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AB, see ammonia-borane
AB2 alloys   590–592
AB5 alloys   589–591
absorbing materials   28, 35, 

44, 63–64, 541
ACs, see activated carbons
activated carbons (ACs)    

375–382, 387, 411, 568,  
577–579, 623

activation, chemical   377–378, 
382

activation energy   37, 298,  
517–519, 524, 577, 612–613

active electrocaloric regenerator 
(AER)   777–778

actuators   19, 249, 742
adiabatic conditions   754, 

765–766
adiabatic temperature change   

753, 755–757, 759–761, 765, 
769–771, 773–774

AEC, see alkaline electrolysis cell
AER, see active electrocaloric 

regenerator
AFC, see alkaline fuel cell
ALD, see atomic layer deposition
alkaline electrolysis cell (AEC)   

515–517, 521–522, 524–525, 
530–531

alkaline electrolyzers   517, 
522–523, 525, 536

alkaline fuel cell (AFC)   284, 
286, 304–305

alkaline water electrolysis   522

alloying reactions   321–322, 
336

alloys   194, 197, 306, 321, 331, 
589, 591, 595, 603, 623, 710, 
716, 760–762, 769–770, 778

ammonia-borane (AB)    
617–622, 624

APD, see avalanche photodiode
aqueous electrolytes   316–317, 

319, 352, 359, 379, 381–382, 
385, 401, 403, 406, 413, 418, 
422–427, 431, 437

   acidic   407, 409, 431
   neutral   425, 427, 445
artificial photosynthesis   16, 

22, 493, 540–541, 543, 545, 
547, 549, 551, 553, 556

asymmetric capacitors    
413–414, 421

asymmetric cells   410,  
418–419, 421, 438, 443

atomic layer deposition (ALD)   
27, 75–77

avalanche photodiode (APD)   
747

barocaloric effect (BCE)    
768–771

BCE, see barocaloric effect
biofuels   10, 14, 21
biomass   5–6, 9, 21, 291,  

376–377, 407
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BSCCO   648
   Bi2212   649
   Bi2223   649

CA, see carbon aerogel
CAES, see compressed air 

energy storage
caloric effects, solid-state 

refrigeration based on    
753–778

caloric materials   754, 778
capacitors
   conventional   352–354,  

357–359, 361, 375
   hybrid   372
carbon aerogel (CA)   375,  

380–381, 383, 405, 408, 
431–432

carbon dioxide   500–501, 
505, 536–537, 540, 551–552

carbon dioxide electrolysis   
536–538

carbon dioxide photoreduction   
551–552

carbon dioxide reduction   540, 
552–554

carbon electrodes   282, 376, 
422, 429

carbon fibers   403, 572
carbon nanostructures   408
carbon nanotube (CNT)    

68–69, 73–74, 382–384,  
405–410, 421, 428,  
431–432, 579

   single-walled   375
carbon paste electrode  

(CPE)   367, 369
carbonates, molten   288, 291
CCT, see correlated color 

temperature

cells
   photoelectrochemical   540, 

548–549, 554–555
   supercapacitor   371, 390,  

430, 440
charge collection efficiency   98, 

104–105, 126, 136
charge storage mechanisms   

360–361, 363, 365, 367, 369, 
372, 396, 434

chemical energy   278–279, 
290–291, 494, 496, 498, 500, 
502–503, 506, 539, 551

chemical energy storage   495, 
497, 499, 540, 555

chemical storage media (CSM)   
498–499, 505

chemical vapor deposition 
(CVD)   75, 385–386

climate change   7
closed cycle refrigeration   685
CNT, see carbon nanotube
compressed air energy storage 

(CAES)   495–496
conducting polymer (CP)   370, 

372, 388–389, 391–392,  
394, 400, 404–405, 408–410, 
413, 418, 429

conventional hydrogen storage   
570–571, 573, 575, 623

correlated color temperature 
(CCT)   699–700, 702, 
718, 723

CP, see conducting polymer
CPE, see carbon paste electrode
cryocooler, see closed cycle 

refrigeration
CSM, see chemical storage 

media
Curie temperature   211–212, 

763, 775
CV, see cyclic voltammetry
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CVD, see chemical vapor 
deposition

cyclic voltammetry (CV)   325, 
367, 369, 381, 412, 418, 430, 
434–435, 437–441, 443

CZTS   53–54

DADB, see diammoniate of 
diborane

DCFCs, see direct carbon 
fuel cells

DH, see double heterojunction
diammoniate of diborane 

(DADB)   618–619
dielectric material   260,  

357–359, 728
direct carbon fuel cells  

(DCFCs)   290–291
double heterojunction (DH)   

292, 300, 498, 504, 506, 
512, 514, 711, 715, 
755–756, 758–760, 763

double layer capacitance    
365, 394, 404, 436

double synchronized switch 
harvesting (DSSH)   230–231

DSSC, see dye-sensitized  
solar cell

DSSH, see double  
synchronized switch 
harvesting

dye-sensitized solar cell  
(DSSC)   48–49, 57, 62, 64, 
71, 93, 95–96, 101–109,  
111–121, 123, 125, 127–129, 
131, 133, 135–138

   principle   101, 103, 105, 107, 
109, 111, 113, 115, 117, 119, 
121, 123, 125, 127, 129

eCE, see elastocaloric effect
EDLC, see electrochemical 

double-layer capacitor
EIS, see electrochemical 

impedance spectroscopy
elastocaloric effect (eCE)    

768–769, 771
electroactive film electrodes   

430–431
electroactive materials   314, 

316, 318, 370–371, 426, 428, 
431–433, 443

electrocaloric effect   754,  
772–773, 775, 777

electrocaloric materials   774
electrocaloric  

refrigeration   775, 777–778
electrochemical capacitors   

351, 359–361, 365
electrochemical cell   292,  

296–297, 313–314, 316,  
325, 496, 511

electrochemical devices   278, 
291, 495, 502, 504

electrochemical double-layer 
capacitor (EDLC)   372–375, 
387–388, 394, 401, 410–411, 
414, 445–447

electrochemical energy  
storage   14, 495

electrochemical impedance 
spectroscopy (EIS)   37, 137, 
325, 430, 518–519

electrodes
   carbon paste   367, 369
   interdigitated   239, 241, 

257–260
electrolyzers   303–304, 505, 

512–513, 515, 518–521, 523, 
530–532, 543, 554, 556

   solid oxide   521, 529, 537
electromechanical coupling   

207, 218, 224, 258–259
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electronic devices, low-power   
208–209, 232, 248

electronics, low-power   208, 
232, 239, 263

electrons, photogenerated   
543–544, 547

electroplating   321, 658
energy conditioning circuitry   

224–231
energy harvesting   206, 

236–238, 242, 252–253, 259, 
262–264

   nonlinear piezoelectric   237, 
250

   vibration   207, 217, 232, 238, 
252–253

energy harvesting circuitry   
206, 226, 230, 233

energy harvesting systems   
205, 228, 232, 239

   multi-source   253–255
energy harvesting technologies   

16, 207, 236
energy storage
   flywheel   669
   magnetic   668
EQE, see external quantum 

efficiency
equivalent series resistance 

(ESR)   425–427, 429–432, 
441–443

ESR, see equivalent series 
resistance

external quantum efficiency 
(EQE)   34–35

faradaic efficiency   294, 300, 
520, 522, 527, 555

FC, see fuel cell

feed-in grid   670
first-generation (1G) HTS, see 

BSCCO
fluorine-doped tin oxide (FTO)   

67, 70–71
FTO, see fluorine-doped tin 

oxide
fuel cell (FC)   16, 22, 

277–292, 294–302, 304–306, 
353, 356, 500, 502–505, 556, 
620, 680

fuel cell efficiency   294–301
fuel cell technologies   280,  

282, 284, 288, 302,  
304–305

fuel cells
   alkaline   284, 286, 304
   high-temperature   282,  

284, 288, 290, 298, 300,  
302, 306, 539

   polymer electrolyte 
membrane   284, 286, 305

fusion power   678
   ITER   678

galvanostatic cycling (GC)   325, 
381, 412–414, 417, 421, 430, 
440, 442

GC, see galvanostatic cycling
giant magnetocaloric effect 

(GMCE)   757, 760–761
Gibbs energies   292, 295, 756
GMCE, see giant  

magnetocaloric effect
graphene   68–69, 73–74,  

375, 381, 383–387, 403,  
406, 409, 411–412, 414

graphite   333–336, 339,  
383–385, 392
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heat engines   279–280,  
502–503

helium reserve   684
high-temperature 

superconductor (HTS)   642, 
646, 648, 653, 669,  
672–673, 681, 684, 686

   discovery 642
   first-generation (1G), see 

BSCCO
   Hg1223   681
   second-generation (2G), see 

RBCO
   theory of   681
high voltage direct current 

(HVDC)   20–21
hole transporting materials   

63–64, 106–107
HTS, see high-temperature 

superconductor
HTS materials   649, 654, 682
HVDC, see high voltage direct 

current
hybrid materials   12, 58, 96, 

370, 372, 400, 404–409
hydrides   331, 587, 591, 593, 

605–606, 624, 713
hydrocarbons   280, 306, 382, 

505, 551, 553, 568
hydrogen adsorption   581
hydrogen economy 680
   SuperGrid 680
hydrogen evolution reaction   

518, 528–529, 544
hydrogen physisorption    

576–577, 579, 581, 583,  
623

hydrogen-powered aircraft   676
hydrogen production   495, 499, 

508, 521–523, 530, 538, 551, 
680

hydrogen storage   567–570, 
572, 574, 576–584, 
586–588, 590, 592, 594–596, 
598, 600, 602, 604, 606, 
616–618, 622

   reversible   588, 592, 602–605, 
609

hydrogen storage materials   
579, 596, 601–602, 608, 
615, 624

IBAD, see ion beam 
assisted deposition

ILs, see ionic liquids
internal quantum 

efficiency (IQE)   35, 712, 722
ion beam assisted 

deposition (IBAD)   656
ionic liquids (ILs)   136, 340, 

412, 422–423, 426–427, 
528

IQE, see internal quantum 
efficiency

iron arsenides   655

lead-acid batteries   319, 
325–327, 329

lead zirconate titanate (PZT)   
205, 210, 212–214, 241, 
256, 260, 262–263, 774

LED, see light-emitting 
diode

Li-ion batteries   329, 333, 339, 
342–343, 388

light, properties of   693–701
light-emitting diode (LED)   

13–14, 699, 703–705, 710, 
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712–713, 715–716, 718, 
721–723, 725–726, 
730–731, 734, 738–740, 
742, 748

liquid electrolytes   58, 423, 512, 
517–518, 522–523, 525, 536

liquid hydrogen   302, 499, 569, 
573–575, 595, 613, 623, 676, 
680

lithium batteries, rechargeable   
332

lossless transmission   660
low-temperature 

superconductor (LTS)   649, 
668, 682, 684, 686

LTS, see low-temperature 
superconductor

maglev   674
magnetic refrigeration    

764–765, 775, 778
magnetic refrigerator   759, 

763–768, 772, 778
magnetocaloric effect (MCE)   

754–755, 757–765, 767–768, 
770–772, 774

magnetocaloric materials   759, 
761, 764, 768

manganese oxides   396–397, 
399, 413–414, 418

MCE, see magnetocaloric effect
MCFCs, see molten carbonate 

fuel cells
MEMS harvesters   240–242
metal hydride   283, 329, 

331–332, 576, 584–587, 
589, 591, 593, 595–596, 
608, 622–624

metal organic chemical solution 
deposition (MOCSD)   658

metal organic chemical vapor 
deposition (MOCVD)   657, 
713

metal-organic frameworks 
(MOFs)   577, 581, 583–584, 
623

MgB2   653
   in situ and ex situ    654
   persistent joint   654
MOCSD, see metal organic 

chemical solution 
deposition   658

MOCVD, see metal organic 
chemical vapor deposition

modal electromechanical 
coupling coefficient   219, 
222–223

MOFs, see metal-organic 
frameworks

molten carbonate fuel cells 
(MCFCs)   284–285, 288–289, 
306, 535

MOSFET   740, 742

n-type materials   28, 31–32, 
40, 198, 707

nanocomposite materials   375, 
405–406, 409–410, 
413–414, 418, 445

nanocomposites   372, 383, 
400, 404–410

nanostructured carbons   381
NHE, see normal  

hydrogen electrode
normal hydrogen  

electrode (NHE)   420, 552
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OCV, see open circuit voltage
OER, see oxygen evolution 

reaction
OLED, see organic light  

emitting diode
OMCs, see ordered  

mesoporous carbons
open circuit voltage (OCV)   

32–33, 66, 121, 281–282, 
292–293, 296–298, 318,  
440, 511, 514, 521

OPV, see organic photovoltaics
ordered mesoporous carbons 

(OMCs)   379, 403
organic electrolytes   317, 335, 

359, 375–376, 386–387, 393, 
418, 422–423, 427, 431, 446

organic light emitting diode 
(OLED)   14, 718–721, 749

organic photovoltaics (OPV)   
95–97, 100–101

   basics of   95–99
organic semiconductors    

49–50, 96
oxygen evolution reaction 

(OER)   340–341, 516, 518, 
528–529, 544

p-type materials   28–29,  
31, 551, 707–708

PAFCs, see phosphoric acid  
fuel cells

PCE, see power conversion 
efficiency

PCI, see pressure-composition-
isotherms

PECVD, see plasma-enhanced 
chemical vapor deposition

PEM, see polymer electrolyte 
membrane

PEMEC, see proton exchange 
membrane electrolysis cells

PEMFCs, see polymer electrolyte 
membrane fuel cells

PGEC, see phonon- glass 
electron-crystal

phonon-glass electron-crystal 
(PGEC)   195–196, 198

phosphoric acid fuel cells 
(PAFCs)   284–285, 288, 305

photo-conversion efficiency   64, 
71

photoanode   101, 104, 110, 
548, 550, 554

photocatalyst   540, 546–548, 
552

photocathode   548–550
photoreceptors   695, 697
photovoltaic devices   62, 65
photovoltaics   12, 16–18, 20, 

66, 68, 77, 255
piezoelectric devices   207, 

214–215, 229–230, 236, 247
piezoelectric energy harvesters   

206, 216–217, 224, 247
piezoelectric energy 

harvesting   205–207, 209, 
214, 216–217, 224, 226, 
232–237, 239, 241, 243, 245, 
247–248, 256, 263

piezoelectric materials    
205–206, 208, 210–212,  
214–215, 217, 238, 242,  
252–254, 256, 258, 263

piezoelectric transduction   205, 
208–223, 242

   principles of   210–223
PIN photodiodes   747
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plasma-enhanced chemical 
vapor deposition (PECVD)   
41, 47

PLEDs   718, 720
PLEs, see protected lithium 

electrodes
polyaniline   409
polymer electrolyte membrane 

(PEM)   283, 521, 527, 568
polymer electrolyte membrane 

fuel cells (PEMFCs)   284–287, 
305–306, 540

polymer electrolytes   283, 339, 
423

polyoxometalates   405
polypyrrole   408
polyvinylidene fluoride  

(PVDF)   212–214, 243, 259, 
261, 426–427, 775

porous carbon materials   372, 
577

powder-in-tube technique   648
power conversion efficiency 

(PCE)   32–33, 41, 73, 94, 
100–102, 105, 113–115, 120, 
127, 136–137

pressure-composition-
isotherms (PCI)   585,  
602, 609

protected lithium electrodes 
(PLEs)   340–341

proton exchange membrane 
electrolysis cells (PEMEC)   
515–517, 521–522, 525, 
527–531

pseudocapacitance   354–355, 
359–360, 365–366, 
368–373, 387–388, 396, 
398, 401, 404, 434, 445

pseudocapacitive materials   
383, 399, 405, 413, 418, 
421, 446

pseudocapacitive processes   
368, 388, 411

pseudocapacitors   370, 372, 
387–388, 394, 397–398

PSH, see pumped-storage 
hydroelectricity

pumped-storage 
hydroelectricity (PSH)   495, 
555, 669

PVDF, see polyvinylidene 
fluoride

PZT, see lead zirconate titanate
PZT cantilevers   241, 243, 247

QDs, see quantum dots
QDSSCs, see quantum  

dot-sensitized solar cells
quantum dot-sensitized solar 

cells (QDSSCs)   64–65, 106, 
121

quantum dots (QDs)   36,  
56–57, 64, 67, 121–123, 
728–729

RBCO   651
redox flow batteries   343–345
rolling assisted, biaxially 

textured substrates  
(RABiTS)   657

Sabatier reaction   500–501
SALD, see spatial atomic layer 

deposition
second-generation (2G) HTS, 

see RBCO
scanning electron microscopy 

(SEM)   430
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SECE, see synchronous electric 
charge extraction

SEI, see solid electrolyte 
interphase

SEM, see scanning electron 
microscopy

semiclassical theory of 
thermoelectricity in solids   
168–191

sensing systems   206, 233
   self-powered   232–233, 235
sensitizers   108–109, 112–114, 

120–122
silicon   12, 28, 30, 40, 42,  

47–48, 94, 197, 290, 336,  
502, 568, 604, 727, 736

single-walled carbon nanotubes 
(SWCNTs)   375, 381, 383, 
386–387, 408, 579

small-molecule OLEDs 
(SMOLEDs)   718–720

SMES, see superconducting 
magnetic energy storage

SMOLEDs, see small-molecule 
OLEDs

SOECs, see solid oxide 
electrolysis cells

SOFCs, see solid oxide fuel cells
solar cell, efficiency   69–71
solar cells   27–78, 542
   excitonic   49
   hybrid   38–39, 49, 64–65
   organic   49–50, 100
   perovskite   58, 102
   physics of   27–37
   tandem   65, 67
solid electrolyte interphase 

(SEI)   129, 131, 335, 338
solid electrolytes   282, 285, 

304–305, 386, 418, 422,  
424, 597

solid oxide cells   531, 539

solid oxide electrolysis cells 
(SOECs)   501, 515–517,  
521–522, 529, 531–539

solid oxide fuel cells (SOFCs)   
282, 284–285, 289–291, 
305–307, 504, 530–531, 
533–535, 539

solid-state lighting (SSL)    
693–728

spatial atomic layer deposition 
(SALD)   27, 75–79

SSHI, see synchronized switch 
harvesting on inductor

SSL, see solid-state lighting
storage capacitors   235,  

259–260
supercapacitors   15–16,  

351–352, 355, 370–371,  
393, 421

   asymmetric   420
   high-performance 

environmentally friendly   
425–429

   hybrid   400
superconducting
   cable
      Nuclotron   663
      Roebel   664
      Rutherford   664
   electric aircraft   676
   energy storage devices   668
   fault current limiters   670
   generators   667
   magnetic energy storage 

(SMES)   495, 668
   magnetically levitated trains   

674
   marine propulsion systems   

673
   materials   648
   motors   672
   personal electric vehicles   677
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   power cables   660
   quantum interference device 

(SQUID)   683
   transformers   665
superconducting magnetic 

energy storage   495
superconducting materials   

645, 648, 651, 655, 659
superconducting power cables   

660–661, 680–681
superconductivity   13, 200, 

641–643, 645–647, 653, 678, 
680, 682–683

   room-temperature   648, 682
superconductor
   BCS theory   643, 681
   coated conductor   655
   cooling   683
   cost   685
   critical current density Jc   645, 

647
   critical field Hc   645
   critical temperature Tc    

643–644
   depairing current density Jd   

644
   flux pinning   645
   grain boundary problem   652
   high-temperature, see  

high-temperature 
superconductors

   irreversibility field Hirr   645, 
647

   lossless current transport   
643

   Meissner–Ochsenfeld effect, 
perfect diamagnetism   645

   mixed state   646
   Pauli limiting field HP   645
   persistent current   684
   pinning force   647

   room-temperature   680
   type I and II   645–646
SWCNTs, see single-walled 

carbon nanotubes
synchronized switch harvesting 

on inductor (SSHI)   229–230
synchronous electric charge 

extraction (SECE)   228–229
syngas   280–281, 494,  

500–501, 533, 536, 539, 568

tandem cells   66–67
TBP, see tert-butylpyridine
TCMs, see transparent 

conductive materials
TCOs, see transparent 

conductive oxides
tert-butylpyridine (TBP)   124, 

131, 134–135
thermoelectric materials    

159–162, 166–168, 189, 193, 
195, 197, 199, 202

thermoelectric power    
157–159, 164, 177–178,  
180–186, 188, 191–193

thermoelectricity, applications 
of   157–167

thermoelectrics   155–156, 158, 
160, 162–164, 166, 168, 170, 
172, 174, 176, 178, 180, 182, 
194, 200–202

transition metal oxides   200, 
372, 388, 394, 399

transparent conductive 
materials (TCMs)   27, 67–71, 
73–74

transparent conductive oxides 
(TCOs)   41–42, 63, 67–70, 74, 
136
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transparent electrodes   67, 71, 
73–74, 96, 719–720

transportation   672
Tres Amigas SuperStation   661

water electrolysis   278, 
508–509, 512–513, 520, 
536, 568

water splitting   540, 543, 
550–552

wind turbines

   offshore   667
   superconducting   667

YSZ, see yttria-stabilised 
zirconia

yttria-stabilised zirconia (YSZ)   
289, 307, 533

Z-scheme water splitting    
545–546

zeolites   501, 577–580, 608





“This book is a great introduction to energy materials, and I would certainly recommend 
it to my students. With simple prose, useful diagrams, and essential equations, this book is 
not a mere summary of current energy materials applications, but a tool for students and for 
those working in the field. This book explores how the fundamental materials research fields 
of energy generation, energy storage, and energy conversion are interlinked in a complex 
relationship, and how this relationship must adapt to a landscape of ever-increasing world 
energy consumption.”

Dr. Suman-Lata Sahonta
University of Cambridge, UK

“This book is a comprehensive collection of the latest advancement in the materials science 
research for energy applications. It comes at a unique point in time when the search for 
sustainable alternative sources of energy could not be more relevant. This is an interesting 
introduction to both conventional and exotic applications written by recognized authors in the 
field and also provides a solid background and in-depth discussion of various topics.”

 Dr. Giorgio Ercolano
Université de Montpellier, France

Increasing energy demand worldwide has led to enormous research efforts in the 
development of sustainable energy technologies. Functional materials are essential 
components of any such technology, and improving their performance is key for these 
technologies to succeed. The purpose of this book is to give a unified and comprehensive 
presentation of the fundamentals behind the functional materials that are employed in 
a wide range of sustainable energy applications, i.e., conversion, storage, transmission 
and consumption. The chapters are primarily written by distinguished young researchers 
actively working in relevant  fields, and are conceived to be readily adapted into teaching 
material. 

Xavier Moya is a Royal Society University Research Fellow in the 
Department of Materials Science & Metallurgy at the University of 
Cambridge. He is interested in phase transitions in functional materials 
whose structural, magnetic, electrical, and thermal properties display 
strong coupling. His research focuses primarily on caloric materials for 
cooling applications and magnetoelectric materials for data storage. 

David Muñoz-Rojas is a CNRS researcher at the Laboratoire des 
Matériaux et du Génie Physique in Grenoble, France. His research focuses  
on using and developing cheap and scalable chemical approaches for the 
fabrication of novel functional materials for electronic and optoelectronic 
applications. In particular, he has pioneered the development of the novel 
spatial atomic layer deposition (SALD) technique for the deposition of 
active components for optoelectronic devices. He is currently further 
developing SALD to extend the possibilities and fields of application of 
this exciting technique.
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