Au, or carbon-based composites has
been extensively explored as construction materials. These
materials currently account for approximately 2/3 of the stack
cost [8]. Even though prominent cost reductions have been
achieved in recent years, significant efforts are needed to im-
prove these components in terms of durability performance
and material and processing costs.

2.2.2. Performance and challenges

The cell voltage and energy efficiency of PEMECs are
1.8-1.9 V and 78%—82%, respectively, at a current density of
1-2 A-cm* [20]. Table 1 lists a set of specifications and op-
erating parameters of PEMECs. PEMEC is a technology that
can operate in a partial load range, operational at a load level
as low as 0-10%. As a result, PEMECs are a potential tech-
nology for use with renewable power sources. Considerable
efforts are being made to demonstrate the technical feasibil-
ity of PEMEC:s in the renewable energy chain.

2.3. Solid oxide electrolysis cells

High operating temperatures of SOECs favor the kinetics
of electrode reactions. SOECs can work near the ther-
moneutral point where the energy efficiency is as high as
100%. In principle, it is also possible for SOECs to achieve
energy efficiency over 100% when they are integrated with
other high-temperature devices (nuclear reactors, solar
power, or combustors) to supplement thermal energies.

SOECs were initiated from solid oxide fuel cells (SOFC)
technologies, i.c., using the materials available for SOFCs
[21-22]. The typical electrolyte is yttria-stabilized zirconia
(YSZ) with oxide ion conductivity. In addition, the solid
electrolyte can also be proton conductive like StZryoY b, ;055
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and BaCe(sZr,3Y,0;s. In BaCe(sZry3Y 055 the corres-
ponding electrode reactions of SOEC are the same as those of
the PEM electrolyzer. Sr-doped LaMnO; (LSM) or
Lay¢Sry4Co,Fe, 3055 perovskite oxides serve as the anode,
while porous cermet made of Ni-based alloys is used as the
cathode.

For an oxide ion conductive electrolyte, the cell reactions
can be written as follows:

Cathodic reaction: H,O — H, + 0> +2e~ (6)
1
Anodic reaction: 0>~ +2¢~ — 502 @)

The SOEC performance generally degrades faster than
that of SOFCs, creating challenges in developing SOECs
with high performance and good durability [23]. Most of the
degradation comes from the electrolyte, cathode, and anode.
The YSZ electrolyte may degrade at the electrode interface,
and the degrading mechanisms are classified as intergranular
fracturing, grain boundary widening/coarsening, or void
formation. Cathode degradation may occur via the agglomer-
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ation of Ni particles in the dense Ni-YSZ layer of the elec-
trode. Delamination of the oxygen electrode—electrolyte in-
terface is the major issue, depending on the oxygen-release
ability of the oxygen electrode and electrolyte [24]. Thus, in-
terface stabilization is required to prevent delamination by
promoting the ionic conductivity of both the electrolyte and
oxygen electrodes. In addition, the performance will further
deteriorate because of the poisoning effects of the contamin-
ants deposited from borosilicate glass sealant or Fe—Cr
metallic alloys [25].

3. Hydrogen storage

Table 2 lists the selected physical properties of hydrogen
as an energy carrier together with other types of liquid and
gaseous fuels. Hydrocarbon fuels, such as petroleum and nat-
ural gases, are regarded as a source of hydrogen via reform-
ing, although they are typically used as fuels for combustion.
Methanol and ethanol are potentially renewable and used via
direct oxidation or fuel reforming.

Table 2. Selected properties of hydrogen and other fuels

Mass energy density /

Volume energy density /

Density / (kgL
Molar Freezing Boilin MJ-kg™h ensity / (k'L ") Storage MJ-L™
Fuel mass / g & - £ ressure /
.. point/°C point/°C High heat Low heat .. Gasat P .. Gas at Compressed
(g'mol™) Liquid MPa Liquid
value value 0.1 MPa 0.1 MPa gas
Hyd
YHy 2016 2592 2528 1418 120 77 000008 70 101 0011 56"
Meth
oplC 4604 -1825  —1615 555 50.1 425 000066 25 252 0.036 9.0
(CHy)
A‘(’I’\‘I‘;g')“a 17.03 777 334 22.5 18.8 674  0.00073 0.1 11.6 — —
?éitl};%% 3204  —98.8 64.7 22.7 19.8 786 - 0.1 17.8 — —
(gztgigoﬁl) 46.07  —114.1 78.3 29.7 26.8 789 — 0.1 212 — —
Gasoline” () 150 _ss 70 <10 ~45 42 720~ _ 0.1 33 _ _
(C4Cy2) 775
Diesel” 820—
(CpCyy 150250 —8—12 <350 ~46 ~43 410 — 0.1 ~35 — —

Note: ¥ Gasoline and diesel are mixtures of hydrocarbons with various compositions; * this number is based on a hydrogen tank at 70

MPa; © this number is based on a natural gas tank at 25 MPa.

The energy content of a fuel is defined as the volume-spe-
cific energy density (MJ-L™") and mass-specific energy dens-
ity (MJ-kg™"). The energy content can be calculated from
either the HHV or low heat value (LHV) of the enthalpy
changes (AHP, kJ-mol ™) of hydrogen combustion depending
on the state of the produced water (liquid or vapor).

Hydrogen has the largest energy density of all listed fuels
on the basis of mass (141 MJ-kg™'); however, the lowest
volume-specific energy density is in the form of either liquid
or gas. The compressed hydrogen is often of engineering sig-
nificance. Therefore, critical challenges for a hydrogen-based
energy system are if it is compact and economical, and has
safe storage.

Various hydrogen storage technologies have been de-
veloped or are under active development, and they can be
categorized into (1) (cryo-)compression, (2) absorption or ad-

sorption, or (3) chemical bonding via hydrides, amines/
amides, hydrocarbons, or alcohols. Alternatively, the techno-
logies can be grouped into the storage of elemental hydrogen
or hydrogen carriers in porous, metallic, organic, or inorgan-
ic materials, as shown in Fig. 4.

3.1. Physical storage of elemental hydrogen

Physical hydrogen storage, e.g., compressed gas (CGH,)
and liquid (LH,), is the most mature technology.
3.1.1. Compressed gas

Compressed hydrogen is an effective, simple, and state-of-
the-art method for storing gas. All hydrogen-powered cars
and busses use hydrogen as compressed gas. Physical com-
pression is effective for increasing the energy density of hy-
drogen. Fig. 5 shows the density of hydrogen gas as a func-
tion of temperature at different pressures [26]. Low temper-
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Fig. 4. Overview of hydrogen storage technologies.

atures and high pressures or combinations of the two para-
meters are commonly required for the high-density storage of
hydrogen gas. The practical density of hydrogen gas is 11-50
kg'm> [27-28]. Four temperature—pressure regimes are
identified: (a) compressing hydrogen at pressures up to 70
MPa and near ambient temperature; (b) coldly compressing
hydrogen at high pressures up to 50 MPa and temperatures
between 150 and 273 K; (c) cryo-compressed hydrogen at

(d () (b) (a)
Cold i Near
. ambient
80 :
£
%‘) 60
z
iz
g 40
20
0 h ! s £
50 100 150 200 250
Temperature / K
Fig. 5. Hydrogen density versus temperature for different

storage pressures [26]. The horizontal dashed lines indicate the
practical hydrogen density range, and the vertical dashed lines
indicate the optional temperature—pressure regimes represen-
ted by (a) to (d). Adapted from Compendium of Hydrogen En-
ergy, N.T. Stetson, S. McWhorter, and C.C. Ahn, Introduction
to hydrogen storage, 3-25, Copyright 2016, with permission
from Elsevier.

Type I

17 MPa (Al)
20 MPa (steel)

Type 111

30 MPa (Al/glass)
70 MPa (Al/carbon)

(b)

Metal (aluminum and steel) cylinders

(d)
Tanks made of fiber/aramid composite
materials with a metal (Al/steel) liner

pressures up to 35 MPa and temperatures below 150 K; (d) li-
quefied hydrogen at pressures up to 0.6 MPa and temperat-
ures near the boiling point (7= 20 K).

From a material point of view, few metals are imper-
meable to hydrogen. Fig. 6 shows the classification of tanks
for hydrogen storage. Aluminum is widely used for small
tanks at low pressures. Common laboratory 50 L cylinders
made of steel are used for pressures up to 20 MPa, as shown
in Fig. 6(a) and (b). These metal tanks, called Types I and II
as, have a hydrogen content of less than 1% of the tank mass,
and hence are prohibitively heavy for any automobile use.
High-strength glass or carbon fiber composites, with or
without metal liners, are generally used for hydrogen tanks of
35-70 MPa (Types III and IV as shown in Fig. 6(c) and (d)).
At such high pressure, hydrogen storage content over 5.0wt%
H, with an energy density as high as 5.0 MJ-L™" can be
achieved [29]. Recently, overwrapped pressure vessels based
on metal- or polymer-lined carbon fiber composites were de-
veloped for transport and stationary storage, offering a high
payload capacity greater than 1000 kg hydrogen [30-33];
however, cost and safety issues should be further assessed.

Hydrogen storage can be further densified by decreasing
the temperature, as clearly shown in Fig. 5. Cold- and cryo-
compression have been explored as approaches toward on-
board hydrogen storage at a higher density regarding mass
and volume. A 48.2 kg Type IV cylinder stored 5.6 kg hydro-
gen at 50 MPa and 200 K, introducing a 45% mass reduction
for a 70 MPa analog cylinder under ambient temperature
[34]. By further reducing the compression temperature to 80
K, the storage capability was enhanced from 5 kg (at 298 K
and 70 MPa) to 16.5 kg (at 80 K and 70 MPa) [26]. In the

Type 11

Metal (aluminum) tanks with filament
winding of glass/carbon fibers

26 MPa (Al/glass)
30 MPa (steel/carbon)

Type IV

Carbon fiber composite tanks with a
polymer liner

70 MPa

Fig. 6. Classification of hydrogen storage tanks: (a) Type I; (b) Type II; (¢) Type I1I; (d) Type IV.
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cryo-compression case, the storage vessel should be de-
signed with vacuum insulation to keep the low temperature as
well as a sufficiently high-pressure resistance. An advanced
cryo-compressed cylinder is made of a composite inner sur-
rounded by vacuum space filled with numerous layers of
multilayer insulation and then a metallic jacket, as schemat-
ically shown in Fig. 7(a) [26]. The insulated pressure cylin-
ders are then able to share the compact advantages of liquid
hydrogen and the ambient temperature of the compressed hy-
drogen. However, this should increase the hydrogen storage
system cost because of the additional cylinder requirements.
In addition, for the purpose of hydrogen market supply
with seasonal fluctuations, large scale and long-time storage
underground have been investigated, e.g., depleted oil, gas
reservoirs, or salt caverns [35-37]. Underground pipes are an
economical option for high storage capacities, e.g., over 20
tons and operational at pressures over 10 MPa. The current

(a) Composite support _
rings " =

shell

Carbon-fiber high ;
pressure vessel i ,L“f

Metallic vacuum

- Gaseous H,
outlet line

technologies for underground hydrogen storage are still im-
mature, despite several practical cases in the USA and
Europe.
3.1.2. Liquid hydrogen

Hydrogen has a normal (under 1 atm pressure) boiling
point of 20.4 K, at which liquid hydrogen has a density of 71
kg'm~ or g-L"'. Some gases, such as propane, butane, and
ammonia, can easily be liquefied by compression at room
temperature (RT). However, that is not the case for hydrogen,
where the molecular interactions are very weak. As a result,
the critical temperature of hydrogen is approximately 33 K.
Only at temperatures less than this critical point can hydro-
gen be liquefied. The process has been exploited on a large
scale; for example, the National Aeronautics and Space Ad-
ministration (NASA, USA) has constructed liquid hydrogen
vessels with capacities of up to 270 metric tons, as shown in
Fig. 7(b) [38—40].

(b) I

from Compendium of Hydrogen Energy, N.T. Stetson, S. McWhorter, and C.C. Ahn, Introduction to hydrogen storage, 3-25, Copy-
right 2016, with permission from Elsevier. (b) Reproduced from Int. J. Hydrogen Energy, 46, R.R. Ratnakar, N. Gupta, K. Zhang, C.
van Doorne, J. Fesmire, B. Dindoruk, and V. Balakotaiah, Hydrogen supply chain and challenges in large-scale LH2 storage and

transportation, 24149-24168, Copyright 2021, with permission from Elsevier.

Technically, cooling is achieved by throttling liquid nitro-
gen. The average heat capacity of hydrogen for the cooling
interval and heat of condensation at 20 K are 28.5 J-mol - K™
and 892 J-mol ', respectively. The primary issue for LH,
storage is the energy-intensive liquefaction process, consum-
ing approximately 1/3 the LHV of the stored hydrogen, i.e.,
30-45 MJ-kg"' of 120 MJ-kg™" [41]. Another issue is the
boil-off loss of hydrogen because of heat leakage through the
storage vessel walls, which wastes energy liquefying hydro-
gen and requires relief valves to vent the evaporated gas from
inside the vessel. This is critical when the storage period of li-
quid hydrogen is long. Despite the need for (thermal) insula-
tion, liquid hydrogen storing vessels are less expensive than
cylinders for compressed hydrogen gas per weight of stored
hydrogen [35-36]. Liquid hydrogen storage is not a practical
solution for fuel cell-driven motors; however, it may be a po-
tential candidate for applications requiring high volume and
dense storage without concern for the boil-off (e.g., commer-
cial aircraft).

3.2. Hydrogen storage with carrier materials

Hydrogen storage with carrier materials offers denser stor-

age than either physical or chemical bonds to the host materi-
als [42]. In addition to the hydrogen capacity (mass ratio of
the host materials), the thermodynamics and kinetics for the
uptake and release of hydrogen are fundamental. The carrier
materials can be classified as adsorbents, metal hydrides, or-
ganic liquids, or synthetic fuels.
3.2.1. Adsorbents

Hydrogen storage using porous materials has been invest-
igated at safe pressures and near ambient temperatures. The
adsorbents generally have a large specific surface area, stor-
ing hydrogen via physical van der Waals bonding at high
pressures and low temperatures. These porous materials in-
clude metal-organic frameworks (MOFs), porous polymeric
materials, porous carbon-based materials, and zeolites [40],
as listed in Table 3. Advanced carbon materials, e.g., carbon
nanotubes and carbon nanofibers, are research hotspots for
hydrogen adsorption. Up to Swt% H, can be adsorbed on ri-
gid porous carbons under high pressures at —196°C. A linear
correlation has been established between H, storage capacit-
ies at 77 K and the specific surface areas of the various MOF
materials. At a Brunauer-Emmett-Teller (BET) surface area
of 6000 m*-g!, hydrogen uptake of nearly 10wt% has been



1080

Table 3. Sorption properties of hydrogen on different types
of adsorbents
Maximum storage
Class BET surzfac:: area / capacity / wi%
(mg ) AtRT  At77K

Carbon materials 700-3000 0.6 5
Zeolites 700 0.1 2
MOFs 6000 1 9
Polymers 1900 0.5 3.7

demonstrated at 77 K and up to 100 atm. However, these
numbers are reduced to approximately 1wt% at ambient tem-
perature, which is too low for practical use.
3.2.2. Metal hydrides

Hydrogen bonds with metals and alloys, forming hy-
drides, have been extensively and continuously investigated
as hydrogen storage materials [36,43—45]. In fact, the hydro-
gen storage density of metal hydrides has a practical range,
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e.g., 6.5 atom H per cm® for MgH,. Thus, they could be re-
garded as potential hydrogen carriers with high hydrogen ca-
pacity per unit volume or mass.

The hydrides can be categorized as interstitial compounds
or chemical compounds. The interstitial compound refers to
when hydrogen atoms stay in the interstitial hole of a host
metal lattice, while hydrogen atoms can also chemically bond
with the host metal. In general, hydrogen bonding and re-
lease are reversible in the interstitial compound under moder-
ate pressure and temperature. The most studied interstitial
hydrides include MgH,, Mg,NiH, and NaAlH,, as listed in
Table 4. Hydrogen in metal hydrides is stable, and its release
requires high energy.

Simple binary hydrides, such as MgH, and AlH;, are of
special interest. Magnesium is abundant, relatively inexpens-
ive, and light, and MgH, reversibly stores 7.6wt% hydrogens
[44]. However, MgH, is quite stable, and the hydrogen de-
sorption temperature is greater than 300°C for a 0.1 MPa
plateau pressure [46].

Table 4. Hydrogen storage properties of select metal hydrides

. Reversible capacity / Heat of desorption / Desorption temperature
Metal hydrides (W% Hf) g (kJ per morlsz) a1 atm ) °C
Interstitial hydrides 12 Circa 30 (ca. 12.4% LHV) RT
Binary hydrides (MgH,) 7.6 74.5 (30.8% LHV) 300
Intermetallic hydrides (Mg,NiH,) 3.6 64.5 (26.7% LHV) 255
Complex hydrides (NaAlHy) 3.7 37 (15.3% LHV) 150

Intermetallic hydrides form at near ambient conditions; for
example, LaNisHg is the most studied material. The host met-
al alloys typically contain a metal (A) with high affinity for
hydrogen and a metal (B) with low affinity. A large family of
intermetallic hydrides is available and often grouped by the
atomic ratio of the two metals. The most studied types are
AB; (e.g., LaNisHy) and AB, (e.g., Mg,NiH,), with a typical
hydrogen storage capacity of 1wt%—2wt% [28,40]. This ca-
pacity is low for hydrogen storage in automobile applica-
tions where a storage of 4-5 kg H, is desired.

The search for hydrides with higher hydrogen content fo-
cuses on compounds with lighter elements of periods 2 and 3
(from Li and Na). These light elements do not form intersti-
tial hydrides; however, they develop a class of complex hy-
drides with a center anion AlH, (alanates) and BH; (boro-
hydrides) that are typically balanced by light metals. Com-
plex hydrides exhibit high hydrogen content; for example,
NaAlH, has a hydrogen content of 7.5wt%, and Mg(BH,),
has a hydrogen content of 14.8wt% [45]. The sodium alanate
decomposes in several steps:
3NaAlH,; = Na;AlHg +2Al + 3H, = 3NaH + 3Al+ @)

9/2H, = 3Na+3Al+6H,

In the first step, 3.7wt% hydrogen is liberated, and the
more stable hexahydride, Na;AlHy, is formed, which in the
following step liberates 1.85wt% more hydrogen with the
formation of NaH. This produces a practical hydrogen con-
tent of 5.6wt% H, out of the total 7.4wt% content. The last
1.9wt% H, in NaAlH, remains as NaH, which is a com-

pletely irreversible chemical hydride such as LiH, CaH,, and
NaBH,. The word “irreversible” means that the release of the
remaining hydrogen requires a significantly higher temperat-
ure and the use of alkali metals. After the hydrogen is re-
leased, these hydrides can only be recharged via chemical
pathways. In other words, more energy input is demanded,
similar to other types of chemical hydrogen carriers, such as
alcohols or hydrocarbons, which will be discussed in the fol-
lowing sections.
3.2.3. Organic liquids

Liquid organic hydrogen carriers (LOHCs), such as N-
ethylcarbazole and dibenzyltoluene [47], have been investig-
ated because of the reversible hydrogen storage and release in
the liquid state. LOHCs differ from organic fuels because
they are regenerative as hydrogen carriers. The principle is
that the double bonds in the aromatic (double-bonded) struc-
tures are saturated with hydrogen on the charge, and the pro-
cess is reversed when hydrogen is liberated, as exemplified
with N-ethylcarbazole [48].

N-ethylcarbazole Perhydro-N-ethylcarbazole
H,C -, H,C..

‘ )

”szm ©)

N-ethylcarbazole is a solid (melting point 68°C), and ap-
proximately 10% more dehydrogenation product, perhydro-
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N-ethylcarbazole (melting point < 20°C), is typically added
to maintain the liquid state. The resulting hydrogen storage
capacity of 5.8wt% is reduced by 90%. Hydrogenation and
dehydrogenation are carried out over a catalyst of either
noble or non-noble metals. The hydrogenated form of the
LOHC: is kinetically stable at ambient conditions; the hydro-
genated LOHC:s are passed over a catalyst at the decomposi-
tion temperature, and hydrogen is liberated when dehydro-
genation is desired. In general, dehydrogenation reactions
need to be thermally activated at temperatures greater than
200°C. Moreover, hydrogen liberation is an endothermic
process, and reaction enthalpies of 5070 kJ per mol H, are
common.
3.2.4. Synthetic fuels

Synthetic fuels include carbonaceous fuels (hydrocarbons,
alcohols, etc.) and nitrogen-containing fuels (ammonia and
hydrazine). The common feature of these fuels is that they are
synthesized from H,. The chemical energy built into these
fuels originates from hydrogen, which is potentially sustain-
able in association with renewable energies. These fuels can
also be produced by thermochemical processes or fermenta-
tion of biomass, and they have been considered as hydrogen
carrier candidates [49]. A major advantage of these com-
pounds is the direct use of current chemical infrastructure for
production, storage, and delivery. Furthermore, hydrogen de-
livery in the form of liquids can be of high capacity without
high pressures. The use of hydrocarbon liquids (e.g., methan-
ol and formic acid) as hydrogen carriers can realize net-zero
carbon emission because it establishes a carbon cycle of cap-
turing, storing, and recycling associated with the hydrogen
storage and release. However, the energy efficiencies of such
hydrogen carriers should be considered.

3.3. Hydrogen transportation and refilling

The world’s annual hydrogen production is more than 100
million metric tons. The hydrogen infrastructure is being de-
veloped with two main topologies, massive production at a
central site followed by second distribution to hydrogen re-
fueling stations and local production using small-scale appar-
atus. Distribution to retail stations is accomplished via
tankers by road, rail, or ship at pressures around 20-50 MPa
[50]. Liquid hydrogen can also be transported using tube

Cathode reaction
0, +2H+2e—H,0

Anode reaction
H,—2H"+2e"

0, +H,0

trailers with strict regulations [51]. Overseas transportation of
hydrogen was initialized by Europe-Quebec and Japan dur-
ing the 1980s and 1990s [52].

By the end of 2020, there were 540 hydrogen refilling sta-
tions worldwide, supporting approximately 35000 fuel cell
vehicles. Of these, approximately 50% of the refilling sta-
tions and 65% of the fuel cell vehicles are in Asia (Japan,
China, and Korea) [53]. The current investment cost of hy-
drogen refilling stations is estimated to be 1.2-2.0 million
euros, depending on the daily dispensing capacity and
onsite/offsite hydrogen production [54].

4. Fuel cells for electrochemical energy conver-
sion

4.1. Electrochemical versus chemical devices

Electrochemical energy conversion is key to future en-
ergy systems using hydrogen as the energy carrier. This in-
cludes the electrochemical production of hydrogen via elec-
trolysis, electrochemical conversion of hydrogen to power,
and other power to fuel (PtX) processes [49]. Conventionally,
the energy conversion route from fuel to power is accom-
plished via chemical combustion (from chemical energy to
heat), thermal engines (from heat to mechanical energy), and
electrical generators (from mechanical to electrical energy).
The energy conversion efficiency of modern power plants is
less than 40%, with 10%-20% for small engines [55-56].
Another critical issue is the energy production from fossil
fuels promoting greenhouse gas emissions.

A fuel cell can directly convert the chemical energy in
fuels (e.g., H, gas) to electricity via electrochemical reac-
tions. The principle of a hydrogen—oxygen fuel cell is illus-
trated in Fig. 8, where either a proton or an oxide electrolyte
is adopted. Hydrogen must be separated from oxygen using a
dense electrolyte to avoid direct chemical reduction of H,
gas. The electrolyte is a unique material that is able to con-
duct ions, such as protons or oxides (O%), instead of elec-
trons. Hydrogen is catalytically oxidized at the anode (negat-
ive), while oxygen is reduced at the cathode (positive). The
electrolyte makes the electrons flow from anode to cathode
via the external circuit, i.e., generation of the electrical
power. The half-cell reactions at the anode and cathode de-

Cathode reaction
150, +2e—0*

Anode reaction
H, + 0* >H,0 + 2¢”

Electrolyte

£
~

=2
~

Fig. 8. Schematic of fuel cell principles based on a (a) proton-conducting electrolyte and (b) oxide-conducting electrolyte.
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pend on the charge carrier through the electrolyte; however,
the overall reaction is the same (E°, is the standard cell po-
tential).

1/20,+H, -» H,0, E° , =1.23V (10)

cel

The open-circuit voltage of a fuel cell can be calculated
from the Gibbs free energy change (AG®) of the cell reaction,
which at room temperature and under standard pressure con-
ditions is:
g0 _ TAG® _ 2372007 mol ™'
“I nF 7 2x96485 C-mol”!
where n and F are electron number and faraday constant, re-
spectively. As the value of the Gibbs free energy decreases
(becoming less negative) with increasing temperature, so
does the fuel cell open-circuit voltage. For example, at
800°C, the E? becomes 1.18 V under standard pressure
conditions.

Electrochemical fuel cells have a higher intrinsic effi-
ciency over conventional technologies because of the direct
conversion of chemical energy into electricity. The energy
conversion efficiency (1) of fuel cells is limited only by the
ratio of the Gibbs free energy (AG) to the enthalpy (AH) of
the cell reaction (AS is the entropy change):

TAS
n=AG/AH = l—m (12)

This expression has similarity to the Carnot efficiency
(Mmax), Which is a function of the temperatures of the cold (7¢)
and hot (Ty) sources:

Tnax = 1 = —— (13)

=123V (11)

The efficiency of fuel cells is dependent on the physical
(gas or liquid) forms of the reactants and products, not on
temperatures, as is the case with thermal engines. With the
formation of liquid water (high heat value), this maximum
fuel cell efficiency at room temperature can be as high as
94.5%, which becomes 83% if the water product is vapor
(low heat value).

In contrast to internal combustion engines used in power
plants or automobiles, the operation of fuel cells does not in-
volve high-temperature combustion, which significantly
minimizes the emission of air pollutants like SO,, NO,, and
particulates when fossil fuels are used. When using pure hy-
drogen, the cell releases only water as the by-product and is,
therefore, a zero-emission device.

From the viewpoint of energy conversion, a fuel cell
clearly performs like a battery. Batteries store the reactants in
electrodes or electrolytes and therefore have a limited capa-
city. Fuel cell electrodes are made of catalysts, while all re-
actants (oxidant and fuel) are supplied from the outside
whenever power is required. The capacity of fuel cells is
primarily restrained by the dimensions of the fuel tanks.
When fuel is exhausted, it is able to be refueled quickly, sim-
ilar to automobiles.

4.2. Types of fuel cells

Materials that can conduct H and O*", OH", or CO%" ions

Int. J. Miner. Metall. Mater., Vol. 29, No. 5, May 2022

have also been selected as electrolytes for fuel cells. The fuel
cells can be classified into several types according to the
electrolyte used, i.e., alkaline fuel cells (AFCs), anion ex-
change membrane fuel cells (AEMFCs), phosphoric acid fuel
cells (PAFCs), PEMFCs, molten carbonate fuel cells
(MCFCs), and SOFCs. The electrolyte primarily dominates
the working temperatures, electrode reactions, and materials,
as well as the fuel cell operation and construction. Aqueous
electrolytes fuel cells like AFCs and PAFCs operate at below
200°C while SOFC and MCFC function at temperatures
greater than 600°C. Brief discussions on the classified fuel
cells are listed below and summarized in Table 5.

(1) AFCs.

This kind of fuel cells uses the concentrated KOH electro-
lyte, and the working temperature ranges from RT up to
200°C. In AFCs, liquid KOH electrolyte is either circulated
or fixed in a porous matrix. Various electrocatalysts have
been selected for use, such as Ni, Ag, metal oxides, and noble
metals. CO, from air or reformate fuel reacts with KOH to
form K,COs, which blocks electrode pores and changes the
electrolyte. AFC, as the first developed modern fuel cell, was
used as an onboard electricity source for the Apollo space
missions. Nevertheless, further exploration of use on land is
hindered by its low tolerance to CO,. A solid alkaline AEM is
a desirable candidate to substitute the liquid electrolyte, i.c.,
an AEMFC may have the combined advantage of AFC and
PEMFC [57]. AEM is usually a polymer electrolyte with
good anionic conductivity (OH"). CO, poisoning can be
greatly mitigated by inhibiting the precipitation of free car-
bonates. However, the potential carbonation decreases the
anion conductivity of AEM [58].

(2) PAFCs.

100% H;PO, (PA) is selected as an electrolyte in which
CO, is completely inert. PAFCs usually use silicon carbide as
a matrix to retain the acid because of the stability of silicon
carbide in hot PA [59]. The working temperature of
150-220°C enables PAFCs to tolerate fuel impurity (CO)
poisoning. In this temperature range, heat management, i.e.,
cooling, is less an issue for PAFCs. In addition, the waste
heat can be recycled for cogeneration of heat and power.
PAFCs have been successfully commercialized for station-
ary power units, e.g., PC-25 with a power capacity of 200
kW. Nevertheless, the highly corrosive PA greatly impacts
the electrode materials (e.g., electrocatalysts) as well as the
lifetime of the stack components.

(3) PEMFCs.

PEMFCs use an acidic electrolyte in the form of polymer
membranes (e.g., perfluorosulfonic acid), which have high
ionic conductivities greater than 0.1 S:cm™'. However, the
working temperature is limited at ~80°C under such highly
hydrated conditions. The most effective electrocatalyst for
PEMEFC:s is platinum (Pt), which is scarce and costly, regard-
less of the recycling of Pt. Much has been done to decrease
the use of precious metals by low metal loading, optimiza-
tion of Pt alloys, and development of non-noble metal cata-
lysts [60]. Challenges, such as water and thermal manage-
ment at high current densities, are still critical to PEMFCs for
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system construction and operation. In addition, the low toler-
ance to impurities, e.g., carbon monoxide in the fuel stream,
is also of concern. Further efforts have been used to develop
PEMFCs working at temperatures greater than 100°C.

(4) MCFCs.

MCFCs use alkali metal molten carbonates as the electro-
lyte, supported by a ceramic LiAlO; matrix [61]. The operat-
ing temperature is approximately 600-650°C, allowing the
use of non-noble metal electrocatalysts such as Ni and NiO.
Furthermore, the high temperature (HT) also has other ad-
vantages, including direct energy conversion of CO and CH,
via internal fuel reformation. Use of the waste heat is also
possible for improving the overall efficiency [61-62]. Stain-
less steel is most widely used to construct MCFCs. The main
issues of MCFCs are material corrosion and a limited life-
time.

(5) SOFCs.

SOFCs are an all-solid device operating at 600—1000°C
[63—64]. This high temperature range allows for a wide se-
lection of catalysts and fuels via internal reforming. High en-

Gas |
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electrode Gas diffusion layer ';;._- RN WAL
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Membrane-electrode assembly
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ergy efficiency and quality of waste heat make SOFCs cap-
able of providing power from kW to MW for stationary and
distributed applications. The typical electrolyte for SOFCs is
a dense YSZ with sufficient oxide conductivity. Porous Ni
and lanthanum strontium manganite (LSM) oxides are used
as the anode and cathode, respectively [65—66]. The key is-
sues for SOFCs are the thermal cycle capability, system con-
trollability, and stack durability. The stack’s durability
greatly depends on the electrode materials. Reducing the
working temperature to an intermediate range of 500-800°C,
i.e., intermediate temperature (IT)-SOFCs, is a potential route
to mitigate the issues mentioned above.

4.3. Construction of cells and stacks

In this section, PEMFC is used to illustrate the fuel cell
construction. A single fuel cell consists of three components,
a polymer electrolyte, anode electrode, and cathode elec-
trode. When these components are assembled into a cell, it is
often called a membrane electrode assembly (MEA) (shown
in Fig. 9).

AR HAER AR TCTA 2]

AT T TN il, u.d STV T

Electrolyte
11;3::)2}?#
W S it S S A Seals

B O D e T S O S OSSO GO DO

H E N
—

Fig. 9. Schematic of the PEMFC construction and stacking. i/ represents current.

The electrode is constructed with a porous gas diffusion
layer on which a catalyst layer is applied. The resulting elec-
trode is called a gas diffusion electrode (GDE), which is then
sandwiched with a membrane to create an MEA. Alternat-
ively, the catalyst layer can also be applied to the polymer
membrane, and the obtained component is called the catalyst-
coated membrane, which is then sandwiched with two pieces
of gas diffusion layers during the fuel cell assembly.

Interconnection is required when multiple cells are
stacked together. This interconnection should offer flow
channels for both fuel gas and oxygen. Additionally, the in-
terconnection also serves as the cathode and anode on the two
sides. Thus, the interconnect is commonly called a bipolar
plate that has high electrical and thermal conductivity, low
gas permeability, high mechanical strength, and good corro-
sion resistance to harsh conditions in fuel cells.

In addition, a gas-tight seal and electrical insulation are
also required by using ceramic fibers for high-temperature

fuel cells or plastic gaskets for low-temperature fuel cells.
Other components, such as a current collector and cooling
plate/channel, are auxiliary in the fuel cell stack. A fuel cell
power system also includes other equipment such as sensors,
a gas humidifier, heat exchanger, pumps, and compressors.
These other components are called the balance-of-plant,
which account for ca. 50% of the system cost.

4.4. Proton exchange membrane fuel cells

4.4.1. Membrane electrode assemblies and materials

MEAs, consisting of three layers, including a porous gas
diffusion layer, catalyst layer, and membrane [67], are the
heart of the PEMFCs where the electrochemical reactions oc-
cur for power generation. Proton exchange membranes are
usually poly(perfluorosulfonic acid), consisting of perfluor-
inated backbones on which the sulfonic acid groups are fixed.
The backbones are hydrophobic, providing structural integ-
rity and mechanical strength to the membrane, while the
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acidic domain is hydrophilic, accommodating the absorbing
water. PEM could solvate the protons and enable their pas-
sage. The cylindrical channels between ion clusters permit
the hydrodynamic permeability of both charged and un-
charged species [68].

Water uptake and swelling are key parameters for PEMs
with proton conductivity. Under full hydration (100% relat-
ive humidity), the membranes exhibit an ionic conductivity
of approximately 0.05-0.06 S:cm™' at room temperature,
which increases to greater than 0.1 S-cm™" at approximately
80°C. The most widely used membranes are polytetrafluoro-
ethylene fiber-reinforced composites with a thickness down
to 10 pm, allowing for minimized ohmic resistance [69].

Carbon-supported Pt nanoparticles are state-of-the-art
catalysts. The Pt particle size is 2-5 nm to compromise the
specific activity and long-term stability [70]. It is a common
practice to select Pt alloys, e.g., Pt.Ni, to achieve a promoted
specific activity by 3—5 times, corresponding to an increase in
the fuel cell voltage by approximately 40—50 mV. High spe-
cific surface area carbon blacks are essential to facilitating the
dispersion and stability of metal nanoparticles. The carbon
support is primarily graphene-like agglomerates with a size
of 3060 nm with a BET surface area from 10 to 1000 m*g .
Carbon-supported Pt catalysts with different metal contents
from 10wt%—60wt% are commercially available [70]. At a
fixed Pt loading of about 0.3—0.5 mg-cm % a higher metal
content implies a thinner catalyst layer, beneficial for mass
transport during the fuel cell operation [71].

GDEs have catalyst powders with an ionomer as a binder,
which enables the protonic conductivity of the catalyst sites
[72]. The gas diffusion layer (GDL), in the form of either pa-
per or cloth, is mainly comprising carbon fibers with a dia-
meter of ~7 um, serving as a substrate to support catalyst
particles. The GDL materials have a porosity up to 70%, with
macropore sizes of 10-30 um. To apply the carbon-suppor-
ted catalyst with micropore sizes of 10-100 nm, an interme-

Carbon  PTFE

IDiameter:y//um!

Gas diffusion layer Microporous layer

Secondary pores
particles  binder between aggregates particles

diate transition layer is needed, called a microporous layer.
The microporous layer is usually made of carbon blacks
(56%-30% loading) bonded with polytetrafluoroethylene (PT-
FE, Teflon®) to make the layer hydrophobic for the purpose
of water removal during the fuel cell operation. The structure
of the microporous and catalyst layers is schematically rep-
resented in Fig. 10.
4.4.2. PEMFC performance and challenges

A key to optimization of the fuel cell performance is to ex-
tend the three-phase boundary at the interface between the
catalyst layer and membrane where both electrode reactions
occur. With a Pt loading of 0.3-0.5 mg-cm 2, corresponding
to a catalyst layer of ca. 10-um thick, PEMFC may achieve a
state-of-art performance, e.g., a power density of 0.75
W-cm at a current density of 1 A-cm . Correspondingly,
the metal consumption is estimated at approximately 0.19
g'kW™', accounting for 53% of the MEA cost. The cost,
activity, and stability of the noble metal (Pt) catalysts are the
most critical challenges to the PEMFC technology.

4.5. Solid oxide fuel cells

4.5.1. SOFC structures and materials

SOFCs are based on ceramic electrolytes, e.g., dense YSZ,
operating at high temperatures (600-1000°C) [63]. The
ceramic electrolyte is sandwiched by two porous electrodes.
The main electrochemical reactions at the anode and cathode
are described as follows:

Anode: H, + 0%~ — H,0 +2e” (14)
Cathode: 1/20, +2e~ — 0>~ (15)
Overall: 1/20, +H, —» H,0 (16)

The total reaction combines hydrogen and oxygen, form-
ing water vapor. In particular, oxygen at the cathode gains
free electrons from the external circuit to form O*". The
charged oxygen ions move to the anode via the ceramic elec-

PY/C  Jonomer Primary pores
between Pt/C particles

Membrane
electrolyte
Ca.> 10 um

Catalyst layer

Fig. 10. Schematic representation of the MEA structure of a PEMFC.
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trolyte and react with the hydrogen from the fuel stream, sim-
ultaneously producing electricity and water vapor. Apart
from pure hydrogen, hydrocarbons, carbon monoxide, or am-
monia can be used as fuel for SOFCs. This is of great signi-
ficance for carbon neutrality because the so-called biohydro-
gen, biogas, and biohythane (produced from the anaerobic di-
gestion of organic wastes) consisting of hydrogen, methane,
carbon dioxide, and water are suitable fuels for SOFCs [73].
However, fuel reforming is necessary for the electrochemical
energy conversion of methane. The fuel reforming reactions
convert a less active fuel into a more active fuel, described as
follows:

CH, +2H,0 — 4H, + CO, (17)
CH, +CO, — 2H, +2CO (18)
CO+H,0 — H, +CO, (19)

Alternatively, SOFCs have drawbacks including high
cost, low fuel efficiency, and poor robustness in terms of
startup and thermal/load cycling. The crucial working condi-
tions create great challenges for electrodes and stack materi-
als. For example, electrodes and stack materials should be
highly heat resistant and conductive to provide sufficient in-
terfaces for electrochemical reactions and freely conduct the
electrons to an external circuit. Continuous efforts have been
made to overcome these challenges.

The ceramic electrolyte in SOFCs functionally transports
oxygen ions from the cathode to the anode and separates the
two electrodes with good electronic isolation. YSZ, as an
electrolyte for SOFCs, offers high ionic conductivity (around
0.01-0.1 S-cm ") as well as the desired chemical and mech-
anical stability at high temperatures (800—1000°C) [65-66].
Gadolinium-doped ceria (GDC) is an attractive electrolyte
candidate for intermediate temperature SOFCs [74].

The anode should be capable of catalyzing fuel reforming
when using hydrocarbon fuels [66]. Thus, porous electrodes
(20%—40% porosity) are generally used to ensure gas diffu-
sion. The chemical stability imposes requirements that elec-
trodes do not react with the electrolytes or interconnects at
operating temperatures. Preparation of ceramic composites,
e.g., YSZ and GDC with metallic elements (Ni, Fe, Cu, etc.),
is a feasible strategy for anode development. For example,
nickel-doped YSZ has high ionic conductivity and catalytic
activity and is highly chemically compatible as an anode for
SOFCs with a YSZ electrolyte [64]. However, coke depos-
ition because of the use of carbon fuels greatly deteriorates
the catalytic activity of anode [75]; therefore, nickel-free an-
odes, such as Sr;_La,TiOs, are also an option to overcome
this issue [76].

Perovskite-based materials like strontium-doped lanthan-
um manganite (LSM) are popular cathode materials for
SOFCs because of their high electronic conductivity (~100
S-em™' for LSM at 600°C) and the proper thermal expansion
coefficient matching that of the YSZ electrolyte [66]. Fur-
thermore, penetration of the electrolyte components into the
cathode structure may significantly decrease the contact res-
istance and mitigate the mismatch between the electrode and
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electrolyte, hence improving the cell performance [77].
4.5.2. SOFC performance and challenges

There are still many challenges of the SOFC technology
and successful commercialization. The current material cost
of electrolytes and electrodes (containing rare earth or other
scarce elements) makes SOFC less competitive for large-
scale applications. Furthermore, the high temperature is not
favorable for viable commercialization, for increasing sys-
tem costs and performance degradation. A lower operating
temperature (<650°C) is expected to reduce the system cost
and expand the choice for interconnects, insulations, and seal
materials, as well as decrease the performance degradation
rate [78]. However, reducing the temperature is always ac-
companied by reducing the catalyst activity and hence the
fuel cell performance. Many efforts have been made to find
low-cost electrolyte and electrode materials with high ionic
conductivity and catalytic activity at reduced temperatures.
Samarium and gadolinium doped ceria (SDC and GDC, re-
spectively), as well as erbia-stabilized bismuth oxide, are
promising electrolyte candidates for low-temperature opera-
tion because they have desirable ionic conductivity at re-
duced temperatures (0.1 S-cm™ at 800°C for SDC, compar-
able to that of YSZ at 1000°C) [78]. In addition, ceria—salt
composites (LiNaCO;—SDC) may also overcome the prob-
lematic electronic conductivity of SDC [76]. In addition to
the material selection, the decreasing area-specific reaction
rate at reduced temperatures can be compensated by redu-
cing the particle size of catalysts from microscale to nano-
scale so that a triple-phase boundary density increases pro-
portionally to reduce activation polarization [78]. Once the
operating temperature is decreased, metal-supported SOFCs
will be considered the next generation technology because of
high mechanical strength, low cost, and excellent electrical
conduction.

5. Conclusions and perspectives

Hydrogen as a clean and effective energy carrier has
drawn great interest for a future carbon-neutral society based
on renewable energies. The viability of the hydrogen chain in
the framework of renewable energies has been well proven.
The central linking technologies are water electrolysis, hy-
drogen storage, and fuel cells, which are briefly reviewed
with the emphasis on their status and challenges.

Water electrolysis is a well-recognized technology in
nearly all visions of future energy systems based on renew-
able sources. Alkaline electrolyzers are a mature technology
on an industrial scale of MW; however, their dynamic per-
formance needs to be improved to match the intermittent
generation of renewable powers. Proton exchange mem-
brane electrolyzers are compact in design and fast in the load
response; however, the scarcity of precious metal-based cata-
lysts and the high cost of corrosion-resistant construction ma-
terials are limitations to large-scale applications. Solid oxide
electrolyte electrolyzers are under active development.

Effective storage and transport of hydrogen as the energy
carrier are essential for the entire technological chain. Com-
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pressed hydrogen gas at pressures up to 70 MPa is an estab-
lished option for automobile applications. Alternative modes
that are under development include metal hydrides and or-
ganic liquids. Alternatively, hydrogen can be carried as syn-
thetic fuels, such as low carbon alcohols; however, the re-
lease of hydrogen while carrying chemicals is often energy
intensive.

Fuel cells are an electrochemical energy conversion
device that most favorably fits hydrogen because the electro-
chemical oxidation and reduction of hydrogen are highly re-
versible. Various types of fuel cells meet the diverse de-
mands of hydrogen energy conversion. PEMFCs and SOFCs
are the dominating technologies in automobile and stationary
applications, respectively. Commercialization of fuel cells,
particularly for automobiles, is more restrained by the un-
availability of the hydrogen fueling infrastructure, while oth-
er issues include the long-term durability with start—stop cyc-
ling and the cost-effectiveness of the technology in compar-
ison with the analog internal combustion engines.
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