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The increase in the human population has jumped from 2.8 billion in 1955
(US President Eisenhower) to 7.5 billion in 2017 (US President Trump). This
significant increase has meant that more CO, is generated through combustion of
carbon-based fuels, which currently are the dominant fuel-mix used in transporta-
tion, heating and cooling, and electric power generation. One consequence of the
continued rise of CO, emission is the ability of CO, to trap sunlight as a greenhouse
gas (GHG) with subsequent worldwide redistribution of trapped heat, contributing to
changes in global weather patterns. One possible approach is reducing GHG emis-
sions and managing global warming by displacement of fossil fuels by fuel cells
(FC) and FC based vehicles (FCVs), which do not generate CO, as a by-product but
water via a redox reaction [2H,(g) + O(g) — 2H,O(1)]. In addition, hydrogen when
used as a fuel feedstock is a near-zero CO, emission source at point of use, and is
available in the oxidized form in water (H,O) or as the hydride of carbon in natural
gas (methane, CH,) that can be generated by electrolysis of water or reformation of
natural gas.

The total number of electric vehicles including FCVs reached an excess of 1.25
million in 2015, of which 550,000 were new registrations. It is anticipated that by
2025, there will be 5 million FCVs with a projected FC system cost of $30-$40/kW.
The gradual tightening of fuel economy and emission standards is also likely to
stimulate FC development, deployment, and wide societal acceptance if the total cost
of ownership can be reduced to the cost of conventional technologies.

This book focuses on the design, characteristics, and development potential of FC
technologies in light of changing energy requirement and related challenges. The
technological factors that influence the dynamics, flexibility, and operating costs of
FC operation are highlighted. Moreover, the potential for using FC technologies in
the mobility sector, stationary industrial sector, and the heat thermodynamics is
discussed, as these factors determine the extent to which the future ‘value” of
stationary and portable FC technology applies to other industries. This “valuation”
for FC development will guide the development and direction of newer, less
developed technologies, such as cost of development, ease of integration into the
infrastructure, power density output, operational lifetime, and cost of operation
relative to current ICEs.



Vi Preface

The advantages of FC technologies coupled with renewable hydrogen are syner-
gistic and offer considerable advantages over the internal combustion
engine—gasoline combination. The proton exchange membrane fuel cell efficiency
can be estimated as n = 1 — TAS/AH and using the Gibbs free energy
(AG = —237.13 kJ/mol) and heating value of hydrogen (AH = 285.85 kJ/mol) is
around 83% efficient. The introduction of FCVs will deliver immediate benefits in
air quality in large urban centers, as the usage and importance of FCs for both
portable and stationary applications is expected to increase at the expense of fossil
fuels.

The editors are fortunate to have renowned experts in the field contribute to this
book. As a result, this book not only serves as an introduction to individuals who are
new to the field, but also to individuals who are seasoned experts. All the chapters
give a solid overview of the subject under discussion followed by an extension into
the area of expertise of the specific author. Due to the self-contained nature of each
chapter, the reader does not need to reference several chapters to get the concept,
which is an advantage. The reader may see a trend in which each author presents
introductory themes with their point of view.

The book is composed of three themes. The first theme is related to energy policy
and electric power. In » Chap. 1, the energy policy as initially proposed and actually
executed is discussed between two presidencies spanning 40 years in terms of
federal support in various areas deemed critical to this nation’s energy security. In
the second chapter, “Electric Power and Hydrogen Redox” (HREG, » Chap. 2), a
hydrogen redox electric power and hydrogen generation systems (HREG) are
discussed, which enable electrostatic-to-chemical energy conversion in the water
electrolysis for both stationary and portable applications. The third chapter
(» Chap. 3) deals with evaluation of cell performance and durability for cathode
catalysts during simulated fuel cell vehicle (FCV) operation. Specifically, cell
performance and durability testing for cathode catalysts on two types of supports,
carbon black and conducting ceramic nanoparticles, were discussed, including
startup/shutdown cycles and load cycles.

This leads to the second theme in the book relating to optimization of FCs through
design and synthesis of novel catalysts. This section begins with the design and
application of metal carbonyl cluster as electrocatalyst (» Chap. 4) based on thermo-
lysis or pyrolysis of osmium, ruthenium, iridium, and rhodium nr-decacarbonyl
derivatives. These materials are discussed with respect to benchmarking the oxygen
reduction reaction (ORR) and hydrogen oxidation reaction (HOR) electrocatalyst
reactions. The theme is continued in » Chap. 5, where the use of noncarbon supports
in low-temperature FCs is discussed in terms of performance. » Chapter 6 focuses
on the design, synthesis, and evaluation of noble metal electrocatalysts applied in
polymer electrolyte fuel cells. This type of development is critical because there is
insufficient worldwide Pt to meet the anticipated demand for the next 25 years in
FCVs. The strategies to reduce electrocatalyst costs are a fabrication of either
nonplatinum electrocatalysts with similar performance to Pt or alloying to reduce
Pt loading. The electrocatalyst activity is usually increased through nanostructuring
of the catalyst support that is the focus of the next chapter. In » Chap. 7, low power
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Preface vii

density and fuel utilization of catalysts in PEMFCs and/or DMFCs are discussed and
expanded upon. These shortcomings are related respectively to poor reaction kinet-
ics and methanol crossover and are overcome through the use of graphene or carbon
nanotubes as newer support surfaces. The theme is concluded with a discussion of
nanostructured catalysts for solid oxide fuel cells (SOFC, » Chap. 8). The factors
related to design and application of new nano-sized electrode catalyst to decrease the
activation polarization resistance and to improve the SOFC performance are
discussed.

The third and final theme of the book is related to optimization of fuel cells
through modeling and simulation. The section starts with a modeling analysis of
water management in a PEMFC (» Chap. 9). The effect of relative humidity and
stoichiometry of reactants on the water saturation, back-diffusion of water from the
cathode to the anode, is considered and strategies to reduce possible flooding and
increase FC performance and operational reliability are discussed. The chapter is
followed by development of a computational thermodynamic model to better under-
stand the cathode electrolyte in SOFCs (» Chap. 10). The development of density
functional theory (DFT) of varying sophistications to model and evaluate with
experimental data to the activity and stability of the ORR of the PEMFC electro-
catalysts (> Chap. 11). The modeling is expanded to an entire FCV in » Chap. 12.
Here, the optimization strategies of hydrogen FCs as range extenders in electric
vehicles are discussed. In the following chapter (» 13), a comprehensive treatment
of a totalized hydrogen energy utilization system (THEUS) for stationary applica-
tions is introduced. The parameters for THEUS related to load leveling and cogen-
eration in commercial buildings from renewable energy sources such as solar
photovoltaics (PVs) and wind power are explored. These two chapters tie-in a
critical and often overlooked feature of the environment in which the FC operate,
which is outside the finely controlled environment of the research laboratory. The
influence of impurities in the air on nanostructured electrocatalysts in a PEMFC is
comprehensively explored (» Chap. 14), and the physical or chemical hybrid mate-
rials used for hydrogen storage are discussed. In » Chap. 15, hydrogen storage based
on manganese oxide anchored to a polymeric matrix, as examples of solid state
materials for hydrogen storage, is compared and contrasted with conventional
approaches.

These types of strategies are critical to the widespread application and usage of
FCVs, where the hydrogen fuel is supplied to the FCs that supply electrical energy
via a power inverter to the electric motor as described in the previous chapters. The
FCV could also be configured where the FC stack is channeled to the DC/DC
converter and the inverter and electric motor, with an onboard auxiliary power
unit. In » Chap. 14, pollutants in their air and their effect on the cathode catalyst
were investigated. In the following chapter (» 16), the effects of fabrication design
on the bipolar plate and membrane electrode assembly are discussed in terms of how
stresses can lead to component failure in real world settings. In many laboratory-
based bench test experiments, the “purity” of the oxidant (air) and effect of actual
stress and strain on the catalyst layer, or membrane electrode assembly, are often
neglected. The authors of these two chapters (> 14 and » 16) give practical
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viii Preface

hands-on perspective coupled with research data to orientate the postdoctoral
researcher or graduate student who may fabricate such components to include best
practices in their FC designed tests. The design, fabrication, modeling, and evalua-
tion of a new tubular electrode for SOFC are discussed next (» Chap. 17). The
section concludes with a discussion of the safety aspects related to use and disposal
of these electrocatalysts (» Chap. 18), which is not usually discussed in monographs
on FC designs, development, and applications, but is an area that will gain promi-
nence as FCs become more available and are disposed after usage. Today, we are
aware of the toxicological and safety “costs” related to the disposal of aluminum or
lead components and the realization of potential toxicity with aluminum or lead ion
migration in soil or water after disposal. The chapter (» 18) outlines that nanometals,
unlike their bulk counterparts, are not inert but reactive with a variety of cells.

These chapters (» 1 — » 18) will offer the catalyst development, fuel cell design,
and operation to research students, postgraduate researchers, young investigators,
experienced principal investigators, and industrialists. The treatise aims to provide
the current state-of-the-art information from theoretical framing of the problem to
actual hands-on activities that authors have gained through their decades of experi-
ence. The expertise and knowledge are passed down to current practitioners in the
field to make an informative monograph, which can serve both a reference source
book and a how-to-guide.

The general aim has been to learn how to assess the technical impact of new
electrocatalysts and how to improve fuel cell technology in terms of operational
reliability, cost, ease of use, and safety. Lastly, the stellar contribution of the authors,
their research group, and institutions are duly acknowledged. We also would like to
extend our deep appreciation to our institution, colleagues, and students as well as
the editorial staff at Springer publishing who has strived to deliver the best possible
scholarly product. As always, errors and omission are the responsibility of the
editors, for which we as preface authors ask forgiveness.

August 04, 2017 Sajid Bashir
Nancy KingSanders
Jingbo Louise Liu


https://doi.org/10.1007/978-3-662-56364-9_17
https://doi.org/10.1007/978-3-662-56364-9_18
https://doi.org/10.1007/978-3-662-56364-9_18
https://doi.org/10.1007/978-3-662-56364-9_1
https://doi.org/10.1007/978-3-662-56364-9_18

Fuel Cell Technology: Policy, Features, and Applications — A
Mini-review . ...... ...
Sajid Bashir, Nancy KingSanders, and Jingbo Louise Liu

Concept of Hydrogen Redox Electric Power and Hydrogen
Energy Generators ............. ... ... ...
Katsutoshi Ono

Evaluation of Cell Performance and Durability for Cathode
Catalysts (Platinum Supported on Carbon Blacks or Conducting
Ceramic Nanoparticles) During Simulated Fuel Cell Vehicle
Operation: Start-Up/Shutdown Cycles and Load Cycles ........
Makoto Uchida, Katsuyoshi Kakinuma, and Akihiro liyama

Metal Carbonyl Cluster Complexes as Electrocatalysts for
PEM Fuel Cells ....... ... ... . . . . . . . ..
Jorge Uribe-Godinez

Non-carbon Support Materials Used in Low-Temperature
Fuel Cells ........ .. . . . i,
Xuecheng Cao, Fan Li, and Ruizhi Yang

Noble Metal Electrocatalysts for Anode and Cathode in Polymer
Electrolyte Fuel Cells ........... ... ... ... ... .. ... ....
Surbhi Sharma and Carolina Musse Branco

Nanomaterials in Proton Exchange Membrane Fuel Cells .. ... ..
Yufeng Zhang, Rui Xue, Weijian Yuan, and Xiaowei Liu

Nanostructured Electrodes for High-Performing Solid Oxide
Fuel Cells . ... ... ... . ..
Hanping Ding

Modeling Analysis for Species, Pressure, and Temperature
Regulation in Proton Exchange Membrane Fuel Cells ..........
Zhaohui Wang


https://doi.org/10.1007/978-3-662-56364-9_1
https://doi.org/10.1007/978-3-662-56364-9_1
https://doi.org/10.1007/978-3-662-56364-9_1
https://doi.org/10.1007/978-3-662-56364-9_1
https://doi.org/10.1007/978-3-662-56364-9_2
https://doi.org/10.1007/978-3-662-56364-9_2
https://doi.org/10.1007/978-3-662-56364-9_2
https://doi.org/10.1007/978-3-662-56364-9_2
https://doi.org/10.1007/978-3-662-56364-9_3
https://doi.org/10.1007/978-3-662-56364-9_3
https://doi.org/10.1007/978-3-662-56364-9_3
https://doi.org/10.1007/978-3-662-56364-9_3
https://doi.org/10.1007/978-3-662-56364-9_3
https://doi.org/10.1007/978-3-662-56364-9_3
https://doi.org/10.1007/978-3-662-56364-9_4
https://doi.org/10.1007/978-3-662-56364-9_4
https://doi.org/10.1007/978-3-662-56364-9_4
https://doi.org/10.1007/978-3-662-56364-9_4
https://doi.org/10.1007/978-3-662-56364-9_5
https://doi.org/10.1007/978-3-662-56364-9_5
https://doi.org/10.1007/978-3-662-56364-9_5
https://doi.org/10.1007/978-3-662-56364-9_5
https://doi.org/10.1007/978-3-662-56364-9_6
https://doi.org/10.1007/978-3-662-56364-9_6
https://doi.org/10.1007/978-3-662-56364-9_6
https://doi.org/10.1007/978-3-662-56364-9_6
https://doi.org/10.1007/978-3-662-56364-9_7
https://doi.org/10.1007/978-3-662-56364-9_7
https://doi.org/10.1007/978-3-662-56364-9_7
https://doi.org/10.1007/978-3-662-56364-9_8
https://doi.org/10.1007/978-3-662-56364-9_8
https://doi.org/10.1007/978-3-662-56364-9_8
https://doi.org/10.1007/978-3-662-56364-9_8
https://doi.org/10.1007/978-3-662-56364-9_9
https://doi.org/10.1007/978-3-662-56364-9_9
https://doi.org/10.1007/978-3-662-56364-9_9
https://doi.org/10.1007/978-3-662-56364-9_9

X Contents

10 The Application of Computational Thermodynamics to the
Cathode-Electrolyte in Solid Oxide Fuel Cells ................
Shadi Darvish, Mohammad Asadikiya, Mei Yang, and Yu Zhong

11 Application of DFT Methods to Investigate Activity and Stability
of Oxygen Reduction Reaction Electrocatalysts ...............
Xin Chen, Qingan Qiao, and Fan Li

12 Hydrogen Fuel Cell as Range Extender in Electric Vehicle
Powertrains: Fuel Optimization Strategies ...................
Roberto Alvarez and Sergio Corbera

13 Totalized Hydrogen Energy Utilization System ...............
Hiroshi Ito and Akihiro Nakano

14 Influence of Air Impurities on the Performance of Nanostructured
PEMFC Catalysts . ......... ... ... ..
Olga A. Baturina, Boris Dyatkin, and Tatyana V. Reshetenko

15 Solid-State Materials for Hydrogen Storage ..................
Rolando Pedicini, Irene Gatto, and Enza Passalacqua

16 Stress Distribution in PEM Fuel Cells: Traditional Materials
and New Trends . .......... ... . .. . . . . . . ..
Javier de la Cruz, Tatiana Romero, and Ulises Cano

17 Recent Progress on the Utilization of Nanomaterials in
Microtubular Solid Oxide Fuel Cell ........................
Mohd Hilmi Mohamed, Siti Munira Jamil, Mohd Hafiz Dzarfan
Othman, Mukhlis A Rahman, Juhana Jaafar, and Ahmad Fauzi Ismail

18 Nanostructured Materials for Advanced Energy Conversion
and Storage Devices: Safety Implications at End-of-Life
Disposal . ... ... ..
Sajid Bashir, Pranitha Hanumandla, Hsuan-Yi Huang, and Jingbo
Louise Liu

Correction to: Evaluation of Cell Performance and Durability

for Cathode Catalysts (Platinum Supported on Carbon Blacks or
Conducting Ceramic Nanoparticles) During Simulated Fuel Cell
Vehicle Operation: Start-Up/Shutdown Cycles and Load Cycles ... ..


https://doi.org/10.1007/978-3-662-56364-9_10
https://doi.org/10.1007/978-3-662-56364-9_10
https://doi.org/10.1007/978-3-662-56364-9_10
https://doi.org/10.1007/978-3-662-56364-9_10
https://doi.org/10.1007/978-3-662-56364-9_11
https://doi.org/10.1007/978-3-662-56364-9_11
https://doi.org/10.1007/978-3-662-56364-9_11
https://doi.org/10.1007/978-3-662-56364-9_11
https://doi.org/10.1007/978-3-662-56364-9_12
https://doi.org/10.1007/978-3-662-56364-9_12
https://doi.org/10.1007/978-3-662-56364-9_12
https://doi.org/10.1007/978-3-662-56364-9_12
https://doi.org/10.1007/978-3-662-56364-9_13
https://doi.org/10.1007/978-3-662-56364-9_13
https://doi.org/10.1007/978-3-662-56364-9_13
https://doi.org/10.1007/978-3-662-56364-9_14
https://doi.org/10.1007/978-3-662-56364-9_14
https://doi.org/10.1007/978-3-662-56364-9_14
https://doi.org/10.1007/978-3-662-56364-9_14
https://doi.org/10.1007/978-3-662-56364-9_15
https://doi.org/10.1007/978-3-662-56364-9_15
https://doi.org/10.1007/978-3-662-56364-9_15
https://doi.org/10.1007/978-3-662-56364-9_16
https://doi.org/10.1007/978-3-662-56364-9_16
https://doi.org/10.1007/978-3-662-56364-9_16
https://doi.org/10.1007/978-3-662-56364-9_16
https://doi.org/10.1007/978-3-662-56364-9_17
https://doi.org/10.1007/978-3-662-56364-9_17
https://doi.org/10.1007/978-3-662-56364-9_17
https://doi.org/10.1007/978-3-662-56364-9_17
https://doi.org/10.1007/978-3-662-56364-9_18
https://doi.org/10.1007/978-3-662-56364-9_18
https://doi.org/10.1007/978-3-662-56364-9_18
https://doi.org/10.1007/978-3-662-56364-9_18
https://doi.org/10.1007/978-3-662-56364-9_18
https://doi.org/10.1007/978-3-662-56364-9_19
https://doi.org/10.1007/978-3-662-56364-9_19
https://doi.org/10.1007/978-3-662-56364-9_19
https://doi.org/10.1007/978-3-662-56364-9_19
https://doi.org/10.1007/978-3-662-56364-9_19

A/E

AA

AC

AE
AEC
AES
AFC
AFCMS
Ag
ALD
APS
ARSM
AS
ATO
Au

B
BAAEDI
BAWE
BDC
BEV
BN
BOPs
BSAEDI
BSCF
BW

C

C/A

Ca
CALPHAD
CB
CCM(s)
Cd

Anode/Electrolyte layer interface
Acetylacetone

Alternating current or Activated carbon
Alkaline earth

Atomic Energy Commission
Auger electron spectroscopy
Alkaline fuel cell

Adaptive fuel consumption minimization strategy
Argentum (silver)

Atomic layer deposition
Ammonium persulfate
Atmospheric resistive switching mechanism
Air start

Antimony-doped tin oxide

Auric (gold)

Boron

Bisacetylacetoneethylenedi imine
Bipolar alkaline water electrolyzer
Benzene-dicarboxylate

Battery electric vehicles

Boron nitride

Balance of plants
Bissalicylaldehyde-ethylenediimine
Barium strontium cobalt ferrite
Bounded Warburg element

Carbon

Cubic/Amorphous

Calcium

CALculation of PHAse Diagram
Carbon black

Catalyst coated membrane(s)
Cadmium

Xi



Xii

CE
CEM
CFE
CHP
Cl(/)
CL(s)
Cm
CNLS
CNT(s)
CO

Co
CO,
COR(s)
CP
CPE
CPO
Cr

Cs
CTE
Cu

(6\Y
CVD
DARPA
DC
DEFC
DFAFC
DFT
DHE
DHW
DMEFC
DOE
DTU
EC(s)
ECA
ECSA
EDL
EDS
Ee
EELS
EG
EIS
EL
EMF

Cerium

Counter electrode

Compound energy model
Carbon fiber electrode
Cogeneration of heat and power
Chlorine(/chloride)

Catalyst layer(s)

Curium

Complex nonlinear least squares
Carbon nanotube(s)

Carbon monoxide

Cobalt

Carbon dioxide

Carbon oxidation reaction(s)
Carbon paper or Coordination polymers
Constant phase element
Coordination polymer of Oslo
Chromium

Cesium

Coefficient of thermal expansion
Cuprum (Copper)

Cyclic voltammetry

Chemical vapor deposition

Defense Advanced Research Projects Agency

Direct current
Direct ethanol fuel cell
Direct formic acid fuel cell

Discrete Fourier transform or Density functional theory

Dynamic hydrogen electrode
Domestic hot water

Direct methanol fuel cell
Department of Energy

Technical University of Denmark
Electrochemical cell(s)
Electrochemical area
Electrochemical surface area
Electrical double layer

Energy dispersive spectroscopy
Total cell voltage

Electron energy loss spectroscopy
Ethylene glycol

Electrochemical impedance spectroscopy
Water electrolyzer

Electromotive force

Abbreviations



Abbreviations

EQCM
EREV
ESA
ESI-PSE
EUDC
EXAFS
FC(s)
FCC
FCCJ
FCHJU
FCV(s)
FCX

Fe

FFT
FIB
FRA
FSZ

FT
FUN(s)
FWHM
GA(s)
GCB
Gd
GDC
GDE(s)
GDL(s)
GDQ
GGA
GHG(s)
GIXD
GNT(s)
GO
GOA
H,

HA
HAADF
HAXPES
HCP
HF
HFAA
HFR
Hg
HKUST
HLG

Xiii

Electrochemical quartz crystal microbalance
Extended range electric vehicle
Electrochemical surface area
Electrostatic-induction potential-superposed electrolysis
European Union Driving Cycle

Extended X-ray absorption fine structure
Fuel cell(s)

Face centered cubic

Fuel Cell Commercialization Conference of Japan
Fuel Cells and Hydrogen Joint Undertaking
Fuel cell powered vehicle(s)

Fuel cell experimental (vehicle)

Ferrum (Tron or Ferrous or Ferric)

Fast Fourier transform

Focus(ed) ion beam

Frequency response analyzer

Fully stabilized zirconia

Fourier transform

Functional unit(s)
Full-width-at-half-maximum

Graphene aerogel or Genetic algorithm(s)
Graphitized carbon black

Gadolinium

Gadolinium doped ceria

Gas diffusion electrode(s)

Gas diffusion layer(s)

Generalized differential quadrature
Generalized gradient approximation
Greenhouse gas(es)

Glancing incidence X-ray diffraction
Graphene nanotube(s)

Graphene oxide

Graphene oxide aerogel

Hydrogen

Hygrophila auriculata plant extract
High-angle angular dark-field

Hard X-ray photoelectron spectroscopy
Hexagonal close pack

High frequency

Hexafluoro acetylacetone

High-frequency resistance

Hydrargyrum (Mercury)

Hong Kong University of Science and Technology
HOMO-LUMO gap



Xiv

HOMO
HOR(s)
HREG(s)
HRTEM
HT

IAE
ICE(s)
I-E(s)
IFP(s)

In

INT(s)
IR
IRMOF(s)
ITO(s)
JUC

MCFC(s)
MEA
MEMS
MFC
MFFCS
MFU
Mg
MHT
MIEC
MIL

Highest occupied molecular orbital
Hydrogen oxidation reaction(s)

Hydrogen generation system(s)

High resolution transmission electron microscope
Heat treated/treatment

Ionized air reference electrode

Internal combustion engine(s)
Current-potential curve(s)

Imidazolate framework(s) Potsdam

Indium

Interface(s)

Internal reforming or Infrared spectroscopy
Isoreticular metal organic framework(s)
Indium oxide(s)

Jilin University China

Kalium (Potassium)

Kirchhoff’s current law

Kramers—Kronig

Kinetic Monte Carlo simulation(s)
Kirchhoff’s voltage law

Lanthanum

Los Alamos National Laboratory

Life cycle assessment

Local density approximation

Lithium

Lanthanum strontium cobaltite

Lanthanum strontium cobalt ferrite
Lanthanum strontium chromium manganite
Lanthanum strontium gallium magnesium oxide
Lanthanum strontium manganite

Lanthanum strontium gallium or Linear systems theory

Lowest unoccupied molecular orbital
Lanthanum zirconium oxide
Monoclinic/Tetragonal

Molten carbonate fuel cell(s)
Membrane electrode assembly

Micro electro mechanical system
Mass flow controller

Multifunctional fuel cell system
Metal-Organic Framework Ulm University
Magnesium

Metal hydride tank

Mixed ionic and electronic conductor
Materials of Institut Lavoisier

Abbreviations
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Mn
MNP(s)
Mo
MOC(s)
MOFEF(s)
MOR(s)
Mpc(s)
MPGe
MWNT(s)
N,
NASA
Nb
NCL
NCP(s)
NEDC
NHE
NI

Ni
NL(s)
NLLS
NM(s)
NO
NOTT
NP(s)
NSF

PAFC(s)
PAH(s)
PANI
PBCO
PBFM
PBFM(s)
PBI
PBMOX(s)

Manganese

Magnetic nanoparticle(s)
Molybdenum

Metal oxide(s)

Metal-organic framework(s)
Methanol oxidation reaction(s)
Metallic phthalocyanine(s)

Miles per gallon equivalent
Multi-walled carbon nanotube(s)
Nitrogen

National Aeronautics and Space Administration
Niobium

Nitrogen-doped carbon layer
Nanoscale coordination polymer(s)
New European Driving Cycle
Normal hydrogen electrode

Necking index

Nickel

Normal liter(s)

Nonlinear least squares
Nanomaterial(s)

Nitric oxide

University of Nottingham
Nanoparticle(s)

National Science Foundation
Northwestern University

Atomic oxygen

Molecular oxygen

Open circuit voltage

Oxygen depleted air

Oxygen evolution reaction(s)
Optimization problem

Oxygen reduction reaction(s)
Osmium

Oxidant

Phosphorus

Phosphoric acid fuel cell(s)
Polycyclic aromatic hydrocarbon(s)
Polyaniline

Praseodymium barium cobaltite oxide
Praseodymium barium ferrite magnesium oxide
Praseodymium barium ferrite magnesium oxide(s)
Polybenzimidazole

Praseodymium barium magnesium oxide(s)
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PC(s)
PCI
PCN(s)
Pd

PD
PDFV
PDU
PEC
PEEK
PEFC(s)
PEM
PEMFC((s)
PEO
PFSA
PGM(s)
PHEV(s)
PIM
PLD
POP(s)
PPy
PPY-PSS
PSCFN(s)
PSZ

Pt

PTFE
PV(s)
PVDF
Q-HQ
RA(s)
RC
RCL

Rd
RDE(s)
RDS

RE

RES

RF
rGO(s)
Rh
RH(/s)
RHE
RL

ROS
RPE
RPM(s)
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Phthalocyanine(s)
Pressure-concentration isotherm
Porous coordination network(s)
Palladium

Polydopamine

Polyvinylidene fluoride

Power distributor unit

Predictive environmental concentration
Poly-ether-ether-ketone

Polymer electrolyte fuel cell(s)
Proton exchange membrane
Polymer electrolyte membrane fuel cell(s)
Polyethylene oxide
Perfluorosulfonic acid

Platinum group metal(s)

Plug-in hybrid electric vehicle(s)
Intrinsic microporosity

Pulsed laser deposition

Porous organic polymer(s)
Polypyrrole

Polypyrrole polystyrene sulfonate
Praseodymium strontium cobalt iron niobium oxide(s)
Partially stabilized zirconia
Platinum
Polytetrafluoroethylene
Photovoltaic(s)

Polyvinylidene fluoride
Quinone-hydroquinone

Risk assessment(s)
Resistor-capacitor
Resistor-capacitor-inductor
Reductant

Rotating disk electrode(s)
Rate-determining step
Reference electrode

Renewable energy sources
Radio frequency

Reduced graphene oxide(s)
Rhodium

Relative humidity (/humidities)
Reversible hydrogen electrode
Resistor-inductor

Reactive oxygen species

Retinal pigment epithelium
Robust porphyrinic material(s)
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RRDE Rotating ring-disk electrode

RS Red seed extract of Hydrophilia auriculata
RT Room temperature

Ru Ruthenium

S Sulfur

SBA Santa Barbara amorphous type mesoporous silica
SBU(s) Second building unit(s)

Sc Scandium

SCE Saturated calomel electrode

SEM Scanning electron microscope

SFM Strontium ferrite molybdate

SGTE Scientific Group Thermodata Europe

SHE Standard hydrogen reference electrode

Si Silicon

Sm Samarium

SMMO(s) Strontium magnesium molybdenum oxide(s)
SMSI Strong metal-support interaction

Sn Tin

SNU Seoul National University

SoC State of charge

SOFC(s) Solid oxide fuel cell(s)

Sr Strontium

SSC Samaria strontium cobaltite

SSE Single voltage source electrolysis

SSFF Stainless steel fiber felt

STEM Scanning transmission electron microscopy
SU/SD Start-up/Shutdown

SWCNT(s) Single-walled carbon nanotube(s)

SZO Strontium zirconate

T/C Tetragonal/Cubic

Ta Tantalum

TAA Dibenzotetraaza anulenes

TaC Tantalum carbide

TDS Thermal desorption spectroscopy

TEM Transmission electron microscope

TGA Thermogravimetric analysis

THEUS Totalized hydrogen energy utilization system
Ti Titanium

TiB Titanium boride(s)

TiC(s) Titanium carbide(s)

TiN(s) Titanium nitride(s)

TiO Titanium oxide or Titania

TMC(s) Transition metal carbide(s)

TMPP(s) Tetrametoxiphenyl porphyrin(s)
TOE(s) Tonne of oil equivalent(s)
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TPB
TPP
TPR
TXRF
UiO
UMCM
URFC(s)
USP
UTSA
uv

\%

\%%
WC(s)
WE
WGSR(s)
WWII
XAS
XPS
XRD

Y

YST
YSZ
ZIF(s)
Zn

Zr

ZTC

Triple phase boundary

Tetraphenyl porphine
Temperature-programmed reduction
Total reflection X-ray fluorescence
University of Oslo

University of Michigan Crystalline Material
Unitized reversible fuel cell(s)
Ultrasonic spray pyrolysis
University of Texas at San Antonio
Ultraviolet

Vanadium

Tungsten

Tungsten carbide(s)

Working electrode

Water gas shift reaction(s)

Second World War

X-ray absorption spectroscopy
X-ray photoelectron spectroscopy
X-ray diffraction

Yttrium

Yttrium-stabilized titania
Yttria-stabilized zirconia

Zeolite imidazolate framework(s)
Zinc

Zirconium

Zeolite template carbon

Abbreviations
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