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IIpedzoeop / Preface

Bogonuk je ox movyetka 20. Beka,
O0JIHOCHO IMoYeTKa rjio6asiHe
WHAYCTpUjaau3alyje, BaxKHa
WHAYCTpUjcKa cupoBUHa. Tako of 1913.
npoHasackoM XabepoBor npoleca
yBeJleHa UHAYCTPUjCKa TPOU3BO/ba
aMOHUjaKa U3 a30Ta U BOJOHHUKA, Kao
CUpOBHHe 3a BelllTauka hy6puBa. TokoM
IIpBOr CBeTCKOT paTa aMOHUjyM HUTpAT
je ymecTo kao hy6puBo kopuirheH
IPBEHCTBEHO Ka0 KOMIIOHEHTA
€KCIIJIO3UBa, aJIY je [IocJle paTa HaCTaBUO
CBOjy NpBOGUTHY npuMeHny. 1930-Tux
yBeJleH je Mpolec KpekuHra HadTe 3a
ob6orahuBame JakIMM ¢pakiujama
ynoTpe6/bUBHUM Yy MOTOPHMA Ca
yHYTpalllbUM caropeBameM. [louito
BOJJOHUK Y IPUPOJ U HUje c1060JaH Hero
je rOTOBO caB Be3aH y cacTaBy BOJe, 3a
HaBeJleHe IPUMeHe pe3BUjeHHU Cy
WH/JAYCTPUjCKHU MOCTYINLHU 32 HEer0BO
Jlo6Gujambe U3 BOJIe, peaKl1joM ca
NPUPOJAHUM racoM MeTaHOM, UJIH
yr/beHukoM. Kako je 6poj cTaHOBHMKaA Ha
3eMJbH pacTao, pacia je norpeba 3a
BEIITaYKOM Hy6prBUMa U MOTOPHUM
rOPUBHUMa, Tako Aa je 2020. npousBogma
BOJIOHMKA JocTuraa ~120 MmuivoHa
TOHa.

l'opune 1973. gouiso je A0 TaKo3BaHe
HadTHe KpU3e Koja je y3ipMaJia CBET U
NoTaKJ/a ujieje Aa ce eHepreTUKa
6a3vpaHa Ha MOTPOLIHH POCUTHUX
ropuBa 3aMeHH eHEPrUjoM 06GHOB/BUBUX
usBopa. [IpBe uzeje 6use cy aa to 6ye
BOZIOHWYHA eHepreTuka. O Taza Tpaje
y6p3aHa UCTpaXKMBavKa JleJIaTHOCT Ha
pPa3Bojy eIeKTPOJIMTUUKOT pasJarama
BO/Ie U TOPUBHUX BOJOHHUYHO
KHUCeOHUYHUX hesvja, Kao U Ha pa3Bojy
MeTO0/ia 32 MaraljuOHUpPame BOIOHUKA.
JenaH o NpBUX 3HA4YajHUjUX ycnexa
ocTBapeH je 1986, yBohemweM y
MPOU3BOAY MeTal-XUAPUJHE baTepuje
ca aHOJI0M O/ XMJpHU/Ja Jierype HUKJIA ca
CMecoM JIaHTaHHU/Ja U KaTO/0M 0[] OKCH/ia
HUKJIa, Ipey3eTe U3 aJKaJuHe HUKaJl-

Hydrogen has been an important
industrial raw material since the
beginning of the 20t century, i.e., the
beginning of global industrialization.
Thus, in 1913, with the discovery of the
Haber process, industrial production of
ammonia from nitrogen and hydrogen
was introduced as a raw material for
artificial fertilizers. During the First
World War, ammonium nitrate was used
primarily as a component of explosives
instead of as a fertilizer, but it continued
its original use after the war. In the 1930s,
the process of oil cracking for enrichment
with lighter fractions usable in internal
combustion engines was introduced.
Since hydrogen is not free in nature, but
almost all of it is bound in water,
industrial processes for its production
from water, by reaction with natural gas,
methane or carbon, have been developed
for these applications. As the Earth's
population grew, the need for artificial
fertilizers and motor fuels grew so that in
2020, hydrogen production reached ~
120 million tons.

In 1973, there was a so-called oil crisis
that shook the world and encouraged the
idea of replacing energy based on the
consumption of fossil fuels with energy
from renewable sources. The first ideas
were focused on hydrogen energy. Since
then, research work has accelerated
toward the development of electrolytic
decomposition of water and hydrogen-
oxygen fuel cells and the development of
hydrogen storage methods. One of the
first significant breakthroughs was
achieved in 1986, with the introduction of
a metal hydride battery into production
with an anode made of nickel alloy
hydride with a mixture of lanthanide and
a cathode made of nickel oxide, taken
from an alkaline nickel-cadmium battery.
The problems in the work of electrolyzers
and fuel cells were sluggish hydrogen



KaJIMHjyMcKe 6aTepuije.

[Ipo6JieM y pazy ejeKTpoin3epa U
ropuBHUX hesvja 6410 je ciopocT
BOJJOHWYHE U, I0OCEOHO, KUCEOHUYHEe
eJIeKTpOJHe peaklitje y HOpMaJHUM
aMOUjeHTaJHUM yCI0BUMA, BUTHUX y 002
oBa BUJja npuMeHe. [Ipo6JieM je peniaBaH
HWCIIUTUBakbeM MeXaHU3Ma OBUX peaklitja
W pa3BojeM NOroHUX KaTajausaTopa.
Besivkuy fonpuHOC y TOM CMUCIY AU CY
HallX Hay4YHUIM npod. MusaH Jakuuh, u,
no ozayacky y CA/l, npod. Henag,
MapxkoBuh y HanjmoHnasiHoj 1a6opaTopuju
Jlopenc bepkiu u npo¢. Pagocnas Aniuh
y HanjmoHasnHoj 1abopatopuju
BpokxejBeH.

3HauajaH NoJCTPeK 3a yBoheme
aJITepHaTUBHE eHepreTHKe J0T0JH10 ce
nocnejmwe feneHuje 20. Beka U IO4eTKOM
21. Beka, KaJia je IOCTAJIO jaCHO Ja je
yOp3aHa eKkcrioaTanyja GoCUIHUX
ropyBa y3pOK ONACHUX KJIMMATCKUX
NIPOMEHa, Koje IpeTe Jja 3Ha4YaHo
NOTOPILajy, WU OTIYHO oHeMoryhe
>kUBOT Ha 3emMsbU. O 2010. Ha HUBOY
YjenumweHUX HalMja 3aXTeBaH je npesas
Ha eJleKTpUULUPaH TPAHCIOPT, U Y
WHAYCTPUjCKU pa3BUjeHUM 3eM/baMa
nouyeJia je ga ce yop3aBa IpOU3BOA A
eJIeKTPUYHUX ayTOMO6HUIa. 3a Taj BUJ,
NpUMeHe CIpeMHHUja je y TO BpeMe ca
€KOHOMCKe cTpaHe 6u.a Li-joHcka
6aTepwuja, aJiid TO HUje 3ayCTaBUJIO
Harmope Jia ce ¥ TOpuBHe heJiuje noyHy
KOPUCTUTH y Te CBpPXe, TaKO Ja ce y
H3BeCcHOj MepH Beh y yroTpe6u
[10jaBJ/byjy ¥ ayTOMOOU/IM IOKPEeTaH!U
CTPYyjOM BOJJOHUYHO-KHCEOHUYHHUX
ropuBHUX hesnja. HapouuTo Besnke
yJioTa BOJIOHUKa ce npeJiBuba y 6JIMCKOj
O6yayhHoOCTH, y IpoLiecMa HUBeJIaLje
Y3J1a3He CHare COJIapHUX eJleKTpaHa U
eJleKTpaHa Ha 6a3u eHepruje BeTpa. [Ipu
TOMe 64 6MJ/1a HaNylLITeHa KJacHu4yHa
TEXHOJIOTHja Ao6Ujaba BOJOHHUKA Koja je
BeJIMKU U3Bop eMucHje CO2, a oBafana
641 MeTO/0/10THja eJIeKTPOJIM3e BOJie
KopultheweM eJIeKTpUYHE eHepTHje U3
00HOB/bBMBUX U3BOPA, IPBEHCTBEHO
coJIapHe eHepruje U eHepruje BeTpa.

and, especially, oxygen electrode reaction
under normal ambient conditions, which
are important in both of these
applications. The problem was solved by
examining the mechanism of these
reactions and developing suitable
catalysts. A great contribution in that
sense was given by our scientists, prof.
Milan Jaksic, and, after moving to the USA,
prof. Nenad Markovic at the Lawrence
Berkeley National Laboratory and prof.
Radoslav AdZi¢ at the Brookhaven
National Laboratory.

A significant impetus for the introduction
of alternative energy occurred in the last
decades of the 20t century and early 21t
century when it became clear that the
accelerated exploitation of fossil fuels is
the cause of dangerous climate changes,
threatening to worsen significantly or
completely disable life on Earth. Since
2010, the transition to electrified
transport has been required at the United
Nations level, and the production of
electric cars has begun to accelerate in
industrialized countries. The Li-ion
battery was more economically ready for
this type of application at that time, but
that did not stop the efforts to start using
fuel cells for that purpose. So, to some
extent, cars powered by current from
hydrogen-oxygen fuel cells are already in
use. A particularly large role of hydrogen
is predicted in the near future in the
processes of leveling the output power of
solar power plants and wind power
plants. At the same time, the classic
technology of obtaining hydrogen, which
is a large source of CO2 emission, would
be abandoned, and the methodology of
electrolysis of water using electricity from
renewable sources, primarily solar
energy and wind energy, would prevail.
In Serbia, the Ministry of Science has for
decades supported research projects
related to the transition of fossil fuel
energy to renewable energy, within which



Y Cp6uju MUHUCTApCTBO HAJJIEXKHO 32
HayKy je JeleHHjaMa [T0p>KaBajio
HCTpakKMBavKe [POjeKTe Be3aHe 3a
npeJia3ak eHepreTuke GOCUJIHUX TOPUBA
y eHepreTUKy 0OHOBJ/bMBUX U3BOPA,
OKBHUDY KOjUX je JaT 3Ha4yajaH JOIPUHOC
pa3Bojy BOJIOHUYHE eHEPTreTUKE,
006ajB/bMBakbEM BeJIUKOT O6poja pajioBa y
3HayajHUM MehyHapoJHHUM HayYHUM
yaconucuma. [Ipod. MenTycje og 2002.
PYKBOZAMO HallMOHA/IHUM IIPOjeKTOM IOJ,
Ha3uBoM ,CTPyKTypa, TepMOJUHAMHUYKe
Y eJIeKTpOXeMHUjcKe 0COGHHe CaBpeMeHUX
MaTepujajia 3a KOHBep3Ujy eHepruje u
KOMIIOHEHTE Yy eJIEKTPOHULU”, KOjH je
JlesioM 610 nocBeheH xuapupamwy
MeTasa, a o4 2010. Bogu pojeKat Moz,
HacsoBoM ,J/IUTHjyM-jOoH GaTepHje U
ropuBHe hesyje-uctpaxuBame U pa3Boj”,
KOjU je 3HaTHUM JiesioM 610 nocBeheH
pa3Bojy ropuBHUX hesiyja v pe3yJaTUpao
HabaBKOM caBpeMeHe OllpeMe 3a Te
cepxe. [Ipod. I'pryp je cBojy JOKTOPCKY
Te3y ypaJAuo 1oJ, pyKOBOACTBOM Npod.
Henapna MapkoBuha, a o4 2010. roguHe
PYKOBOJM HallJMOHAJIHAM IIPOjeKTOM
,EJleKTpoxeMujcKa CHHTe3a U
KapaKTepH3alyja HAHOCTPYKTYPHHUX
byHKIMOHAJHUX MaTepUjaJjia 3a IpUMEHY
Yy HOBUM TexHoJIorujaMa“. MUHUCTapCTBO
Hayke ¢UHaAHcHUpa U npojekT ,Pa3Boj,
KapakTepHu3alyja ¥ IpUMeHa
HaHOCTPYKTYPHUX KaTaju3aTopa 1
WHTEPaKTUBHUX HOCAya Y TOPUBUM
CIperoBMMa U eJIeKTPOJIU3U BoJe", UnjU
je pykoBozuaan npod. ip CHexkaHa
l'ojkoBuh, ca TeXHOJIOKO-MeTaNlypIIKOT
dakynrera y beorpany. [p JacMuHa
I'p6oBuh HoBakoBuh ce nocnee e
JlenieHuje 6aBU npobieMuMa
MaranoHHpawa BOJOHUKA y BULY
MeTaJIHUX XUApUAa, M of 2010.
PYKOBO/JM HallMOHAJIHKM IPOjeKTOM
,CHHTe3a, npolrecupame U
KapaKTepH3alyja HAHOCTPYKTYPHHUX
MaTepujaja 3a IpUMeHY Y 06/1acTH
eHepruje, MeXaHUUKOT HHXXEHEPCTBA,
3alUTHUTE KUBOTHE CpeJiJMHE U
6uomeaunuHe”. [Ipod. Urop Iamtu of,
2020. Boau NpojeKT U3 nporpama

significant contributions were made to
the development of hydrogen energy by
publishing a large number of papers in
important international scientific
journals. Since 2002, Prof. Mentus has led
a national project entitled "Structure,
thermodynamic and electrochemical
properties of modern materials for
energy conversion and components in
electronics”, partly dedicated to metal
hydration. Since 2010 he has led a project
entitled "Lithium-ion batteries and fuel
cells - research and development"”, which
was largely dedicated to the development
of fuel cells and resulted in the purchase
of modern equipment for these purposes.
Prof. Grgur did his doctoral thesis under
the guidance of Prof. Nenad Markovi¢, and
since 2010 he has been leading the
national project "Electrochemical
synthesis and characterization of
nanostructured functional materials for
application in new technologies". The
Ministry of Science has also financed the
project "Development, characterization
and application of nanostructured
catalysts and interactive carriers in fuel
cells and water electrolysis”, whose
leader was Prof. Dr. Snezana Gojkovi¢
from the Faculty of Technology and
Metallurgy in Belgrade. Dr. Jasmina
Grbovi¢ Novakovi¢ has been dealing with
the problems of hydrogen storage in the
form of metal hydrides for the last two
decades. Since 2010 she has led the
national project "Synthesis, processing
and characterization of nanostructured
materials for energy, mechanical
engineering, environmental protection
and biomedicine". Since 2020, Prof. Igor
Pasti has been leading a project from the
PROMIS programme, entitled "Rational
design of a multifunctional electrode
interface for efficient electrocatalytic
hydrogen production”. This gathering is
partly dedicated to completing this
project as an integral part of the final



[TIPOMUC, nox HasuBoM , Rational design
of multifunctional electrode interface for
efficient electrocatalytic hydrogen
production “. OBaj cKym je AeJTUMUYIHO
nocBeheH 3aBpIIeTKY OBOT IPOjeKara,
Kao cacTaBHMU Jie0 3aBpLIHOT U3BeLITaja.
OpraHu3aTopH CKyIla 3aXBa/byjy CBUM
y4eCHHUIIMMA Ha U3Jlaramwy pe3yJiTaTa
CBOjUX UCTPAXKUBaa, U TUME YYUHEHOM
JIOIIPUHOCY CaBpeMeHHUM NpolecuMa
eHepreTcKe TpaH3HlHje Ka 06HOB/bUBUM
HM3BOpHMa eHepruje. OpraHu3aTopu ce
3axBasbyjy ¥ CpIICKOj akaleMUju HayKa U
YMETHOCTH, Ha CIPEMHOCTH Jia CBOje
MPOCTOPHje YCTYIH 3a 0/ipKaBakbe OBOT
CKyma, Kao U Ofie/beby XEMHUjCKUX U
O6MOJIOLIKMX HayKa AKaJieMuje Ha 10/J
YUJjUM je IOKPOBUTE/bCTBOM 0Baj CKYyIl
OpraHu30BaH.

report.

The conference organizers thank all the
participants for presenting the results of
their research and thus the contributions
made to modern processes of the energy
transition to renewable energy sources.
The organizers also thank the Serbian
Academy of Sciences and Arts for their
readiness to donate their premises for
holding this gathering and the
Department of Chemical and Biological
Sciences of the Academy under whose
auspices this gathering was organized.

[Ipod. ap Urop Mawrtu

Axkap. npod. ap CraBko MeHTYyC
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BoaoHMK je jeaaH 04, Haj3acTyn/beHWUjUX
enemeHata y npupoan (0,14 maceHux
npoLeHaTa y Kopu 3em/be), anu ce He Haniasu
cnobopaH Hero Be3aH MpeTexHo y BuAy Boge,
M 3a Heroo pgobujarbe y uYMCTOM CTakby
notpebHo je ynoxutu eHeprujy. [lo caga je 3a
TO CKOpo uck/pbyhuBo KopuwheHa eHepruja
$oCUNHUX ropuBa, Na je Taj NPOLLEeC eKOOLWKM
Bp/f0 npobnematnuaH. [eueHnjama yHasag,
KOPWCTM Ce Kao BaXKHa MHAYCTPUjCKA CMPOBMHA
Yy CMHTE3M amoHMjaKa 3a BewTahka hybpusa, n
nogjeaHako, y HadTHO] WMHAYCTpUjU  3a
npesoherwe TewKUx ¢pakumnja y NaKkwe
dpakumje norogHe 3a aytombuncka ropmea. Y
HewTo Behoj KO/NMUMHM Hero 3a npeTxogHe
CBpPXe KOPUCTM Ce W Kao noaynpovsson, Y
cmecn ca CO, Kao cuMpoBMHa 3a pasnuute
XeMUjCKe CUHTe3e WAM Kao peayKLMOHO
cpeactso  y  metanypruju. Y 6AMCKOj
6yayhHOCTM niaHWpa ce BULIECTPYKWU MopacT
npoussogre BOAHMKA Ha €KOJIOLIKMN
NpUXBaT/bMB HauMH, Ha 6asn  eHepruje
06HOB/BMBUX M3BOPA, KAaO M BULLECTPYKM pacT
NOTPOLWHE KAao eHepreHTa 3a MOroH JIaKuX u
TEWKNX BO3Wa, rpejarbe aomahuHcTasa, M
cTabunusaumjy eHepreTcKMx LeHTpana Koje
KopuCcTe eHeprujy o6HOB/BUBKX U3BOPA.

MNpounssogta BoAoHMKA. CKOpO caB BOAOHWMK
[aHac ce Npou3BOAM peakLunjom BodeHe nape
W npupogHor raca, ¢pakumja HadTe wan
yr/beHuKa. Taj npouec je eKONOWKW Bp/o
HenorogaH, jep Boau 3Ha4vajHoj emucujmu CO,.
[1] AKo je nonasHa CMPOBMHA METAH, OH Ce Yy
cmecu ca BOAEHOM Mapom Moj, NPUTUCKOM Of,
3-25 bapa y npucycTay HUKNeHor
KaTanmsaTtopa, Ha 700 °C go 1000 °C npetBapa
y CMecy BOJOHWMKa W YI/beH MOHOKcuaa (ca
ManoM KOJIMYMHOM YI/beH-AMOKCMAQ), Koja je
nosHaTa nog, HasuMBOM BoAeHM rac (“syngas”).
Ta peakuunja je eHOoTepMHa. Y HacTaBKy

Hydrogen is one of the most abundant
elements in nature (0.14 mass percent in the
Earth's crust), but it is not free but bound
mostly in the form of water, and, to obtain it
in its pure state, it is necessary to invest
energy. So far, the energy of fossil fuels has
been used almost exclusively for that, so this
process is very environmentally problematic.
For decades, it has been used as an
important industrial raw material in the
synthesis of ammonia for fertilizers and,
equally, in the oil industry, converting heavy
fractions into lighter fractions suitable for
automotive fuels. It is used in a slightly larger
amount than for the aforementioned
purposes as a semi-finished product, in a
mixture with CO, as a raw material for
various chemical syntheses or as a reducing
agent in metallurgy. In the near future, it is
planned to multiply the production of
sergeants in an environmentally friendly way,
based on renewable energy, as well as
considerable growth of consumption as an
energy source for light and heavy vehicles,
household heating, and stabilization of
power plants using renewable energy.

Hydrogen production. Today, almost all
hydrogen is produced by the reaction of
water vapor and natural gas, oil or carbon
fractions. This process is environmentally
very unfavorable, as it leads to significant CO,
emissions. [1] If the starting material is
methane, it is converted into a mixture of
hydrogen and carbon monoxide (with a small
amount of carbon dioxide) in a mixture of
water vapor under a pressure of 3-25 bar in
the presence of a nickel catalyst at 700 ° C to
1000 ° C. is known as water gas (“syngas”).
This reaction is endothermic. In the



npoueca, BogeHa napa Ha 360 °C, y npucycTay
oKcnaa reokda Kao KaTaausaTtopa,
ersoTepMHOM peakumjom npeTsapa Yr/beH
MOHOKCUA, Y YI/beH ANOKCUA,

CHs + H,0 = CO + 3H;
CO +H,0=CO; +H;

(AH +206 kJ/mol)
(AH - 41 kJ/mol)

AKO je nosia3Ha CMpOBUHA yrasb, Nopes BoaeHe
nape HeonxoAHO je NPUCYCTBO U KUCEOHWUKa U3
BasAyxa. Peakuuja Teye nNpM  BUCOKO]
TemnepaTypwu, no jesHaynHama:

3C+0;+H,0 =3CO +H,
CO +H,0 = CO; + H,

N3 ¢uHanHe cmeca v3aBaja ce YMCT BOAOHMK
oagajatbem CO; KOHAEH3aunjom nNoj BUCOKMM
NPUTUCKOM UM CHUXKaBaktbeM Temneparype.

OKo 76% uucTor BOAOHMKa ce p[obuja wm3
meTaHa a 23 % ce pgobuja u3 racudukayuje
yr/ba. W3paxeHo y npoueHTMma rnobanHe
npou3BoAre, OKO 6% YyKynHe npou3BogHe
npupogHor raca W oOKo 2 %  yKynHe
Nnpou3BoAHE Yr/ba, TPOLWeE Ce HAa NPOU3BOAHY

BOAOHUKA.  [lpou3Boara  BOAOHMKA  Ha
ONUCAaHW HauuMH Kopuwherem  POCUAHMX
peakTaHaTa Cnmaja Yy eKONOWKM npobne-

MaTU4yHe TexHosoruje. Haume no 3akoHuma
CTeXMoMeTpuje — Ha CBaKy TOHY BOAOHWKA
npo3sefeHor ynotpebom GpocuaHmUx cMpoBmUHa
cTBapa ce Hajmare 11 ToHa CO,. [lpema
npouexu International Energy Agency (IEA), y
2019. ce oBum nytem ocnoboguno vy
atmocdepy 830 muamoHa ToHa CO,.

M3BecHa, MHOro Marba KOAMYMHA BOJOHMKA
nobuja  ce  Kao  cnopegaH  MpousBof
€N1eKTPOSIUTUYKMUX UHAYCTPUJCKUX CUHTE3a, Ha
npumep Kog npoussoame xaopa. Taj BOGOHUK
je Bpno uuct, obuyHo ce Komnpumyje y
YyennyHe Boue, U MoXKe Ja ce KOpUCTU 33 pag,
ropusHux henuja, Mpema |EA, Tokom 2020.
€/1eKTPOIMMYKMM NyTeM je fobujeHo camo nap

npoueHaTta oA, YKYNHO npousseneHor
BOAOHMKa.
Kako ce paHac KOPUCTU BOAOHUK Yy

UHAYCTPUjU. BOoOOHUK je BaxKHA UHAYCTPUjcKa
CUPOBUHA. Oko nonosuHe roguilrbe
Npoun3BOAHE YMNCTOT BOJOHUKA Ce KOPWUCTU 33
npas/berse a3oTHMX hybpuea nytem Xabeposor
npoueca (ysegeHor y npoussogry y BASF
1913), a Aapyra nonoBuMHa ce KOPWUCTM 3a
KPEKMHT npouec (npoHawao ra E.J. Hurdy 1937)

continuation of the process, water vapor at
360 ° C, in the presence of iron oxide as a
catalyst, converts carbon monoxide into
carbon dioxide by an exothermic reaction.

CHs + H,0 = CO + 3H;
CO+H0=CO;+H;

(AH +206 kJ/mol)
(AH - 41 kJ/mol)

If the starting material is coal, in addition to
water vapor, the presence of oxygen from
the air is necessary. The reaction proceeds at
high temperature, following the equations:

3C+0;+H,0=3CO +H;
CO +H0 = COz+H;

Pure hydrogen is separated from the final
mixture by separating CO, by condensation
under high pressure or lowering the
temperature.

About 76% of pure hydrogen is obtained
from methane and 23% from coal
gasification. Expressed as a percentage of
global production, about 6% of total natural
gas production and about 2% of total coal
production are spent on hydrogen
production. Hydrogen production in the
described way using fossil reactants is one of
the ecologically problematic technologies.
Namely, according to stoichiometry laws, for
every ton of hydrogen produced using fossil
raw materials, at least 11 tons of CO, are
generated. According to the International
Energy Agency (IEA), in 2019, 830 million tons
of CO; were released into the atmosphere.

A certain, much smaller amount of hydrogen
was obtained as a by-product of electrolytic
industrial syntheses, for example in the
production of chlorine. That hydrogen is very
pure, usually compressed into steel bottles,
and can be used to run fuel cells. However,
according to the IEA, during 2020, only a few
percent of the total hydrogen produced was
obtained electrically.

How hydrogen is used in industry today.
Hydrogen is an important industrial raw
material. About half of the annual production
of pure hydrogen is used to make nitrogen
fertilizers through the Haber process
(introduced in BASF 1913), and the other half
is used for the cracking process (found by E.J.
Hurdy 1937) which converts heavier crude oil
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Kojum ce Texe dpaKkumje cupose HadTe
npetsapajy y /fakwe d¢pakumje norogHe 3a
TeYHa ropuBa 33 MOTOpe ca YHyTpalWruUM
caropeBarbem. PacT cTaHOBHUWTBA U rnobanHe
npvepede  ycioB/baBa  pacT  MOTPOLUHE
BOAOHWKA, U TO rpadMuKM npuKasyje camnka 1 3a
nepwog 1975. no 2018.

Mpema IEA [1] yKynHa cBeTCKa roguiumba
NoTPOLLHa BOAOHUKA Y unctoj popmm y 2018.
M3HOCUMA je OKO 74 muanoHa ToHa (Mt), op,
yera 38,2 Mt y npepagu HadTe, a 31,5 Mt y
Nnpou3BOAHM aMOHMjaKa 3a a3oTHa hybusa.
MHTepmeanjepHn  NpoAykKT w3 npoueca
WMHAYCTpUjcKor aobujatba BOAOHWMKA, BOAEHM
rac, jeAHum marbum genom (og oko TpehuHe
YKYMHEe Npou3BOAHbEe) ce AUPEKTHO KOPUCTU Y
CneunoUYHUM  MHAYCTPUjCKUM  MpoLuecuma.
Tako je 2018. ocMm 4MCTOr BOAOHMKA, jOoLI OKO
42 Mt BOAOHMKa y cacTaBy BOAEHOr raca
OVPEKTHO uckopuwheHo, og Tora genom (12
Mt) y npousBoarM MeTaHona u aenom (4 Mt)
3a pobujarbe reoxha peaykumjom oOKcuaa
(DRI). 36upHa rnobanHa noTpolwra BOAOHUKA
(Kao umcTor raca 1 Kao cacTojka BogeHor raca) y
2018. nsHocuna je 116 munmnoHa ToHa. [1]
Kopuwhere BogoOHUKa Y eHepreTUuM gaHac u
npeasubhare 3a 6aucky 6yayhHocrt. Jow og
npee HadTHe Kpuse 1973. Tpajy nojayvaHu
Hanopu efneKkTpoxemuyapa A3  MpoHaajy
anTepHaTUBHE M3BOpE eHepruje 3a 3ameHy
HadTe y moroHy aytomobuna. Og 1990. Taj
Hanop je AOAATHO NOjayaH jaCHMM Ha3HaKama
03 je BenuKa noTpowra ¢GoCUHOX ropuea
Y3pPOK KJAMMATCKUM MPOMEHama OnacHUMm Mo
OMCTaHaK XmBoTa Ha 3emsbu. Op 2010. Ha
HuBoy OYH nojayaHo ce paau Ha nocreneHom
CMatbetby [0 MNOTNYHOr YKUAAka MNOTPOLWHEe
bocMHMX  ropMBa M +HbMXOBE  3amMeHe
06HOB/LMBMM WM3BOPUMA eHepruje (yrnaBHOM
CyHUa 1 BeTpa).

Tparare 3a HOBUM XEMUCjKMM M3BOPMMA ULLIO
je reHepanHo y pABa npaBLa: Ka pas3Bojy
BOAOHUYHO-KUCEOHUYHNX ropuBHUX henunja m
Ka pa3Bojy 6aTepuja. Mepuog Tokom 80-TuX
6o je 3natHo poba  enekTpokaTanuse
BOAOHWYHE W KMCEOHWYHE peakuuje, Kaga je
MCMWUTMBAHA  3aBMCHOCT  KUHETUKE  OBMX
peakuuja oa, Kpuctanorpadcke opwujeHTauuje
KopucTehn meTanHe MOHOKpUCTane pasnnuute
Kpuctanorpadcke  opwujeHTauuje  [2]. Y
npakTMyHom cmucny, 1989. komepumjanuso-
BaHa je meTan xuapuaHa b6atepmja (MeH) Koja
je no nepdopmaHcama, a HapouuTo no

fractions into lighter fractions suitable for
liquid fuels for internal combustion engines.
The growth of the population and the global
economy is conditioned by the growth of
hydrogen consumption, and this is
graphically shown in Figure 1 for the period
1975 to 2018.

According to IEA [1], the total global annual
consumption of pure hydrogen in 2018 was
about 74 million tons (Mt), of which 38.2 Mt
in oil refining and 31.5 Mt in ammonia
production for nitrogen fertilizers. An
intermediate product from the process of
industrial production of hydrogen, water gas,
in a small part (of about a third of the total
production), is directly used in specific
industrial processes. Thus, in 2018, in
addition to pure hydrogen, about 42 Mt of
hydrogen in the composition of water gas
was directly used, of which partly (12 Mt) in
methanol production and partly (4 Mt) for
iron production by oxide reduction (DRI). The
total global consumption of hydrogen (as a
pure gas and as a component of water gas) in
2018 amounted to 116 million tons. [1]

Using hydrogen in energetic today and
predicting for the near future. Ever since the
first oil crisis in 1973, electrochemists have
intensified their efforts to find alternative
energy sources to replace oil in car
propulsion. Since 1990, this effort has been
further strengthened by clear indications that
high fossil fuel consumption is the cause of
climate change threatening the survival of
the earth. Since 2010, the UN has been
working hard to gradually reduce the
consumption of fossil fuels and replace them
with renewable energy sources (mainly solar
and wind).

The search for new chemical sources
generally went in two directions: towards the
development of hydrogen-oxygen fuel cells
and towards the development of batteries.
The period during the 80 's was the golden
age of electrocatalysis of hydrogen and
oxygen reactions, when the dependence of
the kinetics of these reactions on
crystallographic orientation using metal
single-crystals of different crystallographic
orientations was investigated [2]. In practical
terms, in 1989 a metal hydride battery (MeH)
was commercialized, which competed with
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EKOJIOWKMUM KPUTEPUjYMUMA, Y BEINKOj Mmepu
KoHKypucana Ni/Cd 6atepuju [3]. Heayro
3atum, 1990, npoHaheHa je Li-joHcKa baTepuja
[4] Koja je 3axBasbyjyhn 3HATHOM CKOKY ryCTMHE
eHeprvje, noctana AOMUHAHTHA HA TPXKMULITY
Xemujcknx ussopa ctpyje. Og 2010. Kaga,
noTakHyta Hanopuma OYH w1 y3 3HaTHY
bOUHAHCKMjCKY NOAPLIKY pa3sBUjeHUX 3emasba,
Kpehe MacoBHAa MPOU3BOAHbA ENEKTPUYHUX
aytomobwuna, ropusHe henunje cy ce nokasane
Ka0 Marbe KOHKYpeTHe 3a KomMepuujasHo
Kopuwhere, na je Ta ynora npunana
6aTtepujama. KonmumHa eHepruje yrpahene vy Li-
joH batepuje 2020. roguHe je u3Hocuna 125
GWh, a npoueryje ce ae he msHocutn 390
GWh y 2030 [5], a wbuxoBa WwMpoKa ynoTtpeba
6asnpa ce Ha BMCOKOj AOCTUTHYTOj NPAKTUYHO]
ryctuHu edepruje og npeko 200 Wh/kg (y
nopehery ca ~35 Wh/kg caBpemeHunx 010BHMX
aKkymysatopa).

Mehytum, passoj ropmsHux henunja ynpkoc
NPVMBPEMEHOM  330CTAaTKy  KOHKYPEHTHOCTH,
HWje ce 3ayCTaBMO MU MHOrM Npobaemu BesaHu
33 MACOBHY MpPaKTUYHY NPUMeEHY (BMCOKa LeHa
KaTannM3aTopa, HU3aK cTeneH uckopuwhera u
OrpaHUYEH BeK Tpajatba KaTa/iusatopa) cy Ao
baHac peweHn [6]. Mma npoussohaua
aytomobuna Koju ce 6asupajy 6Haw Ha
ynotpebu BogoHuKa: Hyundai u Toyota cy
OOMUMHAHTHU WUrpayuy Ha TPXMUWTY TpajCcKux
eIeKTPUYHUX BO3M/Ia ca FOPUBHUM Lennjama.
OBe [Be KomNaHuje ynaxKy y yHanpehewe
TEXHO/IOTUje TOPUBHUX Liennja 1 KopucTe ux y
CBOjUM MOAENNMA XMBPUAHMX BO3UAA.

Opyrv npumep, ropusHe henvje KomnaHwuje
Hyzon Motors ca ceaguwTem y HbyjopKy, Koja
npovssogM Tewka BO3WAa, MocTurne cy
PEeKOpAHY BPLUHY MYCTMHY cHare usHag 6 kW/L.
tbuxoBa HajHOBMja reHepauuja TOPUBHUX
henwuja ca NPOTOHCKKN M3MerMBOM MeMBpaHOM
(PEM) umMa 134pK/bUBOCT U AYr PajgHU BEK Y
CKNagy ca 3axTeBMMa 33 TellKa KomepuwujanHa
BO3WMA WM MmawuHe. [pema [AOCTYNHUM
nogauuma sehuHa mogyna ropusux henuja
KOju ce A0 caia KopucTe y TelWKUM BO3WUIMMA
MCNOpYyYYjy KOHTUHYMpaHy cHary oko 100
kunosata (kW). Oo 2025, Hyzon nnaHupa
roavwmy npoussogry og 40.000 Bo3mna ca
NnoroHom Ha ropueHe henwvje [7].

MaKko je WHCTanucaH eHepreTckuM KanauuTet
ropueHux henuja jow yBek 3aHemap/bMBO Manu
Yy OAHOCY Ha rnobasHu eHepreTckM KanauurteT
Li-joH 6aTepwuja, BOGOHUYHOj eHepreTUum ce, y

Ni/Cd batteries in terms of performance, and
especially in terms of environmental criteria
[3]. Shortly afterwards, in 1990, a Li-ion
battery was found [4], which, thanks to a
significant jump in energy density, became
dominant in the market for chemical power
sources. Since 2010, when, motivated by the
efforts of the United Nations and with
significant financial support from developed
countries, mass production of electric cars
began, fuel cells have proven to be less
competitive for commercial use, so the role
has belonged to batteries. The amount of
energy installed in Li-ion batteries in 2020
was 125 GWh and is estimated to be 390
GWh in 2030 [5], and their widespread use is
based on the high achieved practical energy
density of over 200 Wh/kg (compared with
~35 Wh/kg of modern lead-acid batteries).

However, the development of fuel cells,

despite the temporary lag in
competitiveness, has not stopped, and many
problems related to mass practical

application (high catalyst cost, low efficiency
and limited catalyst life) have been solved to
date [6]. There are manufacturers of cars
that are based on the use of hydrogen:
Hyundai and Toyota are the dominant
players in the market of urban electric
vehicles with fuel cells. The two companies
are investing in improving fuel cell
technology and using them in their hybrid
vehicle models.

Another example is New York-based heavy-
duty fuel cell Hyzon Motors, which has
achieved record peak power densities above
6 kW / L. Their latest generation of proton-
exchange membrane (PEM) fuel cells has
durability and a long service life in line with
the requirements for heavy commercial
vehicles and machinery. According to
available data, most fuel cell modules used so
far in heavy vehicles deliver continuous
power of about 100 kilowatts (kW). By 2025,
Hyzon plans the annual production of 40,000
fuel cell vehicles.

Although the installed energy capacity of fuel
cells is still negligibly small compared to the
global energy capacity of Li-ion batteries,
hydrogen energy is planned to grow in
connection with plans to decarbonize the
industry, so hydrogen consumption could
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Be3n naaHoBa 33 AekapboHusaumjy
WMHAOycTpuje, nnaHupa pactyha ynora, na 6wm
NoTpOLIHa BOAOHUKA Y OQHOCY Ha AaHallkbUX
~115 MWAMOHA TOHA roAauvWke, Morna Aaa
nopacte Ha wu3Hag 500 muavoHa ToOHa
rogmwwe y  2050. Camka 2 npukasyje
NAaHUpaHU pacT NoTpOolHe BOAOHMKA [0
2050. no pasHUM ceKTopuma NoTpoLLHe.

Y Tom nnaHy, NnpousBoAra BOAOHWKA nomohy
docunHux ropusa Tpeba pa ce peaykyje y
OfHOCY Ha JaHaWwrW HUBO (#OHa cuBa
noBpWWHA), ann ce nAaHuMpa 3HaTaH pacT
npoussogre Ha 6asu enekTpuyHe eHepruje
06HOB/LMBMX M3BOPA (CyHUa, BETpa), gakne 6e3
emucuje CO,. Y cBpxe enekTpoAUTUYKe
npounsBoAte HEONXOAHa je NpMMeHa aHOLHUX
M KaTOAHWX KaTannsatopa, KakBu ce Kopucte u
y ropuBHum henujama, u ctora je pag Ha
HMXOBOM ycaBpLiaBaky KOHTUHYMpPaH
npeameT MHTEpecoBakba enNeKkTpoxemuyapa.
MoTpowra BOAOHWKA Yy 6auckoj byayhHocTu
(chmka 2) ce nnaHMpa y CeKkTopy rpejatkba
[omahuHCTaBa, Kao WHAOYCTPUjCKe CUPOBUHE,
3a gobujarbe eHepruje 3a notTpebe MHAYCTpUje,
33 TPaHCMOPT, 3a MarauuoHUpare BWLIKOBA
eHeprvje 0b6HOB/LMBMX U3BOpPa Yy Nepuoanma
NPEeBUCOKe Npou3BoAHE (04 Tora, y 3aiHa ABa
CEeKTopa - KOMOMHALMjomM enekTponusepa u
ropusHux henuja).
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grow to over 500 million tons per year in
2050, compared to current ~ 115 million tons
per year. Figure 2 shows the planned growth
of hydrogen consumption by 2050 by various
consumption sectors.

In this plan, the production of hydrogen using
fossil fuels should be reduced compared to
today's level (lower gray area), but a
significant increase in production based on
electricity from renewable sources (sun,
wind) is planned, i.e., without CO; emissions.
For the purposes of electrolytic production, it
is necessary to use anode and cathodic
catalysts, such as those used in fuel cells, and
therefore the work on their improvement is a
continuous  subject of interest of
electrochemists. Hydrogen consumption in
the near future (Figure 2) is planned in the
household heating sector, as industrial raw
materials, for energy for industry, for
transport, for storage of surplus energy from
renewable  sources in periods  of
overproduction, of which in the last two
sectors - a combination of electrolyzers and
fuel cells).

Cnuka 1. CBeTCKa NOTPOLLHA YUCTOr BOAOHMKA Y
MUAMOHMMA TOoHa oz, 1975. go 2018. CeeTnonnaso-
noTpowma y padpmHaumju Hadpte, TamHONNABO-
NoTPOLUHA 33 CUHTE3Y aMOHMjaKa. (OBaj anjarpam
He obyxBaTa BOLOHMK KOju Ce y cacTaBy BOAEHOT
raca oggaja 3a apyre uHaycTpujcke npouece) [1].

Figure 1. World consumption of pure hydrogen in
millions of tons from 1975 to 2018. Light blue -
consumption in oil refining, dark blue -
consumption for ammonia synthesis. (This diagram
does not include hydrogen which is separated in
the composition of water gas for other industrial
processes) [1].

Cnuka 2. MnaHnpaHa NoTpoLLHa BOAOHMKA N0
ceKkTopuma y nepuogy 2020-2050. [8]

Figure 2. Planned hydrogen consumption by
sectors in the period 2020-2050. [8]
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[aHac ce BOOOHMK MOXe f06UTK nyTem BuLe
TEXHOJ/IOWKMNX NOCTyNaKa, eNIeKTPpoaIn3om Boae,
racupurKaumjom unm pedopmMUHTOM
6uoropmBa, NPUMEHOM MWKPOOPraHW3ama,
bOTO-eNeKTPOXEeMUJCKMM  pasnarakem BoJe.
MehyTtum, eneKkTposnsa Boge je
Haj3aCTyM/bEHUjM HAYWMH, NOWTO Ce YuUCT
BOAOHUK  MOXe  A0buUTM Yy  BENUKUM
KOZIMYMHAMA Kopuwherwem  enekTpuuHe
eHepruje nobunjeHe n3 o6HOB/LUBUX U3BOPA.

Enektponusa Bope. [laHac nocTtoje 4YeTnpwm
TEXHO/IOTMje 33 enekTpoaunsy soge: ANKanHu
eNeKTpon3epu; Enektponunsatopu ca
NoNMMep-eNeKkTPONNTHOM membpaHom;
Enektponusepn ca UBPCTUM OKCMAOM W
Enektponunsepu ca membpaHama ca aHjoOHCKOM
pasmeHoMm [1], uMju npuHUMNK paga he 6UTH
pasmaTtpaHu. Of  HabpojaHux,  ankanHu
efneKkTponnsepu cy mehy Haj3acTyn/beHunjuma,
[OK OCTasa TpU Hanase Ae/MMUYHY NPUMEHY
annM cy jow yeBek y R&D ¢a3un. Teopwujcka
eHepruja, 3a gobujarbe 1 kg H, je 33 kWh, ook
cy peanHe, y3sumajyhm ueo  cuctem
enekTposmsepa peaa 40-100 kWh no 1 kg H,

ca cTpyjom om 26,8 kA. Y cmucay
nobosbliaBarba  KapaKTepUCTMKA  CUCTEMa,
HajbuTHMje je nosehare cTeneHa

epuKacHocTM c 063MpOM Ha MOpacT ueHe
efleKTPUYHe eHepruje, WTO ce moxe noctuhu
pasBojeM HOBWX KaTa/JIUTUYKUX MaTepujana,
CMarberem  OTMOPHOCTM  cemapatopa W
membpaHa.

Facudpukaumja 6uomace. lacudukaumja je
TEPMOXeMMjCKa KOHBep3Mnja YBPCTOr ropuBa
(bomace) y npous3BOgHM rac y npucyctasy
cneunduyHoOr areHca 3a racupukaumjy Ha
TemnepaTypama o4, 700-1000 °C.
lacndukaumja HyAM BeMKM  noTeHumjan
moryhux npuMmMeHa NpPOM3BOAHOr raca MU
nocToje pasnununTe TeXHoNornje racudpukaumje
[ocTynHe 3a 6uomacy, a Kao MpoAyKTu
peakumje ce Aobuja CMHTETETCKM rac (CuH rac)
KOju ce cacToju y 3aBUCHOCTM O, TeXHoormje
yrnaBHOM o4, BOAOHWKa (35-75%), meTaHa

Today, hydrogen can be obtained through
several technological processes, electrolysis
of water, gasification or reforming of biofuels,
the use of microorganisms, and the photo-
electrochemical decomposition of water.
However, is the most
common method, as pure hydrogen can be
obtained in large quantities using electricity
obtained from renewable sources.
Electrolysis of water. Today there are four
technologies for water electrolysis: Alkaline
electrolyzers; Polymer-electrolyte membrane
electrolyzers; Electrolyzers with solid oxide
and Electrolyzers with membranes with anion
exchange [1], which principles
considered. Of these, alkaline electrolyzers
are among the most common, while the other
three are partially used but are still in the
R&D phase. Theoretical energy for obtaining 1
kg of H, is 33 kWh, while they are realistic,
taking the entire system of electrolyzers of
the order of 40-100 kWh per 1 kg of H, with a
current of 26.8 kA. In terms of improving the
characteristics of the system,
important thing is to increase the degree of
efficiency given the increase in electricity
prices, which can be achieved by developing
new catalytic materials and reducing the
resistance of separators and membranes.
Biomass gasification. Gasification is the
thermochemical conversion of solid fuel
(biomass) into production gas in the presence
of a specific gasification agent at
temperatures of 700-1000 °C. Gasification
offers great potential for possible applications
of production gas and there are various
gasification  technologies
biomass, and as reaction products, a synthetic
gas is obtained which consists depending on
the technology mainly of hydrogen (35-75%),

water electrolysis

will  be

the most

available  for
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(~10%), yrbeH-moHoKcuaa (8-30%), yr/beH-
[uoKemaa (6-25%) n KatpaHa [2-6]. CBeyKkynHoO
ce MOXKe KOHCTAaToBaTH fia 38 UMNeMeHTaLujy
racupukaumje  6uomace 3a  pobujarbe
BOAOHWKA, MNPOM3BOAM je  HeonxoaHa
OprKaBHa nogplika u cybseHumje. HapouuTto y
npeux 15 roaMHa pas3Boj Ka TPKULLHOj
3penocT U CTabunHom pagy U NpPou3BOAHM,
NOAUTUYKA NOAPLIKA je HeonxoAHa. KibyyHu
M3a30BM 33 MNPOM3BOAHY BOAOHUKA MyTem
racuduKkaumje Buomace YK/bydyjy CMarberbe
TPOWKOBA  MOBE3aHUX  Ca  KanuTa/HOM
onpemMom W cupoBMHama Buomace. MpoayKktu
racuduKkaumje, ce nopes Aobujarba BOAOHMKA
MOFy HaKOH npeynwhaBatba KOPUCTUTU U Y
KOreHepauuju  enekTpuyHe U TOMIOTHe
eHeprvje y TrOpPMBHMM CMnperosMma ca ca
YBPCTUM OKCUIOM.

Y pagy he Takohe 6uTM paTa npoueHa
noTeHymjana Aobujara 61M0BOAOHMKA
enekTponmsom y Penybauum Cpbuju w3
06HOB/LMBUX N3BOPA EHEpruje U Kao 1 Herosa
NPUMEHA Y ENEeKTPOMOBUIMMA ca TOPUBHUM
raBAHCKMM  CMperoBMma W  CyncTutyuuju
npupoaHor raca [9].
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electric and thermal energy in fuel couplings
with solid oxide after purification.

The paper will also assess the potential of
obtaining biohydrogen by electrolysis in the
Republic of Serbia from renewable energy
sources and its application in electric fuel cells
vehicles and natural gas substitution [9].
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Hucko-yr/beHnuHa cnoseHauka ekoHomuja: Og ucTpaXkusarba 40 Manmx

BOAOHUYHUX A0/IMHA
Bnax JInkosap, MNetpa MNponc

Low carbon Slovenian economy: From research to small hydrogen valleys

BlaZ Likozar, Petra Props

OpywTBeHn cnopasym y pelsaBaky WM3a308Ba
CHabaeBarba eHeprujom, heHor cKaaauwTerba u
eHepreTcKe He3aBUCHOCTU Y LIMPEM EBPOMNCKOM
KOHTEKCTY je o4, Be/IMKOT 3Ha4yaja 3a OAPXKUBY U
UMKAMYHY 6yayhHocT. EBponcka yHuja (EY)
ycBojuna je Mapucku cnopasym u obasesana ce
y EBponckom 3eneHom cnopasymy pa he
noctuhu  KAMMATCKy HeyTpanHoct go 2050.
nytem npasegHe TpaH3uuumje. OBa TpaH3uuwmja
noapasymeBa AekapboHu3auumjy cBUX CeKTopa
npvepeae, YK/bydyjyhu eHepreTcku cektop wu
CEKTOpe Koje je Tewko JekapboHwucatu.
Mpenasak Ha uyncTe eHepreTcke cucTeme mopa
na obesbean curypHo cHabaesarbe eHeprujom
no NpUCTynayHo] ueHn. BehuHa 3emasmwa y EY
BOOOHWK BMOM Kao [eo pewera 3a
AekapboHU3aLmMjy TpaHCNopTa U UHAYCTPUJCKUX
npoueca, nocebHo y obnactMma cknaguTerba
eHepruje, cHabaeBama 7 nosehaHor
Kopuwherba eHepruje 3 ob6HOB/LUBUX U3BOPA.
[naBHM M3a30BM ca Kojuma ce TPEHYTHO
cyoyaBamo y 061acT BOAOHWMKA HUCY CamMo Y
obnactm ucTpaxmparba, Beh UM Ha HuBOY
NoNUTUKE, Yy WHTEerpaumju TexHonoruja vy
npvepeay U MHAYCTpUjcKe npouece ny obnactm
noructuke. OBM M3330BU CYy YHUBEP3aZHWU MU
npesasunale HaumoHanHe oksupe. Crora je
BAa)KHO 43 K/bY4YHM aKTepu Tpaxe pjellera Ha
mehypernoHanHoOM HUBOY M Aa capahyjy usmehy
CeKTopa. JegHO of NpeanoXeHux pelwera je
cTBaparbe (Mannx) BOAOHUYHUX AONMHA.

TunuuHe KapaKTepucTuKke BOAOHUYHUX
AonunHa. ,[lonnHa BOAOHMKA” je BOAOHMYHM
eKocucTem Koju obyxaTa crneunduyHo w
orpaHuyeHo (reorpadcko) nogpyyje, Koje moxke
ba byae Ha HUBOY of rpafa, pPernMoHa, ocTpsa
WU UHAYCTPUCKOr KnacTepa cee o oapeheHor

HauuMoHanHOr WAM  MmehyHapogHor pernoHa.
BuwecTpyke npumeHe BOZOHMKA cy
KOMBWHOBaHe Yy  JIOKaJHO  WMHTerpucaHu

€KOCUCTEM KOjM MOKPMBA LLeO /aHaL, BpeaHOCTH
BOAOHMKA: NpOU3BOAHY, CKNaguwTerse,
ANCTPUBYLMjY U Kpajiby ynoTpeby y pasimuntum
KpajibMM CEKTOpMMa Kao WTO Cy MHAYCTpWja,
MOBUIHOCT U eHepruja, rae nocneare Ase fene

Social consensus in addressing the challenge
of energy supply, its storage and energy

independence in the wider European
context is of great importance for a
sustainable and circular future. The

European Union (EU) has adopted the Paris
Agreement and committed in the European
Green Agreement to achieve climate
neutrality by 2050 through a fair transition.
This transition means decarbonizing all
sectors of the economy, including the
energy sector and sectors that are difficult
to decarbonize. The transition to clean
energy systems must ensure a secure
energy supply at an affordable price.
Hydrogen is seen by most countries in the
EU as part of the solution for decarbonizing
transport and  industrial  processes,
especially in the areas of energy storage,
supply and increased use of energy from
renewable sources. The main challenges we
currently face in the field of hydrogen are
not only in the area of research, but also at
the policy level, in the integration of
technologies into the economy and
industrial processes, and in the area of
logistics. These challenges are universal and

go beyond the national framework.
Therefore, it is important that key
stakeholders seek solutions at the

interregional level and collaborate between
sectors. One of the proposed solutions is
the creation of (small) hydrogen valleys.
Common characteristics of a Hydrogen
Valleys

A "hydrogen valley" is a hydrogen
ecosystem that encompasses a specific
limited (geographic) area, which can range
from a city, region, island, or industry
cluster to a specific national or international
region. Multiple hydrogen applications are
combined into a locally integrated
ecosystem that covers the entire hydrogen
value chain: production, storage,
distribution, and end use in different end



33jeAHNYKY  MHOPACTPYKTypy  CcHabpeBatba
BogoHukom. (Weichenhain, 2021). Ekocuctem
BOAOHWKA je YUCT M3BOP eHepruje, Tpowwu
3HAYajHy KOJMYMHY BOAOHMKA M nobosbluasa
pernoHaHN eKOHOMCKM U UHAYCTPUjCKU Pa3Boj
Kao M oTBapakbe HOBWX pafHux mecTa. Mpema
3ajegHuukom npeaysehy 3a ropuse henvje u
BOAOHUK (eng. Fuel Cells and Hydrogen Joint
Undertaking, FCH 2 JU), nocTtoje Tpu TUNUYHe
MaHudecTaumje BOAOHUYHUX AONNHA: NIOKASHMU,
Mann MPOjEeKTU U NpPOjeKTU OPWUjeHTMCAHU Ha
MOBUNHOCT; NIOKaNHe, cpepte U UHAYCTPUjCKO
OopujeHTUCaHe BapujaHTe; U NPOJeKTU BEAUKUX
pasmepa KOju Cy M3BO3HO OpUjeHTUCaHMW.
Mnatdpopma BOAOHMKOBUX AOJIMHA MOKasyje Aa
noctoju 21 gonvHa BOoAOHMKa y EBponu 1 jow
nse y Benukoj bputanuju. Buwe op 85%
BOAOHWYHUX AOJIMHA je jol YBEK Yy Pas/iMyntum
¢dasama passoja, AOK je Mmamwe on 15% vy
NOTNYHOCTU MMNAemeHTUpaHo. OBKU NpOjeKTy,
Kaga Oyay caspenv, uMMajy 33 Uuwb Aa
dopmupajy mana yBopuLTa BOAOHMKA Koja 6m
MOrna fa Mnoc/y)Ke Kao OACKOYHA Jacka Ka
BOAOHWYHOj €KOHOMMUjU Wwupom EY un passojy
HoBUMX UHAycTpuja (Weichenhain, 2021).

Pa3Boj BOAOHMYHMX O0/IMHA BaXKaH je 3a Kavmy,
E€KOHOMMWjy 1 eHepreTcky 6e36eaHOCT, Kao U 3a
pa3Boj TEXHONOMMja 3aCHOBAHUX Ha BOLOHWUKY U
FbMXOB Pa3Boj Yy OAOPKMB [eo 3eneHuje
ekoHomuje. OKBUpP Ce MOKe MOCTaBUTM Ha
€BPOMNCKOM HWBOY, ain UMMNJIEMeHTalmja je Ha
pernoHasnHoM Husoy, dopmMmMparem HOBUX
Knactepa W WHMUMjaTMBA W pellaBakbem
pernoHasHMX U3a3oBa 33 NOCTU3aHE CEKTOPCKe
nHTerpaumje (Biebuyck, 2020).

TpeHyTHe npenpeke pa3Bojy BOAOHUYHMUX
AonuHa. NMpema FCH 2 JU (Weichenhain, 2021),
rnaBHe npenpeke Npu ycnocTas/batby L0/MHE
BOAOHMKA cy ybeas/bMB KOHLENT MpojekTa Koju
NMOKpMBa LEO JflaHal, BPeAHOCTM BOAOHMKA,
KOPUCTU JIOKanHa cpeactBa (HNp. obunHe
obHOB/LMBE W3BOpe eHepruje) u 6asu ce
NoKanHUM noTtpebama (HNp. AekapboHusauuja
NoKanHe MHAYCTPUjCKe npounssoaH-e).
PasBujarbe oapKMBOr MOCOBHOI MogZena Koju
nosesyje KOHKYpPEHTHY NpOM3BOAtbY 4MCTOr
BOAOHMKA 33 KOjU Cy KynuM CNpemMHu da nnate,
W NPUKyN/bakbe CpeacTaBa (jaBHUX M NPUBATHMX)
(noTeHumjanHo 13 BMwWe  M3BOpa) 3a
nonykwasBarbe MNPeocTanux  HepgocTaTaka vy
dUHaHCUpatby OCTaje KPUTUMYHO. TexHOoOoLWKa
CNPeMHOCT 1 Aasbe npeacTas/ba bapujepy, Tako
ha je BWCOK cTeneH ¢dnekcMbuaHoctn 1

sectors such as industry, mobility, and
energy, where these end applications share
a common hydrogen supply infrastructure
(Weichenhain, 2021). The hydrogen
ecosystem is a clean energy source,
consumes a significant amount of hydrogen,
and enhances regional economic and
industrial development and job creation.
According to the Fuel Cells and Hydrogen
Joint Undertaking (FCH 2 JU), there are
three typical manifestations of hydrogen
valleys: local, small-scale, and mobility-
oriented projects; local, medium-scale, and
industry-oriented variants; and large-scale
and export-oriented projects. The Hydrogen
Valleys Platform shows that there are 21
hydrogen valleys in Europe and two more in
the UK. More than 85% of Hydrogen Valleys
are still in various stages of development,
while less than 15% have been fully
implemented. These projects, once mature,
aim to form small hydrogen hubs that could
serve as stepping stones towards an EU-
wide hydrogen economy and the
development of new industries
(Weichenhain, 2021).

The development of hydrogen valleys is
important for the climate, the economy,
and energy security, as well as for scaling up
hydrogen-based  technology and its
development into a viable part of a greener
economy. The framework can be set at the
European level, but implementation is at
the regional level, forming new clusters and
initiatives and solving regional challenges to
achieve sectoral integration (Biebuyck,
2020).

Current obstacles to the development of
Hydrogen Valleys

According to FCH 2 JU (Weichenhain, 2021),
the main barriers to establishing a Hydrogen
Valley are a compelling project concept that
covers the entire hydrogen value chain,
leverages local assets (e.g., abundant
renewable energy sources), and addresses
local needs (e.g., decarbonisation of local
industrial production). Developing a viable
business model that links competitive clean
hydrogen  production with  customer
willingness to pay, and raising funding
(public and private) (potentially from
multiple sources) to fill remaining funding
gaps remain critical. Technology readiness is
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edpuKacHOr paga M opgprKaBarba 04, KpUTMUHE
Ba)KHOCTWU. PerynatopHu 3axTeBu 3a 3e/eHu
BOAOHWK, [03BO/Me W CTaHAapAusauuja cy
Takohe BakHa npenpeka. Oa 6u npesasuwan
OBy MpenpeKky, KpeaTtopu MOAUTUKE MOpajy
MMaTM jacHy Busnjy byayhe ekoHomuje
BOAOHWKA Y PErMOHY WAM 3eM/bU U CTBOPUTH
HEOMNXOAHO PEeryNaToOpHO OKPY)Kere 3a HEeHY

peanusaumjy. OBO yk/bydyje AeduHUcarbe
HaUMOHANHMX CcTpaTernja 3a BOAOHWUK Koje
obe3belyjy OKBMpP 3a pas3Boj BOAOHUYHE

LO0NWHe, MonyhaBaktbe NpasHUMHA y npouecnuma
M3gaBarba [03BOJIAa U [eN0Batbe KAao JIOKaNHU
dacunmtaTtopu  Kako 6u  ce  omoryhuno
ycnocTas/bake BOZOHUYHUX [0NnHa
(Weichenhain, 2021).

Mane BopgoHuuHe ponuHe. lpema FCH 2 JU
(Weichenhain, 2021), TpeHyTHO nocToje Tpwu
APXETMNCKe KOHCTPYKLMje NaHLa BPegHOCTU:

1) NlokanHo MHTErpucaHu, mann npomssohaum u
NoTPOLWAYnN BOLAOHNKA GOKYCUPAHM Ha NpUmeHe
Yy MOOWIHOCTM — MpPOjEKTU OBUYHO YK/bYy4yjy
JIOKa/HO 3acHOBaHe BOAOHMYHE [O/IMHE Koje
npoussBoge M Tpolwe BOAOHMK YHyTap pervoHa.
OBM MpPOjEKTU  YK/by4dyjy MHOre JiOKajHe
3auHTepecoBaHe cTpaHe. YecTo mMx BoAe jaBHO-
npuBaTHa NapTHEPCTBa WU PEernoHasHe B/acTU
M 4ecto Ccy MNpPUPOAHO eBOAyMpann U3
NPeTXoAHUX AEeMOHCTPALMOHUX MpojekaTa 3a
nojeaMHayvHe npumeHe. Ha oBaj HauMH ce rpaam
NIOKaNHa  BOAOHWYHA  WHOPACTPYKTypa MU
nosehaBa ApyWTBEHY NPUXBAT/bUBOCT.

2) JToKanHo UHTerpucaHu, cpestbun nponssohaum
M NOTPOWaAYM BOAOHWKA GOKYCMpaHM Ha
WMHAOYCTPUjCKE CMPOBUHE - BOAOHUK (nnaBu mam
3e/leHN) ce NpoM3BOAM M TPOLUM JIOKA/NHO Ca

dokycom Ha jegHor unam  Buwe  Behwux
noTpowaya, O6MYHO W3 MHAYCTpUje UAn
eHepreTckor  cektopa (Hnp. paduHepuje),

cTBapajyhn KPWUTUUYHY NOTpaMKkky 33 YUCTUM
BOJOHUKOM. Oso  omoryhasa NIOKaNHo
nosehakrse TPKULITA M eKCnNoaTalmja BOGOHMKA
y Behem 0bumy aekapboHu3aumjom MHAycTpuje
N eHepreTcKor ceKkTopa.

3) Benuka  npov3Bogra  BOAOHMKA M
mefyHapogHa M3BO3HA opujeHTauuja. [JonvHe
BOZOHUKA Be/IMKMX pa3mepa, rae ce jedTvH u
npeTeXHo 3eNeHu BOAOHUK NpousBoAn W
CKNAAMWTK 33 MehyHapoaHW TPaHCMOPT Ha
Be/IMKe yAa/beHOCTM 40 Kynaua Y MHOCTPaHCTBY,
MMajy 3a UW/b Aa npemocte reorpadcku jas
usmehy pervoHa ca NOBO/bHUM YC/NOBMMA 3a
NPOu3BOAHLY 3e/eHOr BOAOHMKA U Byayhux

still a barrier, so a high degree of flexibility
and efficient operations and maintenance
services are critical. Regulatory
requirements  for  green hydrogen,
permitting, and standardization are also an
important barrier. To overcome this hurdle,
policymakers must have a clear vision of a
region's or country's future hydrogen
economy and create the necessary
regulatory environment for its realization.
This includes defining national hydrogen
strategies that provide the framework for
hydrogen valley development, closing the
gaps in permitting processes, and acting as
local facilitators to enable the establishment
of hydrogen valleys (Weichenhain, 2021).
Small hydrogen valleys

According to FCH 2 JU (Weichenhain, 2021),
there are currently three archetypal value
chain constructs:

1) Locally integrated, small-scale producers
and consumers of hydrogen focused on
mobility applications - projects typically
involve locally based hydrogen valleys that
produce and consume hydrogen within a
region. These projects involve many local
stakeholders. They are often led by public-
private partnerships or regional authorities
and have often evolved organically from
previous demonstration projects for single
applications. This builds a local hydrogen
infrastructure and increases community
acceptance.

2) Locally integrated, medium-scale
producers and consumers of hydrogen
focused on industrial feedstocks - Hydrogen
(blue or green) is produced and consumed
locally with a focus on one or more larger
consumers, typically from industry or the
energy sector (e.g., refineries), creating
critical demand for clean hydrogen. This
allows for local scale-up of the market and
reaping the benefits of hydrogen at a larger
scale by decarbonizing industry and the
energy sector.

3) Large-scale hydrogen production and
international export orientation. Large-scale
hydrogen valleys, where low-cost and
predominantly green hydrogen is produced
and stored for long-distance international
transport to customers abroad, are
intended to bridge the geographic gap
between regions with favourable conditions
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rnobanHMX UeHTapa 3a NOTpaKkby BOAOHMKA
Koju ce Hanase apyrae. OBaj apxetmn nosehasa
YKYMHY reorpadcKy MOKPUBEHOCT BOAOHWUYHUM
npoussogMma W ycayrama AOK WCTOBPEMEHO
omoryhasa HajucnaaTMBmMjm noTteHunjan
BOZ,OHMKA.

Op wuvcTpaxkmBarba A0 Manux BOJOHUYHUX
AONUHA: CNoBEHauKe moryhHocTtu 3a
€KOHOMMjy Ca HUCKUM cafpiKajeM yr/beHuKa.
Hekonnko cnoBeHauykux pervoHa (3acaBcKa,
Lanewka) vMma WHAYCTPUjCKE CEKTOpe Koju
3aBuce o4 GOCUNHUX TOPMBA U UHTEH3UBHU CY
emuTepu racosa cTak/ieHe baluTe, a Npenasak Ha
YI/bEHUYHY HeyTPanHOCT npeAcTaB/ba M3a308.
Lunsm cnoseHaykor MHTerpucaHor HauuoHanHor
eHepreTcKOr M  KAMMATCKOr nnaHa  (eng.
Integrated National Energy and Climate Plan,
NEPN) je pa obe3bean npenasak Ha ApywWwTBO ca
HeyTpaNHUM  emMucujaMa  YI/bEHUKA  KPo3
CUTYpHO " KOHKYPEHTHO cHabpeBare
eHeprujom, Kako 6w ce nocTuran uUubEBU
OA,PKMBOT pa3Boja (eng. Sustainable
Development  Goals, @ SDGs)  cTBapatbem
NOBOJbHOT OKpPYKeHba 33 EKOHOMCKM pa3Boj U
CTBapatbe pagHUX MecTa, 3a nobosblatrbe
KBa/sMTeTa XmBoTa W nosehare eKonoLke
O/, rOBOPHOCTY, Kao " 3a npyare
NPUXBaT/bUBUX eHepreTcKmx ycnyra
CTaHOBHMWTBY M npuspegun. OBa TpaH3uuMja je
moryha camo Kpo3 MpuMeHy HOBUX W
MHOBATMBHUX TexHosorunja ca HUCKUM
cafaprkajem yrbeHuka. [MocTtojehn  cuctemm
Op¥aBHUX MexaHW3ama noAplike 3a pa3Boj U
WHoBauuje (eng. Research Development and
Innovation, RDI), uUeHTpU WU3BPCHOCTU ¥
CTpaTeWKO MapTHEPCTBO 3a WCTPaXKuBarbe W
WHoBauunje (eng. Strategic Research and
Innovation Partnership, SRIP) nomorau cy aa ce
passuje 6asa U3 Koje ce mory opabpatu
HajnepcneKkTMBHMja HUCKOYI/bEHUYHA pellera
3a uHayctpujy y CnoseHuju. MNoansarbe 0BMX
TEXHO/IOTMja Ha BUWKW HUBO pa3Boja 3axTeBa
oprosapajyhe passojHO NapTHEPCTBO KaKo 6u ce
030 MpuopuTeT 3e/IeHMM TexHo/Nornjama 3a
nojefuHayHe cekTope " dokycupano
buHaHcHparbe Ha OeMOoHCcTpaumje
MMNJAeMeHTaumMje MpojekTa Kako 6u  ce
€/IMMUHNCA0 PU3UK.

CnoBeHWja MMa  HEKOJIMKO  perMoHa ca
€HepreTckM WHTEH3MBHMM CEKTOpMMa Koju cy
norogHu 3a ¢dopmuparbe ekocuctema Koju 6u
omoryhno npenasak cekTopa Ha HeyTpasaHOCT
YI/beHWKa, NOCeBbHO Kpo3 [AeMOHCTpauuoHe

for green hydrogen production and future
global hydrogen demand centres located
elsewhere. This archetype increases the
overall geographic coverage of hydrogen
products and services while unlocking the
most cost-effective hydrogen potential.
From research to small hydrogen valleys:
Slovenian opportunities for a low-carbon
economy

Several Slovenian regions (Zasavska,
Saleska) have industrial sectors that depend
on fossil fuels and are intensive emitters of
greenhouse gasses, and the transition to
carbon neutrality is a challenge. The goal of
the Slovenian Integrated national energy
and climate plan (NEPN) is to ensure the
transition to a carbon-neutral society
through a secure and competitive energy
supply, to achieve the Sustainable
Development Goals (SDGs) by creating a
favourable environment for economic
development and high value-added job
creation, to improve the quality of life and
increase environmental responsibility, and
to provide acceptable energy services to the
population and the economy. This transition
is only possible through the deployment of
new and innovative low-carbon
technologies. The current systems of state
support mechanisms of Research
Development and Innovation (RDI), centers
of excellence and Strategic Research and
Innovation Partnership (SRIP) have helped
to develop a base from which the most
promising low-carbon solutions for industry
in Slovenia can be selected. Moving these
technologies to a higher level of
development requires an appropriate
development partnership to prioritize green
technologies for individual sectors and focus
funding on pilot demonstrations of project
implementation to eliminate risk.

Slovenia has several regions with energy-
intensive sectors that are suitable for the
formation of an ecosystem that would
enable the transition of sectors to carbon
neutrality, particularly through pilot and
demonstration models of low-carbon
technologies at the pilot level in the so-
called "Great Valley of Death" (TRL 5-8),
where key low-carbon and circular economy
technologies could be developed and
tested. The purpose of such pilots would be
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moAene  HUCKOYI/bEHUYHUX TexHosoruja vy
OKBMPY T3B. ,Benvke ponvHe cmptn® (TRL 5-8),
rae 6u ce morne pasBUTU M TeCTUPaATU K/byyHe
TEXHONIOTMje  HUCKEe eMUCUje YI/beHUKa U
TexXHONormje UuupKynapHe ekoHomuje. CBpxa
0BaKBMX AeMOHcTpaumja 6u 6una nogusarbe
TEXHO/IOWKEe 3PenocT HOBMX U MHOBATUBHMUX
TEXHO/I0TMja Ha A0BO/LHO BUCOK HMBO KaKko 6u
ce morne npumeHuTn y Behum KomepumjanHum
LEMOHCTPaLMOHUM npojekTuma (TRL9). OBo 6K
CMabUA0  PU3MK  Of,  MPUMEHe  HOBWX
TexHonornja Koje 6u nHaye omoryhune 3HaTHO
MakbU YI/beHUYHU OTUCAK O4 KOHBEHUMOHA/THUX
TexHosorvja. To 6u Takohe ponpuHeno passojy
TpXKUWTa O06HOB/BMBMX W3BOPA eHepruje U
omoryhuio eHepretckn npogop 06HOB/LUBUX
racosa, wTo 6K nosehano KomepumjasHy
NPVBAAYHOCT NpousBoAarbe 0H6HOB/LUBON raca u
pa3Boj Aomahux O0OHOB/BMBUX M3BOPA Kao
TPXMULHWUX aKTUBHOCTU Y perMoHnMma.

JepaH op n3asosa y CnoBeHMju 3a TPaH3MLUMjy Ka
HUCKOYI/bEHWYHOM  APYWTBY U OAPXWBO]
€KOHOMMWjM je HepoCTaTaK JbyACKUX pecypca u
[003aTHUX 3Haha noTpebHmx 3a
nMnaemeHTaumjy " ynpas/bate
HWCKOYI/bEHUYHUM  TexHosorvjama  (NEPN,
2020). Ogrosapajyhu npuctyn 6u  6uo
rnosesmBarbe  3aMHTEPECOBaHWMX  CTpaHa Y
UCTPaXKMBakby, UHAYCTPUjM, NPeay3eTHULITBY U
obpasoBatby noap:Kasarbem ¢dopmanHor u
HedopmanHor obpasoBama y
HUCKOYI/bEHUYHUM TEXHOI‘IOFVIjaME\ n
LUMPKy/apHe  eKOHOMMje  Ha  PasInuUTUM
HMBOMMA (OCHOBHE W CpeAbe LUKONE, BUCOKO
obpasoBarbe UM YHMBEP3UTETU) U KPO3
npomosucare MEHTOPCKMUX, ANNNOMCKUX,
MarmcTapckmx U OOKTOPCKMX pagoBa. JegaH of
HajBaXKHUjUX LnM/beBa mopa 6UTM M oTBapare
pafHMX MecTa 33 BUCOKOKBaMGUKOBaAHO
ocob/be Yy NepcnekKTUBHUM  CEKTopuMma.
YcnocTas/barbe AeMOHCTPaALMOHMX NpojekaTta he
PasBUTM 3e/leHa W KPYXHa pelierba, Kao u
NIOKasiHe W pernoHasnHe naHue cHabaesara U
dU3MUKY MHOPACTPYKTYPY 33 MMNAEMeHTaLujy

npetxogHor. Y  CnoseHunju je  npwuctyn
buHaHcHjama (Benukm NPOjeKTHM
KOH30pUMjymKn) Takohe K/byyaH 3a cBe
3aMHTepecoBaHe CTpaHe, Yak M 3a Hajmakba
start-up npeayseha. [lyropoyHo, oBO 6w
nosehano KOHKYPEHTHOCT OBMX CeKTopa Y

pernoHnma u yHanpeamuao TeXHOIOLWKK pPasBoj.
OHo wto CnoseHuju Takohe Tpeba je jacHa
Bu3Mja byayhe BOAOHMYHE eKOHOMMjEe 3eM/be U

to raise the technological maturity of new
and innovative technologies to a sufficiently
high level so that they can then be deployed
in larger commercial demonstration
projects (TRL9). This would reduce the risk
of deploying new technologies that would
otherwise enable a significantly lower
carbon  footprint than  conventional
technologies. This would also contribute to
the development of the renewable energy
market and enable energy penetration of
renewable gases, which would increase the
commercial attractiveness of renewable gas
generation and the development of
domestic renewables as market activities in
the regions.

One of the challenges in Slovenia for the
transition to a low-carbon society and
sustainable economy is the lack of human
resources and additional knowledge needed
for the implementation and management of
low-carbon technologies (NEPN, 2020). An
appropriate approach is to link research,
industry, entrepreneurship, and education
stakeholders by supporting formal and non-
formal education in low-carbon
technologies and the circular economy at
different levels of difficulty (elementary and
secondary schools, higher education and
universities) and by promoting mentoring,
diploma, master's, and doctoral theses. One
of the most important goals must also be
the creation of jobs for highly qualified
personnel in promising sectors. The
establishment of pilot demonstration
projects will develop green and circular
solutions, as well as local and regional
supply chains and physical infrastructures
for the implementation of the latter. In
Slovenia, access to finance (large project
consortia) is also crucial for all stakeholders,
even for the smallest start-ups. In the long

term, this would increase the
competitiveness of the sectors in the
regions and promote technological

development.

What Slovenia also needs is a clear vision of
the country's future hydrogen economy and
a national hydrogen strategy that sets the
framework for hydrogen valley
development, which is still lacking. One step
towards the development of hydrogen
valleys is to set the policy framework
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HaUMOHaANHA CcTpaTernja 3a BOAOHMK Koja
nocTaB/ba OCHOBY 33 Pa3BOj BOAOHWYHE AOJIMHE,
KOja jow yBeK HegocTaje. JedaH KoOpaK Ka
pa3Bojy BOAOHWUYHMX AO0/IMHA je MNOCTaB/barbe
OKBMPa NOJIMTUKE KPO3 AOKYMEHT Roadmap on
Hydrogen Technologies in Slovenia and Austria,
npUNpPeM/beHy Kao Aeo npojeKkTta Interreg SI-AT
H,GreenTECH. TpojekaT Mma 32 UW/b jayatrbe
mehyHapoaHUX UCTPaXKUBAYKUX U UHOBALMOHMUX
KanauuTeta y obnactu HanpeaHUx BOAOHUYHMX
TeXHO/IoOTMja  pasBojeM cuHepruje  msamehy
KOMMaHuja, LeHTapa 3a UCTparkMBatbe U pasBsoj

" yHUBep3uTeTa. Mpojekat ce 6aBu
mefhypermoHanHMM  NOTEHLMjaIOM  MHOTUX
HanpegHnx NCTPaXKMBAYKO-Pa3BOjHUX

MHCTUTYUMja, YHMBEP3MUTETA M KOMMAHMWja Koje
nocnyjy y mehyHapogHOM noapyyjy Koje He
capahyjy eduKkacHo y CTBapary OApPKMBE,
3e/leHe, KPYXXHe U HUCKOYI/beHUYHE eKOHOoMMUje
Koja ce moxe noctuhu ysoherem HoBse, YuCTe,

MHOBATUBHE TexHonoruje, yR/byuyjyhu
TeXHO/Iornje BOAOHMKaA.

Y uwmy npoaybsbuBarba  capagke U
yMpeXKaBatba W jayatba KpUTUYHE  Mmace
BOZOHUYHUX TEXHOJIOLKMX KanauuTerTa,
ycnoctas/ba ce  ogpxuBa  MehyHapogHa

UCTPaXKMBaYKa M MHAYCTPUjCKA Mpexa y Buay
LleHTpa 3a BOAOHWK. HberoB uum je pa
KOMBWHYyje permoHanHe cHare UCTPaXKMBaYKor n
pasBojHOr  MoOTeHUMjana 3a pag, CeKTopa
BOZOHWYHE TexXHo/orMje W Aa KOomnaHujama
omoryhu npuctyn WHPPaCTPyKTypu U HOBUM
pa3BojHUM 3HarbMma " TEXHO/IOWKNM
pocturHyhuma. Mnatdopma BoAoHMK LeHTap,
Kao  npyxanau,  uHbopmaumja,  npyxuhe
moryhHocT capaghe NCTPAKMBAYKNX
WMHCTUTYUMja, npeayseha W uHAOycTpuje, jaBHe
ynpase W yHuBep3uTeTa CBOjoM CTpy4qHouwhy,
Pa3BOjHUM U UCTPAXKMBAYKMM PaLOM, 3HAHEM,
BEWTMHAMa M  WCKYCTBOM W adonpuHehe
CTBapatby BOAOHWMYHMX JflaHala BpPeaHOCTU WU
pa3Bojy (BOAOHUYHMX) TEXHO/MOTMjA Ca HUCKUM
cagpkajem yr/beHuMKa W HbuxoBa nosehaHa
ynotpeba y (mehyHaposHOM) permoHy.

PedepeHue / References

through the emerging Roadmap on
Hydrogen Technologies in Slovenia and
Austria, prepared as part of the Interreg SI-
AT H,GreenTECH project. The project aims
to strengthen cross-border research and
innovation capacities in the field of
advanced hydrogen technologies by
developing synergies between companies,
R&D centres and universities. The project
addresses the interregional potential of
many advanced R&D institutions,
universities, and companies operating in the
cross-border area that are not effectively
collaborating to create a sustainable, green,
circular, and low-carbon economy that can
be achieved through the introduction of
new, clean, innovative technologies,
including hydrogen technologies.

In order to deepen cooperation and
networking and to strengthen the critical
mass of hydrogen technology capacities, a
sustainable cross-border research and
industry network in the form of a Hydrogen
Center is establishing. Its goal is to combine
the regional strengths of research and
development potential for the operation of
the hydrogen technology sector and to
provide companies with access to
infrastructure and new development
knowledge and technological achievements.

The Hydrogen Center platform, as an
information  provider, will offer the
opportunity for cooperation between
research institutions, enterprises and
industry,  public  administration  and
universities with their expertise,
development and research work,

knowledge, skills and experience, and will
contribute to the creation of hydrogen
value chains and the development of low-
carbon (hydrogen) technologies and their
increased use in the (cross-border) region.

[1] Biebuyck B., “Solutions for a hydrogen economy, from ‘valleys’ to islands” The European Files, 2020.
[2] NEPN - Integrated national energy and climate plan, Government of the Republic of Slovenia, 2020.
[3] Weichenhain U. et al., “Hydrogen Valleys” Luxembourg: Publications Office of the European Union, 2021

© FCH 2JU, 2021.

[4] H2GreenTECH project, https://www.h2greentech.eu/, 2020-2022
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Mpernep nctpakusarwa ERC novetHor rpaHTa 123STABLE Ha HaumMoHanHom

MHCTUTYTY 3a Xemujy CnoBeHuje
Heju XogHuk

Research overview of ERC Starting Grant 123STABLE at National Institute of

Chemistry Slovenia
Nejc Hodnik

CnoBeHauka cTpaTeruja 3a BOAOHUYHE
TexHosiorvje Tek gobuja CBOj KOHayaH 06/MK.
Mehytum, oHa he nNpaTMTM CBOje aKTUBHOCTM
NameTHe cneumjanusauumje Koje je MNOKpeHyna
EBponcka Komwucuja Kako 6u yHanpeguna u
nogpxana 6osby capafrkby M ynaratbe vy
3ajegHMYKe NPOjeKTe MHAYCTPUJCKUX CeKTopa U
WMHCTUTYUMja Y 06/1aCTM UCTPaXKMBatba, pa3soja U
MHoBaumja. Y nporpamckom nepuogy 2021-
2027, HOoBa Crtpaternja nameTtHe
cneumjanusaumje y CnoBeHuju noctasuna je
LUW/b 3eneHe TpaH3uumje, Kojy cMaTpamo Kao
,VMHOBATMBHE, HUCKO-KapbOHCKe, AuruTanHe U
Ha 3Hakby  3acHoBaHe  TpaHcpopmaumje
npuepeae 7 opywTea“. MN3BewTaj o]
npoayktmeHoctn 2021 (UMAR, 2022) [1]
noctaB/ba NWTakbe  MNPOAYKTUBHOCTM  Kao
LeHTpanHO nuTarbe 33 OnopaBak HaKOH
naHgemumje W Harnawaea Ja npenasak Ha
LMPKYNAapHY €KOHOMMjy Ca HUCKMM cajpikajem
YI/beHWKA HWje CaMO eKOJIOWKa HEeOonXOAHOCT,
Beh u cBe BarKHMjuU ¢akTop y 0be3behuBary
OyroTpajHor pacTa NpPOAYKTUBHOCTU "
OTNOPHOCTM. EKOHOMCKM oOnopaBak of Kpuse
KoBMA-19 v yTuuaj pata y YKpajuHu he cTora
61T yCKO noBe3aHM ca LM/beBMMA 3HauvajHor
CMarberba HETO eMUCHja racoBa CTakneHe HawTe
33 Hajmare 55% po 2030. y nopehewy ca
HuBoom u3 1990. rognHe, cmatryjyhu 3aBUCHOCT

o4 yBo3a GOCMAHMX rOpuBa U KOHA4YyHO
nocTusare KAnMmatcke HeyTpanHoctn go 2050.
(eng. European Green Deal) [2]. [MNpema

MHTEerpucaHom HAUMOHANHOM €eHepreTckom u
KAMMATCKOM MAaHy (Ha CAOBEHAYKOM je3uKy:
Nacionalni Energetski in Podnebni Nacrt, NEPN)
[3], kby4HM uubeBn 3a 2030. MaeHTUGUKOBAHMU
y HEMH-y cy (1) cmarere yKynHe emucuje
racoBsa CTakneHe b6awTe 3a 36%, og vera 20%
oarosapa He-ETC cektopy (WITO je 5 NpOLEHTHUX
noeHa u3Hag onpeaesbeHoctu Cnosenuje), (2)
Hajmatbe 35%  nobosbliatba  eHepreTcke
edpuKacHocTH, wWTO je BMLWE O0f LM/ba
nocTas/beHor Ha HKUBoY EY (32,5%), (3) Hajmarbe

Slovenian strategy for hydrogen
technologies is still getting its final form.
However, it will follow its Smart
Specialization activities initiated by the
European Commission to improve and
support better cooperation and investment
in joint projects of the industry sectors and
institutions in the field of research,
development and innovation. In the
programming period 2021-2027, the new
Smart Specialization Strategy in Slovenia set
the goal of a green transition, which we
understand as "innovative, low-carbon,

digital and knowledge-based
transformations of the economy and
society". The Productivity Report 2021

(UMAR, 2022) [1] raises the issue of
productivity as a central issue for recovery
after the pandemic and emphasizes that the
transition to a low-carbon circular economy
is not only an environmental necessity but
an increasingly important factor in ensuring
long-term  productivity  growth  and
resilience. The economic recovery from the
covid-19 crisis and the impact of the war in
Ukraine will thus be closely linked to the
goals of significantly reducing net
greenhouse gas emissions by at least 55%
by 2030 compared to 1990 levels, lowering
dependence on fossil fuel imports and
finally achieving climate neutrality by 2050
(European Green Deal) [2]. According to
Integrated National Energy and Climate Plan
(in  Slovenian  language: Nacionalni
Energetski in Podnebni Nacért, NEPN) [3] the
key targets for 2030 identified in the NEPN
are (1) reduction of total greenhouse gas
emissions by 36%, of which by 20% in the
non-ETS sector (which is 5 percentage
points above Slovenia's commitment), (2) at
least 35% improvement in energy efficiency,
which is higher than the target set at EU
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27% 0b6HOB/bMBUX U3BOPA EHEPTUjE, MPU Yemy je
CnoBeHunja, 360r peneBaHTHUX HALMOHANHUX
OKOJIHOCTH, NPBEHCTBEHO €KOJIOLLKNX
orpaHuyerba, Mopasa MPUCTaTU Ha HUXKK LU/b
of uwma EY (32%) y HacTojarby ga noseha
ambuumje y cmwepehem axypupawy HEMH-a
(2023/24.) n (4) 3% ynaratba y UCTPaXKMBarbe U

pa3Boj, oa dYera 1% npunaga jaBHUM
cpeacTBMMa. Ha 0OCHOBY KONn4mHe
KOMMNeTeHUMja Be3aHMX 33  BOAOHWK Yy
CNOBEHAYKO]j nameTHOj cneuujanunsaumjm
¢$OoKycMpaHoj Ha KAMMmaTcKe uu/bese,

naeHTudmkosaHa cy cnegeha mehycekTopcKa
¢dokycHa nogpydja: (1) BogOHWUYHE TexHo/NOTUje
33 CK/MaguwTerse, KOHBEP3UWjy, AUCTpUbYUnjy u
ynotpeby eHepruje u pekapboHusaumjy u (2)
CUCTEMM 3@ NPOMU3BOAHY, CKAAAMWITEHE U
Kopuwwherbe BOAOHMKA Y MMKPO Mpekama.

Cse Beha noTpaxkHba 3a eHeprujom nocraje jeaaH
o Hajehux rnobanHux uM3asoBa MoaepHor
BpemeHa, wu3asmBajyhu U  eKoHOMcKe U
ersucteHumjanHe Kpuse. CyouyeHM cmo uau ca
caropeBarbeM Buwe GOCUIHUX TOpUBA, KOja cy
nnaHetn seh HaHena Henonpas/bMBY WTETY, UK
Cca TPKOM Y MNPOHaNaxeky anTepHaTUBHUX WU
YNCTUX HauMHaA MPOU3BOAHbE, CKAAAMLITEHA U
Kopuwherba eHepruje. EKOHOMMja BOAOHMKA je
[yropoyHa BU3Mja Koja NoKyluasa Aa paguKaaHo
NPOMeHU TPEHYTHW eHepreTckn nej3axk ca
docuaHnx ropmea Ha 06HOB/BUBU BOAOHUK Kao
Hocunay,  eHepruje  nyTem  epuKacHOCTM
ropusHux henwuja (eng. fuel cells, FC) kao ypehaja
33 TpaHchopmaumjy Xemujcke eHepruje y
eNEeKTPUYHY eHeprujy u Tonnoty. BogoHWK Kao
rac je ugeanaH KaHaugat 36or Hajsehe ryctuHe
eHeprvje mehy XemMujCKUM ropMBMMA U HyAnTe
emucuje 3arahumeava TOKOM Xemujcke
KoHBep3uje. MehyTuMm, Kao eHepreTcku BEKTOp,
BOLOHMK ce Mmopa Aobutm wu3s  pgpyrux
06HOB/LMBUX M3BOpa eHepruje y npouecuma
KOjU MOCTUXKY HETO HYATY eMWUCHjy YI/beHUKa.
[JopatHu aprymeHTH 32 06HOB/bUBE TEXHONOTUjE
CY UMHbEHMUA Aa CBeT MNpPOU3BOAM CBE BuLIE
obHoB/bMBE eNekTpuYHe eHepruje no
E€KOHOMCKMM LieHama M Kako 6u cHabpesatrbe
docunHum ropusuma Mornio nocraTu
orpaHuyaBajyhu ¢aktop 3a oapeheHe Hauuje,
CBE je BakHWje Aa ra CKAagUWTUMO WMAU YaK
KOPMCTUMO 33 NPOU3BOAHY XeMUKaMja BenKe
BpPeAHOCTU.

EnekTpoxemujcka npousBoAtba BOAOHWKA W3

level (32.5%), (3) at least 27% of renewable
energy sources, where Slovenia, due to
relevant national circumstances, primarily
environmental constraints, had to agree to
a lower target than the EU target (32%) in
an effort to increase ambition in the next
NEPN update (2023/24) and (4) 3% of
investment in research and development, of
which 1% of public funds. Based on the
concentration of hydrogen-related
competencies in Slovenian smart
specialization focused on climate goals, the
following cross-cutting focus areas were
identified: (1) hydrogen technologies for
energy storage, conversion, distribution and
use, and decarbonization and (2) systems
for the production, storage and use of
hydrogen in micro-networks.

The increasing energy demand is becoming
one of the major global challenges of
modern time, causing both economic and
existential crises. We are faced with either
burning more fossil fuels, which have
already caused irreparable damage to the
planet or racing to find alternative and clean
ways of producing, capturing and utilizing
energy. The hydrogen economy is a long-
term vision that attempts to radically
change the current energy landscape from
fossil-based fuels to renewable hydrogen as
an energy carrier via the efficiency of fuel
cells (FCs) as devices to transform energy
into electricity and heat. Hydrogen gas is an
ideal candidate because of the highest
energy density among chemical fuels and
the zero-emission of pollutants during
chemical conversion. As an energy vector,
however, hydrogen must be obtained from
other renewable energy sources in
processes that achieve net-zero carbon
emissions. Additional arguments to push
renewable technologies si the fact that the
world is producing more and more
renewable electricity at economic prices
and as fossil fuel supply could become a
bottleneck for certain nations it s
increasingly important to store it or even
use it to produce added value chemicals.
Electrochemical production of hydrogen
from aqueous electrolytes is one of the
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BOAEHUX e/1eKTponmTa je jeaaH oA
HajnepcnekTUBHMjUX NPUCTYNa KOju ce yKaanajy
Yy UUCTU U OAPXKMBU EHEPreTCKM LMKAYC, oneT,
CBe [OOK Ce efleKTpU4yHa eHepruja 3a
e/1IeKTpPoIn3y cHabaesa M3 06HOB/LMBUX M3BOPA
HeyTpasHoOr yr/beHuKa. TpeHyTHO nocToje Tpwu
TEXHO/IOTUje 33 eNneKTPOINTUYKY MNPOU3BOAHY
BOZOHMKA: eNeKTpo/an3a Boae MnyTem Kucene
NpoOTOHCKe membpaHe (eng. proton exchange
membrane, PEM), enekTponnsa ankasiHe BOAE U
XNop-ankanHa enekTponunsa. 36or npobnema ca
cTabunHowhy, KUCeno OKpyKere OorpaHuyaBa
n3bop maTepujana Koju ce KopucTe 3a KaTanamsy
eNIeKTpo/iIM3e BOAE Ha CKyne U peTKke meTane
nnaTMHcKe rpyne (eng. platinum group metals,
PGM), ynHehU OBy TEXHO/IOTUjy HEOAPKMBOM 33
MacoBHY MpUMeEHY jep jeAHOCTaBHO Hema
[0BO/BHO PGM-a y CBETY, @ OCMM TOra, TPEHYTHO
je MHAyCTpMjcKM HenpuenadyaH y nopehemwy ca
KOHBEHLMOHANMHUM TEXHWKama 3a NPOU3BOAHY
BOAOHMKA Kao WTO je pedopmucarbe nape.
Mnak, oBa TexHoONOrMja ce MOXKe cCmaTpaTu
norogHom 3a cneunduyHe cepxe. PEM
eNeKTposnM3a Boge je Beoma obehaBajyha
TexHosoruja 3a OApPXMBY  MPOU3BOAHY
BOAOHUKA Kopuctehun OBHOB/LUBY eNeKTpUYHY

eHeprujy ca  OrpoMHuUM  bayKTyauumjama.
OpnnyHe nepdopmaHce " OVHAMUYKO
NnoHalamwe 33 CKAaguWTere  eleKTpUYHe

eHeprvje Kao BoAoHUKa omoryhasajy PEM
eNeKTPoNn3M Aa MOKpuWje WMUPOK ja3 usmehy
noBpeMeHe Npou3BOAHE eHepruje (cyHue u
BETap) M NOTPaXKbe Yy MPEXMU Yy PasiUunTUM
BPEeMEeHCKMM OKBMpPUMA. CmeThba PEM
eNeKTponusn je ynotpeba vpugujyma, Koju je
jow pehu oa nnatuHe. 36or Tora cy Herosa
onTMmasHa ynoTtpeba u AyropodHa ctabunaHocTt
0f1, OFPOMHOT 3Ha4aja.

C pgpyre cTpaHe, ajsKalHU W HeyTpanHu
€/1eKTPOIUTU HyAe MHOTO BAaxy OKONMHY, rae v
He-PGM KaTtanusatopu mory eduKacHo fa
byHKRUMoHuwy. OTnpunamke 10% rnobanHe
eNeKTpuyHe eHepruje ce Beh Kopuctu y
XNOPANKASIHOM Mpouecy, WTO ra YWHU jeHOM
Ol eHepreTcKkM HAjUHTEH3UBHUjUX WHAYCTpUja.
Crora, ocum WTO 6M €EKOHOMWjy BOAOHMKA
YUMHUNA ePUKaACHMjOM, NPOM3BOAHA X/I0pa U
HaTpUjym xuapokcuaa (KaycTuuHe coge) 6w
Takohe MMana BesMKe KOPUCTU Of, HampeTKa y
TexHosorju. TpeHyTHO, jedaH of Hajuewhe
KopuwheHux He-PGM meTana y MHAYCTPUjCKO]

more promising approaches that fit into the
clean and sustainable energy cycle, again, as
long as the electricity for the electrolysis is
supplied by a carbon-neutral renewable

source. There are three technologies
currently in place for electrolytic hydrogen
production:  acidic proton  exchange
membrane (PEM) water electrolysis,

alkaline water electrolysis and chlor-alkali
electrolysis. Due to stability issues, the
acidic environment limits the choice of
materials used for catalyzing the water
electrolysis on the expensive and scarce
platinum group metals (PGMs), making this
technology unviable for mass deployment
as there are just not enough PGMs in the
world and also currently industrially
unattractive to compete with conventional
techniques for hydrogen production such as
steam reforming. Still, this technology can
be considered more of a niche for specific
purposes. PEM water electrolysis is a very
promising technology for sustainable
hydrogen generation using renewable
electrical energy whit huge fluctuations. The
excellent  performance and  dynamic
behavior for storing electrical energy as
hydrogen allow PEM electrolysis to cover
the wide gap between the intermittent
power production (sun and wind) and the
grid demand at different time horizons and
scales. Hindrance of the PEM electrolysis is
the use of iridium, which is even more
scarce than platinum. Therefore its optimal
utilization and long-term stability are of
immense importance.

On the other hand, alkaline and neutral
electrolytes offer a  much  milder
environment, where also non-PGM catalysts
can effectively work. Roughly 10 % of global
electricity is already used in the chloralkali
process, which makes it one of the most
energy-intensive  industries.  Therefore
besides making hydrogen economy more
efficient also the production of chlorine and
sodium hydroxide (caustic soda) would
greatly benefit from advancements in the
technology. Currently, one of the most used
non-PGM metals in industrial-scale alkaline
water and (neutral) chlor-alkali electrolysis
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aNIKaNHO] eNeKkTPoiM3nM U (HeyTpanHoj) xnop-
ANKa/IHOj eNeKTPOIU3K je HUK/, KOju ce cmaTtpa
CTapoM TEXHONOMMjoM Koja AO0BO/bHO [06po
byHKUMoHUWe. Mehytum, jepaH of Hajsehux
M3a30Ba 3a €e/IeKTPOKATA/IMTUYKY MNPOU3BOALY
BOAOHMKA Y  ENeKkTpoAMTMMa ca  CKOpo
HeyTpaNHUM W ankanHum pH BpeaHOCTUMA je
cnopa npupoaa peakumje esosyuumje BOAOHUKA
(eng. hydrogen evolution reaction, HER) wto
[,0BOAM [0 HUXKe edUMKACHOCTH Lenor npoleca.
Ouekyje ce ga he FC HanajaHM BOAOHUKOM Hahu
LUMPOKY NPUMEHY Y CTAaLMOHAPHUM U MOBUIHUM
anaukaumjama. Ynortpeba OCKyAHWX W CKynux
KaTanmsatopa Ha 6asu Pt Koju nokpehy u
peaKkuujy okcuaaumje BogoHuka (end. hydrogen
oxidation reaction, HOR) Ha aHOAM U peakuujy
peayKumje KuceoHuKa (eng. oxygen reduction
reaction, ORR) Ha KaTtoau 036W/bHO OrpaHu4YaBa
LWMPOKY Komepuujanunsauujy osux ypehaja. Jow
jeAHO KPWTMYHO nUTatbe je  orpaHuyeHu
JKMBOTHM BEK eNeKTpoKaTasmnsatopa Ha 6asu Pt
Y3POKOBaH HMXOBOM AErpagaLjom U KacHUjUM
ryébutkom nepdpopmancu. TauHuje, y nopehery
Ca MOTOPOM Ca YHYTpallkbMM CaropeBakbem,
TPOLKOBKN Be3aHU 3a PEMFC TexHonorujy cy u
pasee npesucokn. ok he Tpowkosu BehuHe
penosa PEMFC-a vmaTn Be/IMKE KOpPUCTU Of,
MacoBHe MNpou3BOAHE, TPOLIKOBM KOjuU ce
OfHOCe Ha NaemMeHuUTe meTane, NPBEHCTBEHO Pt
KOja ce Hanasu y enekTpoKkatanusatopy, Hehe, n
Mmornun 6m ce Yak nosehat ca sehum npogopom
PEMFC-a Ha TpxuwTe. Behu geo Pt je notpebaH
33 noseharbe KaTa/NIMTUYKE AKTUBHOCTM cnope
peakuuje peaykumje KuceoHuka (ORR) Ha
KaTtogHoj cTpaHun PEMFC. Op paHac, jeaunHu
CMCTEM efleKTpOoKaTanmsaTtopa Koju je Beh
pocturao ¢asy npousBoAre cacToju ce op,
YnCTUX HaHoyecTuua Pt (eng. nanoparticles, NPs)
HaHEeTMX Ha YyI/beHUKe Besinke nospwuHe (Pt/C).
Mehytum, npema noctojehum uHpopmaumjama
M pe3ynTaTUMa  WUCTpakMBara, MACOBHA
Komepuujanmsaumja PEMFC TexHonornje Hehe
6uTM moryha 6e3 cnywTara KoanduHe Pt no
BO3W/IY Ha HMBOE ynopeguse ca OHMMA Y
BO3W/IMMA Ca YHYTpallkbMM  CaropeBakbem.
CxogHO TOMe, Yy MpOTEKAMM JeleHujama
3HAYajHM HaMopwu cy YynoxeHn Ka cnepehoj
reHepaumju cuctema esnekTpokaTanmsaTopa 3a
Koje je TmMpojeKToBaHO Ja A[OCTUrHy dasy
npoussogre—nernpatbe Pt ca  gpyrum,
jedTMHUjUM  ©n  mare  nnemeHuTMm  3d

is nickel, which is considered an old
technology that works well enough.
However, one of the biggest challenges for
electrocatalytic hydrogen production in
electrolytes with near neutral and alkaline
pH values is the sluggish nature of hydrogen
evolution reaction (HER) resulting in lower
efficiencies of the whole process.

Hydrogen-fed FCs are expected to find a
broad application in both stationary and
mobile applications. Usage of scarce and
expensive Pt-based catalysts that run both
hydrogen oxidation reaction (HOR) at the
anode and oxygen reduction reaction (ORR)
at the cathode is severely hindering the
widespread commercialization of these
devices. Another critical issue is the limited
lifetime of Pt-based electrocatalysts caused
by their degradation and subsequent loss of
performance. More  specifically, in
comparison to the internal combustion
engine, the costs related to the PEMFC
technology are still too high. While the cost
of most of the parts of the PEMFC will
benefit highly from the economies of scale,
the costs related to the precious metals,
primarily Pt found in the electrocatalyst will
not and might even increase at higher
PEMFC market penetration. Most of the Pt
is required for enhancing the catalytic
activity of sluggish oxygen reduction
reaction (ORR) on the cathode side of the
PEMFC. As of today, the only electrocatalyst
system to already reach the production
phase is comprised of pure Pt nanoparticles
(NPs) supported on high-surface-area
carbons (Pt/C). However, according to the
existing information and research results,
mass commercialization of PEMFC
technology will not be possible without
bringing the Pt amount per vehicle down to
levels comparable to that in the internal
combustion vehicles. Consequently,
significant efforts in the past decades have
also gone toward the next generation
electrocatalyst system projected to reach
the  production phase-the so-called
dealloyed Pt-alloys with other, less
expensive and less noble 3d transition
metals such as Co, Ni or Cu. Cost reduction
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npenasHMm metanmma Kao wro cy Co, Ni nam Cu.
Cmarberbe TpoluKoBa Kopuwherem Pt-nerypa je
moryhe 360r age K/byyHe KapakTepuctuke: (i) Pt-
nerype pasbnaxyjy atome Pt yHyTap NP jesrpa u

Ha Taj HauYuH nobosblwasajy YKYMHY
nckopuwheHoct Pt u (ii) npomosuwy Behy
KWHETUYKY aKTMBHOCT npema ORR-y 36or
KoMbuHaumja edekata nuraHga, Hanpesamba,
KoopAuHaumoHor  6poja n/man edekTta
HeypeheHocTM nospwuHe. Mehytum, AOK je
npegHoCcT Yy CMUCAY aKTMBHOCTU Pt-nerypa
nocrana NPUANYHO jacHa, HMXOBA
KOmepLuMjanusaumja je TPeHYyTHO OTexaHa
HeL0CTaTKOM pasymeBahba HUXoBe

cTabunHOCTM, OAHOCHO HWXOBE Aerpajauumje.
[oK je cTabunHoOCT eneKkTpoKaTasnMsatopa of,
onwiTer 3Havaja, Heros 3Ha4aj nocraje jow sehu
33 +HeroBy MpPUMEHY Y TeWKUM TepeTHUM
BO3U/AIMMaA 360r AYXUX MNYTHUX pasgasbuMHa Y
nopehery ca NaKMUM MNYTHUYKMM BO3UAMMA, A
caMMm TMM W 3HaTHO Behux 3axTeBa 3a
JKMBOTHMUM  BeKOmM  cuctema. [owTo je
Lerpajaumja enexkTpokaTanusaTopa og, ferype
Pt y3pOoKoBaHa pasHuMm N3y3eTHO
KOMM/IIMKOBAHMM  NojaBaMa, noTpebHo je
YNIOXWUTU 3HayajHe Hanope y pas/IMKoBare U
pasymeBarbe NojeANHAYHMX MEXaHM3ama.

Cryavje doKycnpaHe Ha MeTanHW KaTanusatop y
nocneawum AeueHujama, nocebHo y ropusum
hennjama n enekTponusm, Nokasane cy 3HayajaH
Hanpegak y ¢yHOAMEHTA/IHOM pasymeBakby U
KOHTPO/IM  €/1IeKTPOXEMUJCKUX UMHTepdejca Ha
aTOMCKOM  HuBOYy. Kao rn1aBHM  MnpuHLMN
ynpaB/batba, AKTUBHOCT €/1eKTPOKaTannsaTopa
je npunnmyHo po6po ycTaHOB/LEHA, OAHOCHO
OAHOC CTPYKTypa-akTMBHOCT. MehyTum, ocHoBse
cTabunHoctTM cy jow yBek cnabo cxsaheHe vy
cmucny ofHoca CTPYKTYpa-cTabuaHocT.
European Horizon 2020 ERC cTapTHM rpaHT -
npojekar noa Ha3MBoOM ,Towards
Nanostructured Electrocatalysts with Superior
Stability” ca akpoHumom I123STABLE [4] koju
Boau pou. npod. Heju, XoaHuk npepnaxe ga ce
Kopuctn (1) maeHTMYHa nokaumja, (2) oHnajH
aHanusa w  (3) Mogenuparbe  CTPYKTypHe
TpaHchopmaumje  HaHoyecTMLa Ha  6asu
niemeHuUTUX mMmeTana y3 nomoh HajcaBpemeHuje
onpeme 3a eNeKTPOHCKY MUKPOCKONWjy U OHNajH

aHANUTURY pacTBapama " eBonyuuje
Kopuwherem  MPOTOYHE  ENEKTPOXeMUjcKe
henvje y  KOMOBMHAumMju ca  MaceHum

using Pt-alloys is possible due to two key
features: (i) Pt-alloys dilute Pt-atoms inside
the NPs core and thus improve Pt overall
utilization and (ii) they promote a higher
kinetic activity toward the ORR due to a
combination of a ligand, strain, coordination
number, and/or surface disorder effects.
However, while the activity benefit of Pt-
alloys has become rather clear, their
commercialization is currently hindered by
the lack of understanding of their stability,
namely degradation behavior. While
electrocatalyst stability is of general
importance, its significance becomes even
more decisive for its application in heavy-
duty vehicles resulting from longer travel
distances in comparison to passenger light-
duty vehicles and, thus, significantly higher
system lifetime requirements. Because the
degradation of Pt-alloy electrocatalysts is
caused by various extremely complicated
phenomena, significant efforts have to be
invested into distinguishing and
understanding individual mechanisms.

Studies focused on the metal catalyst in the
last decades, especially in the fuel cell and
electrolysis, have exhibited significant
progress in fundamental understanding and
controlling electrochemical interfaces at
atomic levels. As the main principle
controlling, the activity of electrocatalysts is
quite well established, namely the
structure-activity relationship, the
fundamentals of stability are still poorly
understood in sense of the structure-
stability relationship. The Europen Horizon
2020 ERC starting grant Project entitled
Towards Nanostructured Electrocatalysts
with  Superior Stability with acronym
123STABLE [4] lead by assoc. prof. Nejc
Hodnik proposes to employ (1) identical
location, (2) online analysis and (3)
modeling of noble metals-based
nanoparticles structural transformation with
the state-of-the-art electron microscopy
equipment and online dissolution and
evolution analytics using electrochemical
flow cell coupled to mass spectrometers.
Projects unique methodology approach in
combination  with  sub-atomic  scale
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CNeKkTpomeTpuma. Je,u,w HCTBEHUN METOA0/10WKN

npucTyn  npojekta Yy  KOombBbuHaumju  ca
MWKPOCKOMNCKMM YBUAMMA U CUMynauujama Ha
cyb-aTomcKoj cKanu npegsuha HoBe
aTOMMUCTUYKE yeunae y KOpo3njy "
PEKOHCTPYKUMjY peasHuX enekTpoKataamsatopa
Ha 6a3n nnatuHe w upuaujyma. MMpuctyn
WAEHTUYHEe  JIoKaumje  3acHMBa  Ce  Ha

nocmaTtpaky WMCTUX HaHO4YecTUUa npe U nocne
€/IeKTPOXeMUJCKOr TpeTmaHa rae ce cnabe u
cTabunHe aTOMCKe KapaKTepucTUKe, Koje cy
naneko on uaeanHux obnuka (camka 1), wm
porahaju mory npenosHaTu, NPaTUTK, PasymeTu
M KOHAYHO MWCKOPWUCTUTM 33 MNPOU3BOALY
CYNepuopHUjux  KaTanusaTopa. HakoH (1)
ponuHra, (2) pekopauuje u  (3)  apyrux
CUHTETUYKMX MoandUKauMja HaHOYeCcTULa, Kao
LITO CYy NpOMeEHa BennuunHe n obauka, npegsuha
ce pasba ctabunamsaymja. Ha npumep, 6nokaga
MecCTa MOBPLUMHCKUX AedeKaTa, OCeT/bUBUX Ha
HaHoYecTMLe nonyT CTEMNeHWKa WAM KWUHKOBa,
NAeMEHUTUMM MeTanom b1 y NpUHLMNY Morna
33yCTaBUTU WM 3HAYAJHO YCMOPUTU HUXOBY
nerpagaumjy. KoHkpeTtHo, npojekat 123STABLE
ce 6aBM HAHOCTPYKTypama 3aCHOBaHUM Ha
NAATUHW U MPUAMjYMY Kao Mmogen cuctemmma 3a
yBohere jeanHcTeeHor ,123“ npuctyna, nowTo
OHU naame noceayjy Hajbosba
eNleKTpoKaTa/MTMYKa CcBOjcTBa 3a  byayhy
enekTpudMKaumjy LpywTBa Kpo3 eKOHOMMUjY
BOAOHUKA. MehyTuM, HUX0BA eNeKTPOXeMMjCKa
cTabMNHOCT jow yBeK Huje 3agoBosbaBajyha. Y3
YMHbEHMULY O3 je hUXOBO cHabaeBarbe oTexaHo
M3y3eTHO OCKYZAHUM, PETKUM U HeyjeaHaYeHUM
reosIoWKMM pacnopegom, nosehare HUxoBe
CTabUNHOCTU je 04 OrPOMHOT 3HaYaja.

microscopy insights and  simulations
foresees novel atomistic insights into the

corrosion and reconstruction of real
platinum- and iridium-based
electrocatalysts. The identical location

approach is based on observations of the
same nanoparticles before and after
electrochemical treatment where weak and
stable atomic features, which are far from
ideal shapes (Fig. 1), and events can be
recognized, tracked, understood and finally
utilized to produce superior catalysts. Upon
(1) doping, (2) decoration and (3) other
synthetic modifications of nanoparticles like
a change in size and shape further
stabilization is envisioned. For instance,
blockage of nanoparticle vulnerable
defected sites like steps or kinks by more
noble metal could in principle stop or
significantly slow down their degradation.
More specifically, the 123STABLE project
features platinum- and iridium-based
nanostructures as a model system to
introduce a unique “123” approach, as they
still  possess the best electrocatalytic
properties for the future electrification of
society through the Hydrogen economy.
However, their electrochemical stability is
still not sufficient. Coupled with the fact
that their supply is hindered by extremely
scarce, rare and uneven geological
distribution, the increase in their stability is
of immense importance.
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Cnuka 1: Noro 123STABLE ERC StG NMpojeKkTa Ha
KOMe cy NpuKasaHe [Be HeupeasiHe, peanncTuyHe,
HaHOYeCTUYHe Nerype naatvHe ca 6akpom.
AKLeHaT je Ha TOMe Ja HujeAHe ABe HaHoYecTULe
HUCY NOTNYHO UCTEe Y PeanHOCTU.

Figure 1: Logo of 123STABLE ERC StG project
showing two nonideal, namely realistic, platinum
copper alloy nanoparticles. Emphasis is on the cast
that no two nanoparticles are the same in reality.
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lpadeHn Kao nopgnora 3a enekTpoKatanusaTope:

Pa3sHOBPCHUX peasHMX CUCTEeMaA
CaromH J. Tytnh

oa, xunepbona po

YHusep3umem y Capajesy - [TpupodHo-mamemamuyku ¢axkyamem, O0ceK 3a xemujy,

Capajeso, bocHa u Xepuye2o08uHa

Graphenes as electrocatalyst supports: from hyperboles to diverse reality

Sanjin J. Guti¢

University of Sarajevo — Faculty of Science, Sarajevo, Bosnia and Herzegovina

Oa npee ycnewHe npunpeme rpadeHa
MeXaHUYKOM ekchonmjaumjom NUIMHIOM,
nojasusie cy ce pasnymUTe METoAE NPUNpPeme U
npoueaype 3a ofBajatbe rpadeHCcKUx NMCToBa
of, rpaduTHE CTPYKTYpe M eBoNyupane 4o HUBOA
Koju omoryhaBa Kopuwhere MmaTepujana Ha
6asn  rpadeHa y pPasAMUUUTUM  PeasHUM
cuctemMmnma. NcToBpemeHo, noyeTHa
dacumHaumja 0BUM MaTepujannma eBonympana
je po peanHujer nornega, Koju ysuma y o63up
HU3  PA3INUUTUX CTPYKTYPHUX U XEMUjCKUX
KapaKTePUCTMKA  Koje  AeduHUWY  HMXOBO
CTBApPHO MAKPOCKOMCKO MoHawake. [JaHac
3HaMO fa ce rpadeHun, Yak M ca 3HaYyajHUM
bpojem CTPYKTypHMX pedekaTa, He mory
cmaTpaTM [06puM  eNeKTpoKaTanu3aTopuma,
bapem 3a peakumjy w3aBajarba BOAOHMKA.
MehyTum, CTPYKTYpHU aedeKkTn cy eHepreTcku
NOBOJbHE JlIOKaLmje rae ce aTomMyM MeTana M
Knactepu mory Be3aTu. OBa KapaKTEpPUCTWKA,
3ajeHO Ca BMCOKOM MOBPLIMHOM WU OOJIMYHOM
nposoas/busowhy rpadeHa, omoryhasa oanyHy
oucnepsunjy  meTanHux  (cyb)HaHoyecTMua Ha
NPOBOAHO] MNOBPLUMHKM, LWTO je noTpebHO 3a
BMCOK OJHOC MOBpLIMHA KaTanau3atopa/maca.
LLtaBuwe, jake MHTepakumnje namehy meTanHux
(cyb)HaHouecTMUa W noBplwMHe  rpadeHa
M3a3nBajy pasIMunUTe CUHEPTUCTUYKE edeKTe Ha
rpaHuuama ¢asa, WTo foBoAM A0 nobosbluarba
CTBAPHMUX €N1eKTPOKATANUTUUKNX NepdopMaHCH.
dyHOaaMeHTanHa WcTpaXkuBatba Yy obnactu
€/1eKTPOKaTaNIUTUYKe npousBoA e n
Kopuwhera BOAOHUKA Y BocHM 1 XepuerosBuHu
doKycMpaHa cy Ha CUCTEMATCKO WUCTparKMBakbe
moryhHOCTM npumeHe maTepujana Ha 6asu
rpadeHa, y 06/MKY HWUXOBUX KOMMO3WUTa ca
NMOBPWMHCKM  MOAWPUKOBAHMM  MeTalHUM
HaHOYecTMLAMa, Kao enekTpoKaTasusatopa 3a
€NeKTPoNn3y BOAEe W BOAOHWYHE TrOpuBHE
henuje.  OnNwTM  npenapaTMBHM  NpPUCTYN
KaTanmsaTtopa 3acHMBaA ce Ha
eNekTpoAeno3mumju metana Ha o¢uamose Ha

Since the first successful preparation of
graphene by mechanical exfoliation,
different  preparation  methods and
procedures for the separation of graphene
sheets from graphite structure emerged and
evolved to the level that allows graphene-
based materials utilization in different real
systems. Concurrently, the initial fascination
with these materials evolved to the more
realistic view, which takes into account a
number of different structural and chemical
features that define their real macroscopic
behavior. Today we know that graphenes,
even with a significant number of structural
defects, cannot be considered as good
electrocatalysts, at least for hydrogen
evolution reaction. However, structural
defects are energetically favorable locations
where metal atoms and clusters can be
anchored. This feature, together with large
surface area and excellent conductivity of
graphene, enables excellent dispersion of
metallic (sub)nanoparticles on a conductive
surface, required for a high catalyst surface
area/mass ratio. Furthermore, strong
interactions between metallic
(sub)nanoparticles and graphene surface
induce different synergistic effects at phase
boundaries, leading to improvements of real
electrocatalytic performance.

Fundamental research in the field of
electrocatalytic hydrogen production and
utilization in Bosnia and Herzegovina is
focused on systematic investigation of
application possibilities of graphene-based
materials, in form of their composites with
surface-modified metallic nanoparticles, as

electrocatalysts for water splitting and
hydrogen fuel cells. General catalyst
preparative  approach is based on

electrochemical deposition of metals on
graphene-based films or codeposition from
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6a3n rpadeHa WaM UCTOBPEMEHOj Aenosvumjn
u3 O cycneHsuja. Ha KaTanMTUUKy aKTUBHOCT
MOE€ 3HaYajHO yYTULATM HU3  Pa3AUYUTUX
daKkTopa, of auctpmbyumnje BeanumMHe yecTuua
rpadpuTHUX npekypcopa 0o CYNTUAHUX
XeMUjCKUX  uam  dusnukmx  mopgmodukaumja
buHanHor matepujana. PasymeBatbe [1aBHUX
baKTopa KOjU yTMUYy Ha eNneKkTpoKaTaauTUuKe
neppopmaHce KaTanusaTtopa Koju cagprke
rpadeH je BaXHO 3a KOHTPOAY HbMXOBeE
Npou3BOAHE Y BEIMKUM pa3mepama, ako bu ce
OBM  MaTepujannM  KOPUCTUAU Yy  CTBAPHUM
cuctemmma. OBaj acnekT Hawer paga nocTaje
BEeOMa BaXaH, jep Cy ce HeAaBHO noOjaBuau
NAaHOBM 3a NPBO MOCTPOjerbe 3a MPOM3BOAHY
3e/leHOr BOAOHWMKA Yy BocHM u XepuerosuHw,
3ajegHo ca cBe Behum WHTepecoBakbeM 3a
ynaraka Yy TexHo/sornje 3eneHor BOAOHMKaA.
Mehytum, pasymeBarbe  dyHAAMEHTANHUX
npoueca M MexaHusama peakuuja u3aBajarba
BOAOHUKA M pefyKuuje KUCEOHMKA Ha OBUM
matepujanuma,  Kopuctehu  Teopujcke M
eKcnepMMmeHTanHe npuctyne, W Jasbe je
LEeHTpaNHa TayKka Haller MHTepecoBaha, jep
baje  npasue 3a nobosblwarbe  CTBapHe
e/1eKTPOKaTa/IMTUYKe aKTUBHOCTM MaTtepujana.
PyHAAMEHTANHN M arnIMKaTUBHW acneKkT Hawer
UCTPa)KMBakba TPEHYTHO duHaHcMpa jenaH
HaLMOHaNHU npojekar (MuHucTapcTBO
obpasoBarba U Hayke u BuX) n HATO npojekaT
Science for peace ca XeMWjCKUM WHCTUTYTOM Yy
Jbyb/maHn n dakyntetom 3a OU3NYKY Xemujy
YHuBep3uteta y beorpaay.

Y oBoj npeseHTaumju buhe obpaheHa KpaTka
MCTOPUjCKa MO33a[MHa pa3e0ja ucmpamcusara
u3osajarba B8000HUKA Ha MpupodHo-
mMamemMamu4Kom pakynamemy YHueepaumema y
Capajesy, y3 Kroy4yHy noopwky daxkyamema 3a
¢usu4ky xemujy YHusepsumema y beozpady.
Mpernea M HajoUTHWjM  penoBu  Hawer
uctpakmparba 6uhe patm Kpos npumepe (i)
yTiuaja BpemeHa efneKkTpoaenosmumje
pasfMuMTUX MeTana Ha rpadeH-okecng Ha
€/IeKTPOKATaIMTMYKY aKTuBHocT, (i) yTuuaja
eNeKTpoxemujcke okcugaumje M@rGO Ha
FMXOBY aKTMBHOCT, (iii) pasnvka wusmehy
genosvuvje  Ha  AEAMMUYHO WM MNOTNYHO
peaykoBaHe O ¢unamose w pgenosuvuuvje y3
UCTOBPEMEHY peayKuMjy BUCOKOOKCUAOBAHOT
rpadeHa, (iv) edekata TepmanHor u
YANTPa3By4yHOr NpeTpeTMaHa cycrneHsuja rpadeH-
OKCMAA Ha KaTaIMTUYKY aKTUBHOCT U CTabunHoOCT
M@rGO, u (v) Mpunpema M@rGO peaykunjom

GO suspensions. Bulk catalytic activity can
be significantly affected by a number of
different factors, from particle size
distribution of graphite precursor to subtle
chemical or physical modifications of the

final material. Comprehension of major
factors that influence electrocatalytic
performance of graphene-containing

catalysts is important for controlling their
production at large scale, if these materials
are to be used in real systems. This aspect
of our work is becoming very important, as
plans for the first green hydrogen
production plant in Bosnia and Herzegovina
recently emerged, together with growing
interest for investments in green hydrogen
technologies. However, understanding the
fundamental processes and mechanisms of
hydrogen evolution and oxygen reduction
reactions on these materials, using
theoretical and experimental approaches, is
still the central point of our interest, as it
provides directions for improvements of
materials real electrocatalytic activity.
Fundamental and applicative aspect of our
research is currently funded by one national
project (Federal Ministry of Science and
Education of B&H) and NATO Science for
Peace project with National Institute of
Chemistry in Ljubljana and University of
Belgrade — Faculty of Physical Chemistry.

In this presentation, a brief historical
background on research evolution of
hydrogen evolution at the Faculty of Science
University of Sarajevo, with crucial
support from University of Belgrade -
Faculty of Physical Chemistry, will be
addressed. Overview and highlights of our
research will be given through examples of
(i) the effects of electrodeposition time of
different metals on graphene oxide on their
electrocatalytic activity, (i) the impact of
electrochemical oxidation of M@rGO on
their activity, (iii) the difference between
deposition on partially and fully reduced GO
films and deposition with simultaneous
reduction of highly oxidized graphene, (iv)
the effects of thermal pretreatment and
sonication of graphene oxide suspensions
on M@rGO catalytic activity and stability,
and (v) M@rGO preparation by reduction of
metal-ion-soaked graphene oxide films.
Mild thermal pretreatment of graphene
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¢dunmosa rpadeH-oKkcmaa HaTOM/bEHUX
MeTasIHUM joHMMa. baar TepmanHun npetpeTmaH
rpadeH-okcMaa He [oBOAM A0 YKAakbakba
3HayajHe KO/MYMHE peayumMbuiHUX rpyna, WTO
Ce NaKo MOXe MOTBPAUTU  LUKAUNYHOM
BonTameTpujom, Beh goBoan [0  HMXOBe
andysmje npeko 6asanHe paBHU U popmupatrba
Knactepa, AOK ce [e/IMMUYHOM pPeayKuujom
Npou3BOAN MaTepujan ca MarbOM KOJNYMHOM
pacyTux o¢yHKUMOHanHe rpyne. O6a osBa
»TPETMaHa" yTMUy Ha HyK/ieauujy meTana u pact
HaHoyecTMLA Ha noBpWMWHKM rpadeHa, ca
yTULAjEM Ha eNIeKTPOKATa/IMTUYKY aKTUBHOCT
Kao M Ha cTabunHocT KaTanusatopa. MpadeHun
£06unjeHn nocne ayKer ynTpasByyHOr TpeTmaHa
cycneHsuja rpadeH-okcMaa MMajy UsmerbeHe
peAyKUuMOHe noTeHuMjane W HaenekTpucama,
WTO yTMYe Ha aKTMBHOCT U  cTabunHocTt
enektpogenoHosaHor M@rGO. Meanjym Koju
ce KOpUCTU 3a YATpasBy4yHWM TpeTMaH (Ha
npumep, KoHueHTpoBaHu H,SOs man HF umanm
yucta BoOAda) Takohe yTMYe HA  KOHayHe
nepdopmaHce rpadeH-okcmaa u M@rGO. Csu
0BM edeKTM Cy BepoBaTHO  Y3POKOBaHM
pasKoM y Mopdonornju 1 peanHoj NoBpLINHM
nobujeHnx genosuta. C gpyre ctpaHe, edektn
BpEMEHA eneKkTpoAenosuumje U eneKkTpo-
XeMunjcke okcupaumje M@rGO HacTajy Kao
nocneavua  dopmuparba  rpaHuua  dasa
meTan/rpadeH M meTan/meTan-okcug, LWTO
oTBapa MoOryhHOCT 3a HOBe eneMeHTapHe
KOpaKe Yy MexaHM3My peakuuje u3aBajarba
BOAOHMKA. Pepykuuja dunama rpadeH-okcmaa
HaTOM/bEHOI META/SIHUM jOHUMA je 3aHUMJ/bUB
npuCcTyn 3a MNpURNpemy BUCOKO AMUCNEepProBaHWUX
MeTasHuX (cyb)HaHouYecTULa Ha maTepujany Ha
6a3u rpadeHa, Koju ce KOpUCTU 3a mpunpemy
Pt@rGO katanusaTopa 3a peaKkuuje usggajara
BOAOHMKA W peaykuuje KuceoHuka. OBaj
NPUCTYN KOPWUCTU yNTpamase KoAnYnHe metana
M MOXe Ce U3BEeCTU Ha PasaNynTMM Noasiorama,
Kopuctehu pasnnuute rpadeH-okcuae.

YKpaTKo, Hal paf je npBeHCTBEHO $OKycupaH
Ha nognore KaTanusaTopa W npolece Koju ce
mory u3sectn ga 6u ce nobosbliane ruxose
nepbopmaHce y enekTpoKaTasUTUYKUM KOMMO-
3uTMMa. eduHucarbe noysaaHmx npoteaypa 3a
Npou3BoAHY ONTUMM3OBAHMX MaTepujana 3a
NPUMEHY Y BOAEHUM €/IeKTpPoAu3epuma u
BOAOHMYHMM ropuBHMM hennjama, Kao U
obesbehumBatbe nobosblIAbA 33aCHOBAHMX Ha
byHOamMeHTaNHOM 3Haky M nabopaTopujcKom
MCKYCTBY je Halla nepcrnektuBa y nornegy

oxide does not induce removal of significant
quantity of reducible groups, which can
easily be confirmed by cyclic voltammetry,
but leads to their diffusion over the basal
plane and formation of clusters, while
partial reduction produces material with
smaller amount of scattered functional
groups. Both of these ,treatments" have
the effect on metal nucleation and
nanoparticle growth on the graphene
surface, with the impact on electrocatalytic
activity as well as the catalyst stability.
Graphenes obtained after prolonged
ultrasonic treatment of graphene oxide
suspensions  have altered reduction
potentials and charges, which affects
activity and stability of electrodeposited
M@rGO. Medium wused for ultrasonic
treatment (for example, concentrated
H,SO,4 or HF or pure water) also affects final
performance of graphene oxide and
M@rGO. All these effects are probably
caused by the difference in morphology and
real surface area of obtained deposits. On
the other hand, the effects of
electrodeposition time and electrochemical
oxidation of M@rGO arise as a consequence
of the formation of metal/graphene and
metal/metal oxide phase boundaries, which
opens up the possibility for new elementary
steps in the hydrogen evolution reaction
mechanism. Reduction of metal-ion-soaked
graphene oxide film is an interesting
approach for preparation of highly
dispersed metallic (sub)nanoparticles on
graphene-based material, used for
preparation of Pt@rGO for hydrogen
evolution and oxygen reduction reaction
catalysis. This approach uses ultra small
quantities of metal and can be performed
on different substrates, using different
graphene oxides.

In summary, our work is focused primarily
on catalyst supports and processes which
can be performed to improve their
performance in electrocatalytic composites.
Defining reliable procedures for production
of optimized materials for application in
water electrolysers and hydrogen fuel cells,
as well as providing improvements based on
fundamental knowledge and laboratory

scale experience is in our perspective
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concerning graphene-based materials.

maTepujana Ha 6asu rpadeHa.

Diffusion and clustering

Partial
reduction

Partial reduction
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CKopallkba UCTParXKMBaba e/IeKTPOXeMUjCKe KOHBep3uje eHepruje Ha
YHusep3utety y beorpagy — ®akyntety 3a pusnMuKy xemujy u GoKyc Ha
»3e/IeHN" BOAOHMK Kpo3 npojekaTt RatioCAT

Urop A. MawTn

YHusep3umem y beoepady — ®@akyamem 3a ¢pusu4ky xemujy, CmydeHmcku mpe 12-16,

11158 Beoepad, Cpbuja, igor@ffh.bg.ac.rs

Recent electrochemical energy conversion research at the University of
Belgrade — Faculty of Physical Chemistry and the focus on green hydrogen

through the RatioCAT project
Igor A. Pasti

University of Belgrade — Faculty of Physical Chemistry, Studentski trg 12-16, 11158

Belgrade, Serbia, igor@ffh.bg.ac.rs

beorpagcka wKona enektpoxemuje je 'y
NpoLw/IoM BeKy nocTasa Hafaseko NosHaTa, ca
peHOMMpPaHUM CTpyYHaLmMma us beorpaga, kao
M NpPeKko CBOjUX OUBLUMX CTyaeHaTa Koju
06aB/bajy BPXYHCKa WMCTPaXKMBakba Yy BEINKOM
6pojy NCTPaXKMBaAYKMX MHCTUTYUM]a y
MHocTpaHcTBy. Ca ABa rnaBHa orpaHKa, jeaHum
Ha TexHONOLWKO-MeTanypwKom ¢GakyaTeTy u
apyrum  Ha PakynteTy 3a OU3MUKY Xemujy
(®DX), Koju cy penaTMBHO camMocCTasHO pacau,
b6eorpajcKa WKoAa enekTpoxemuje je 4ocTurna
KPUTUYHY Mmacy cnocobHy pa oparoBopu Ha

jeAHO 04, K/bYYHMX nNUTarba CcaBpemeHor
OPYWTBA — KOHBEP3Wjy W CKNaguwTerse
eHepruje.

pyna 3a enektpoxemunjy ®dX-a, Kojy Boan
akagemunk Cnasko MeHTyc, y nocnearux 15
roauMHa m3pacna je y Hajsehy ucTpaxkmsauky
rpyny Ha dakynteTy, Koja 6poju npeko 15
4YN1IAHOBA aKTUBHO YK/bYYEHWX Y UCTPaXKMBatbe,
oA, pepoBHUX npodecopa A0 WUCTPaKMBaya.
PacT je noactakHyT HabaBkom HoBe onpeme U
WMHTEH3UBUPatbeM UCTPaXKMBaHba Y NPaAKTUYHO
cBUM 0bnacTMma eNeKTpoXeMujcke KoHBep3uje
" CKNaguwTera eHepruje, Kao "
cBecTpaHowhy UCTpaxkuMBara - 0f, CTPUKTHO

eKCnepMmeHTanHoOr A0  Teopujckor  u
Kom6uHOBaHOr eKcnepumeHTanHor "
payyHapckor  npuctyna. [naBHo  jesrpo

[aHaWe rpyne 3a enektpoxemujy Ha OOX
dopmupaHo je 2011. rogmMHe HAUMOHANHUM
NPOjeKTHUM LMKAYycoM. TaKo3BaHU , TPOCTPYKO
N“ npojekaT ,baTepuje u ropusHe henvje —
UCTPaXKMBakbe M PasBoj”, KOju BOAM aKageMMK
MeHTyc, a ¢uHaHcMpa MUHUCTApPCTBO Hayke
Penybnnke Cpbuje, OKynuo je ucCTpaxkusaye

Belgrade School of electrochemistry has
become widely known in the last century
with well-recognized experts situated in
Belgrade, as well as through its alumni
performing top-level research in a number of
research institutions abroad. With the two
main branches, the one at the Faculty of
Technology and Metallurgy and the one at
the Faculty of Physical Chemistry (FPC),
growing relatively independently, the
Belgrade school of electrochemistry reached
a critical mass capable of responding to one
of the key issues of modern society — energy
conversion and storage.

In the last 15 years, the Electrochemistry
group at FPC, led by academician Slavko
Mentus, has grown into the largest research
group at the Faculty, counting over 15
members actively involved in research, from
full professors to researchers. The growth
was stimulated by acquiring new equipment
and intensifying research into practically all
the areas of electrochemical energy
conversion and storage and diversification of
research from strictly experimental to
theoretical and combined experimental and
computational approaches. The main core of
the current Electrochemistry group at FPC
was formed in 2011 with the national project
cycle. The so-called “triple 1” project
“Batteries and Fuel Cell — Research and
Development”, led by academician Mentus
and funded by the Ministry of Science of the
Republic of Serbia, assembled researchers
from FPC and other research institutions in
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PDX 1 Apyrnx UCTPANKMBAYKUX UHCTUTYUMjA Y
Cpbuju, yrmwyuyjyhu WHcTUTYT ,BuHYA” 1
Xemujckn ¢akyntet, noctaBMo je nytT 3a
MUCTPaXKMBarba Koja cy y TOKy. Tokom oBor
NpojeKTa, Koju je Buwe nyTa NpoAy)KaBaH A0
Kpaja 2019. roguHe, bopmunpaHa je jaka mpexka
capagrwe. OBa Mpexa je pasrpaHata y
HEeKO/IMKO npaBaua. [pyna 3a enekTpoxemujy
capahyje ca ApyrMm MCTpaxKmBaykMm rpynama

Ha  OOX, pasAUUUTUM  UCTPaXKMBAYKUM
UHcTMTYUMjama y Cpbuju, anm uma u Beoma
jaky mehyHapoaHy capagmy ca

MUCTPaXKMBAYKMM  UeHTpuma Yy CnoseHuju,
BocHun n XepuerosuHu, LipHoj Fopu, Ayctpuiju,
Hemaukoj, LBeackoj, MopTtyrany u mMHoOrmm
LpYyrum 3em/bama.

HaumoHanHo ¢uHaHcupaH npojekaT ,batepuje
n ropusHe henuje — UcCTparkmBarbe U pasBoj”
nogMrao je  uMTaBy HOBY  reHepauujy
€/IeKTPOXeMMYapa M Hay4yHMKa w3 obnactm
HayKe 0 maTepujannuma Ha PDX u nocayxmo
Kao MoJia3Ha TayKa 3a M3rpaftby PasanyunTmx
CMepoBa UCTpaxkunsara Ha PPX-y. TpeHyTHO ce

Ha DdDX-y AKTUBHO UCTPaXKYjy
e/leKTpoKaTannsa, batepuje "
€/1eKTPOXEMUJCKN  KOHAZEeH3aTopu. Mehytum,

cnepehu K/bydYHU KOpaK Koju je omoryhuo pact
rpyne 3a enekTpoxemujy je ycrnocTaB/batbe
,3BaHMYHe” mehyHapogHe capagrbe Kpos
mehyHapogHe ucTparkuBadke npojekrte. OBo je
nocTUrHyTo Kpo3 npojekat DURAPEM, NATO
nporpam Hayke 3a mup u 6e3begHocT, Koju cy
BoAMAM akageMuk Mentyc (PDX) n npodod.
labepwyek (HaLMOHANHU XEMMUJCKM WHCTUTYT,
JbybmaHa, Cnosenuja) 2015. rogmHe. Ocum
HabaBKke 3HaYajHUX Komaga onpeme,
yK/byuyjyhu cKeHupajyhu €/1eKTPOHCKM
MWKpPOCKON, rpyna je Aobuna npeko noTpebHy
mefhyHapoaHy AMMEH3MUjy CBOT UCTPaXKMBatba.
Be3se u3rpaheHe y OKBMpYy OBOr NpojekTa cy
BEOMa jake M TPeHyTHO rpyma  3a
enekTpoxemunjy Ha ODX cnposoau [ABa
pnopatHa NATO npojekta Hayke 3a mup w

6e3beaHocT: ,batepuje  3acHoBaHe Ha
YF/bEHUKY " cynepkoHaeH3aTopu” "
,OnNTMMM3aLmMja CTabMNHOCTM  KaTa/nusatopa
ropueux henuja HakoH wuHTerpaumje ca

pebopmom”, op, Yera je nocneprbu npojekart
AnpeKTaH HactaBak DURAPEM-a.

Cnepehu u3a3oB y Ja/beM jayarby M pPasBojy
rpynauuje 3a  enektpoxemujy 6uno je
pecTpyktyupare @uHaHCUMparba Hayke
Cpbuju Kpo3 dopmuparbe PoHAa 3a HayKy

Serbia, including Vinca Institute and Faculty
of Chemistry, and set the path for the
ongoing research. A strong collaboration
network was formed during this project,
which was extended several times up to the
end of 2019. This network is branched in

several directions. The electrochemistry
group collaborates with other research
groups at FPC, and different research

institutions in Serbia, but it also has very
strong international collaboration with
research centers in Slovenia, Bosnia and
Herzegovina, Montenegro, Austria, Germany,
Sweden, Portugal and many other countries.

Nationally-funded project “Batteries and Fuel
Cell — Research and Development” raised an
entirely new generation of electrochemists
and materials scientists at FPC and served as
a starting point for building different

research directions at FPC. Currently,
electrocatalysis, batteries, and
electrochemical capacitors are actively

investigated at FPC. However, the next key
step that enabled the Electrochemistry
group's growth was establishing the “official”
international collaboration through
international research projects. This was
achieved through the project DURAPEM,
NATO Science for Peace and Security
Programme, led by academician Mentus
(FPC) and Prof. Gaberscek (National Institute
of Chemistry, Ljubljana, Slovenia) in 2015.
Besides gaining significant pieces of
equipment, including a scanning electron
microscope, the group obtained a much-
needed international dimension of its
research. The connections built within this
project are very strong. Currently, the
Electrochemistry  group  at FPC is
implementing two additional NATO Science
for Peace and Security projects: “Carbon-
Based Batteries and Supercapacitors” and
“Optimizing Fuel Cell Catalyst Stability upon
Integration with Reforming”, the latter one
being a direct continuation of DURAPEM.

The next challenge in further strengthening
and developing the Electrochemistry group
was re-architecturing science funding in
Serbia through the formation of the Science
Fund of the Republic of Serbia. In its first call
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Penybnnke Cpbuje. Y cBom npBOm no3uBy
MPOMMC, opobpeHa cy TpM NpojeKTa Kojuma
KoopguHupa PPX, oa yera cy ABa MNpojekTa
bOKycMpaHa Ha eNeKTPOXEMUjCKY KOHBEP3UjY U
CKiaguwTere eHepruje: ,Enektpoae Bucokor

KanauuTeTa 3a BOAEHE nyrunse
MYNTUBANEHTHE joHCKe batepuje "
CynepKoHAEH3aTope: HapegHW Kopak Ka
XxnbpugHom mogaeny” (HiSuperBat) "

,PaumMoHanHn AusajH  MynTUOYHKLMOHANHUX
basHux rpaHuua 3a edpuKacHy
€/1eKTPOKATaIMTUYKY NMPOU3BOAHY BOAOHMKA”
(RatioCAT).

lnasHu umb RatioCAT npojekta 6uo je pa ce
NMOKaXKe M3BOA/bUBOCT MYNTUOYHKLMOHANHUX
basHux rpaHuua ca cynepuopHom
KaTaNUTUYKOM aKTMBHOWhY npema peaKuuju
usgaBajatba BogoHuKa (HER) y ankanHum
cpegMHama.  YApyKuBarbem NPeTXoAHUX
bYyHOAMEHTAaNHMX 3Harba M HajcaBpemeHuje
KOMOMHaLMje TeopwujcKor MmoaesoBarba MU
eKcnepumeHTanHor am3ajHa, RatioCAT je umao
32 UWwb Ja passBuje HOBY reHepauumjy
eneKkTpokaTanmsaTopa 3a HER, Koju He cagpike
naatnHy. Hosu KaTanusaTopu ce 6asupajy Ha
pauMoHasHO  ofabpaHum  KoMBWHauujama
MeTasa, Hocaya KaTanusatopa (y Hawem
CNyvajy pefiykoBaHor okenaa rpadeHa — rGO) u
xuapokenaa 3d npenasHor metana (03Ha4yeHo
TM(OH)z). CBaka oA 0BWMX KOMMOHEHTU MUrpa
K/bY4Hy ynory y dopmuparby Ha u3 H,0. FnasHu
unbeBn RatioCAT npojekta cy 6uam: (i)
noTepAa KoHuenTa [Au3ajHa  KOMMIEeKCHUX
MynTUdYHKUMOHanHUXx  TM(OH) »-TM@rGO
MHTepdejca 3a nobosbwaHy HER akTMBHOCT, y
nopehewwy ca TM(OH),-TM u TM@rGO
naHgammma, u (ii) onTummsaumja Katannsatopa
na 6uM ce pocTMrna  aKTMBHOCT  MJIATUHE,
Kopuwherwem HER HagHanoHa noTtpebHor 3a
rycTUHy cTpyje og —10 mA cm=2 (reomeTpujcku)
Kao um/ba. WcTpaxuBakba w3BeAeHa TOKOM
MMmnaemeHTaumje npojekra 6una cy
dyHAAMEHTANHA, aNK ca jaCHUM NOTEHLMjaNnoM
33 npumeHy. Lus/mesu cy 6unm y Besn ca
WHTErpucaHom COlapHOM TEXHONOrMjom
eNeKTpoNnM3e  BOAE M MMNAeMeHTauuja
pe3ynTaTta npojeKkTa y Takee ypehaje morna 6m
MMaTWU OrpomMaH YyTWUAj] Ha pJasbu  pasBoj
oapxkuse eHepruje. OCHOBHA wmAgeja npojekTta
RatioCAT 6una je dopmuparse
MYATUDYHKLMOHANHUX GasHUX rpaHnua (canka
1) KombuHOBatbem aBe cTpaTernje 3a
nobosbliarbe HER: (1) dopmupare

PROMIS, three projects coordinated by FPC
were granted funding, including two projects
focused on electrochemical energy
conversion and storage — “High-capacity
electrodes for aqueous rechargeable
multivalent-ion batteries and
supercapacitors: Next step towards a hybrid
model” (HiSuperBat) and “Rational design of
multifunctional electrode interface for
efficient electrocatalytic hydrogen
production” (RatioCAT).

The main objective of the RatioCAT project
was to demonstrate the feasibility of
multifunctional electrode interfaces with
superior catalytic activity towards hydrogen
evolution reaction (HER) in alkaline media. By
joining previous fundamental knowledge and
the state-of-the-art combination of
theoretical modeling and experimental
design, RatioCAT aimed to develop a new
generation of platinum-free HER
electrocatalyst. New catalysts are based on
rationally selected combinations of metal,
catalyst support (in our case, reduced
graphene oxide — rGO) and 3d transition
metal oxy-hydroxides (for brevity marked as
TM(OH);). Each of these components plays a
crucial role in H, formation from H;0. The
main objectives of RatioCAT project were: (i)
Confirmation of the design concept of
complex multifunctional TM(OH),-
metal@rGO interfaces for improved HER
activity compared to TM(OH),-metal and

metal@rGO counterparts, and (ii)
Optimization of the catalyst in order to reach
the activity of platinum, using HER

overpotential needed for a current density of
-10 mA cm2 (geometric) as a target. The
work undertaken during the project
implementation was fundamental but with
clear application potential. The targets were
in connection with the integrated solar water
splitting technology, and the implementation
of Project results into such devices could
have a tremendous impact on further
sustainable energy development. The main
idea of the RatioCAT project was the
formation of multifunctional interfaces (Fig.
1) by combining two strategies for HER
enhancement: (1) formation of bi-functional
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6udpyHKumoHanHor TM(OH),-TM unHTepdejca n
(2) dopmuparbe ¢asHe rpaHuye TM-rGO.
Kopak (1) nojayaBa aucouujaumjy Boae U
dopmuparbe Hags [1], AoK he Kopak (2) ybp3aTtn
dbopmuparbe racoBUTOr BOAOHMKA  MpPEKO
,npenmBamwa” H,ys Ha rGO, ob6e3behyjyhu
CMHEPruCcTUYKM KaTanuTuukm edekat [2]. Uumb
je 6uo pa ce npesasuly pAaHalwma
HajcaBpemeHuvja pocturHyha n aemoHcTpupa
HOBM KoHuenT y HER enekTpokatanusu.

MeToL0N0LWKY, npojekar RatioCAT je
KOMBMHOBAO MogenoBartbe Ha 6asn Teopuje
dyHKLMOHana ryctuHe (DFT), KMHeTUYKe MoHTe
Kapno (KMC) cumynaumje u  puroposHe
eKcrnepuMeHTaiHe cTpaTervje 3a 04abup HOBUX
KaTanus3atopa W  BepubMKauMjy  HUXOBOT
YYMHKa y peanHum ycnosmma. DFT, KMC wu

eKCNepuMeHTanHNn pag, cy 6uam  uBpcTo
nosesaHu, WTO je AOBes0 A0 ONTUMWU30BAHON
Ni@rGO KaTanu3atopa Koju MOXKe Aa

obesbeaun 2-5 Behe ryctmHe cTpyje y nopehery
Ca OHMMa KOju Ce TPEeHYTHO KopwucTe y
WMHAYCTPUjCKUM npowecuma anKanHe
efneKkTponnse Boge. To 3HAUM Aa je LeHa Tako
npousseaeHor ,3eneHor” Hy Huka 3a ucCtU
¢dakTop, Mako je noTpebHa w oparosapajyha
aHoAa Koja 6u npatmna nobosbliarbe KaTogHe
aKTUBHOCTW.

Bepyjemo pa he pesyntatv fobujeHU ToKom
npojekta RatioCAT MmaTtu 3HayajaH yTuuaj Ha
fa/be MpaBLe WCTpaXkuBarba MPOU3BOAHLE
,3eneHor” BogoHunKa. He camo fa je nokasaHo
KaKo ce ,Kpojerbe” ¢asHWX rpaHMLa MOoXKe
KOPUCTUTK 3a nocnelwmnsarbe npounssoare Ha,
Beh je ,&EMOHCTPMpPaH U HOBU KOHLLENT TaHAEM-
uHTepdejca. Kako ueHe (TpaAWUMOHANHO)
jedTMHMX MmaTepujana 3a npoussogry Ha,
nonyT HUKNA, TPEHYTHO PacCTy, HALWW pe3ynTatu
yKa3yjy U Ha cTpaTervje pauuoHanusauuje u
eKoHomM3aLuje ynoTpebe meTana.

TM(OH),-metal interface and (2) formation of
the metal-rGO interface. Step (1) enhances
water dissociation and H,4s formation [1],
while step (2) will speed up the formation of
gaseous hydrogen via Hags spillover to rGO,
providing a synergistic catalytic effect [2]. The
goal was to go beyond state-of-the-art and

demonstrate a new concept in HER
electrocatalysis.

Methodologically, the RatioCAT project
combined  Density  Functional Theory

modeling (DFT), Kinetic Monte Carlo (KMC)
simulations and rigorous experimental
strategies to select novel catalysts and verify
their performance under realistic conditions.
DFT, KMC, and experimental work were
tightly connected, leading to an optimized
Ni@rGO catalyst that can provide 2-5 higher
current densities than the ones currently
used in industrial alkaline water electrolysis
processes. Effectively, this means that the
price of such produced green H; is lower by
the same factor, although one also needs an
appropriate anode that follows the cathode
activity improvements.

We believe that the results obtained during
the RatioCAT project will significantly impact
the further research directions on green
hydrogen production. Not only has it been
shown how interface tailoring can be used to
boost H, productions, but also a novel
concept of tandem interfaces has been
demonstrated. As the prices of (traditionally)
low-cost materials for H, production, like
nickel, are currently rising, our results also
point to the strategies of metal usage
rationalization and economization.
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Support (rGO)”

Cnuka 1. MpuHumn paga myntMdyHKLMOHANHMX GasHUX rpaHuLA — Y Kopaky (1) Boga Aucocyje Ha rpaHuLm
$aza TM(OH)-meTan v Ha noBpwMHU MmeTana ce dopmmnpa Hags. Y Kopaky (2) Hags ce ,npeansa” Ha rGO rae
ce pekombuHyje y Hz. Y3eTu y 063up Aa cy BeMUMHe HEKUX aTOMCKMX BpcTa nosehaHe paau jacHohe cauke.
Takohe, NOKPUBEHOCT KaTanusaTopa ca Hads HUje NpeacTaB/beHa peanHo. LipseHe Tauke y TM(OH): dasu
npeacTassbajy OH rpyne.

Figure 1. Operation of multifunctional interfaces — in step (1) water dissociates at TM(OH).-metal interface,
and Hags is formed on the metal surface. In step (2) Haus spills to rGO where it recombines to H,. Please note
that the sizes of some of the species are increased for clarity. Also, the coverage of the catalyst by Hags is not
represented realistically. Red dots in TM(OH). phase represent OH groups.
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[lOK noTeHUMjan BOAOHUKA KAao U3BOpPa eHepruje
N K/byYHOT CaCTOjKa Y MHOrMM MepcneKkTMBHUM
no/bMma JbyACKOr paja ocCTaje  3HayajaH,
13a308u y yCnocTaB/baky BOJOHWYHE
eKoHoMMje cy 1 aasbe Bennku. OBO je yrnaBHOM
33TO WTO Npenpeke M HegoCTauu Mopajy Aa ce

pewaeajy Yy OKBUPY CBMX KOMMOHEHTM
BOAOHMUYHE eKoHoMuje NCTOBPEMEHO:
NpPoOu3BOAMbE, CKAaAMILTEHA, TPaHCNopTa W

oncTpmnbyumje. CKnaguwTere BOAOHMKA je Kibyd
33 pas3Boj curypHe u eduKacHe BOAOHMYHE
ekoHomuje. BogoHUK nma Hajsehy cneunduyHy
eHeprujy og 6uno Kor ropusa; mehytum mana
3aMpeMMHCKa rycTMHa Npu  CTaHAAPAHUM
YyCNOBMMA MMa 33 pesynTaT HUCKY [yCTUHY
eHeprvje, LWTO 3axTeBa Pas3BOj MHOBATUBHUX
MeTofa CKAaauwTera Kako 6u ce nocturna
Beha ryctuHa eHepruje. BogoHuk ce ¢pusmukm
MOEe CKNagMWTUTU Kao rac WAM TEeYyHOCT.
CknaguiuTerbe BOAOHMKA Kao raca OOBWYHO
3axTeBa pesepBoape Mnoj BMCOKMM MPUTUCKOM
(350-700 6apa). CknaguwTterse BOAOHWKA Y
TEYHOM CTakby 3axTeBa HUCKe TemnepaType jep
je Tauka K/byyatba BOAOHMKA MNpU MNPUTUCKY
jeaHe atmocoepe -252,8 °C. BoagoHuUK ce Takohe
MO)e CKNAMIUTUTU Ha MOBPLIMHU UYBPCTUX
CyncTaHuM (ascopnuujom) WAM yHYTap HUX
(ancopnumjom). Kpajtbou Upus/b 3a rpaBUMETPU]CKM
KanauuTeT cKAaauwTera 3a MobuaHe NnpumeHe,
nocTaB/beH on, CTpaHe MwuHucTapcTsa
eHepretuke CAL, je 2,2 kW/kg wam 6 wt.%.
Mehy MmeTanHUM  XuapUaAMMa, MarHesujym
xuapua (MgH;) moxe ga ucnyHu ose notpebe.
MgH; je jegaH oa, maTepujana 3a cknaguwtere
BOZJOHMKA KOjuU HajBMwe obehaBa jep ce

While the potential of hydrogen as an
energy source and crucial ingredient in
many prospective fields of human endeavor
remains significant, the challenges in
establishing a hydrogen economy are still
significant. This is mostly because obstacles
and drawbacks have to be addressed within
all components of the hydrogen economy
simultaneously: production, storage,
transportation, and distribution. Hydrogen
storage is the key for the development of
safe and efficient hydrogen economy.
Hydrogen has the highest energy per mass
of any fuel, however, its low volumetric
density at ambient temperature results in a
low energy per unit volume, therefore
requiring the development of innovative
storage methods that have potential for
higher energy density. Hydrogen can be
stored physically as either a gas or a liquid.
Storage of hydrogen as a gas typically
requires high-pressure tanks (350-700 bar).
Storage of hydrogen as a liquid requires
cryogenic temperatures because the boiling
point of hydrogen at one atmosphere
pressure is —252.8°C. Hydrogen can also be
stored on the surfaces of solids (by
adsorption) or within solids (by absorption).
The ultimate goal for gravimetric storage
capacity of mobile applications set by the
U.S. Department of Energy (DOE) is 2.2
kW/kg or 6 wt.%. Among the metal
hydrides, magnesium hydride (MgH;) can
fulfill this requirement. MgH; is one of the
most promising hydrogen storage materials
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ONPEKTHO
racoBUTUM

peakuujom
M [OCTUXKE BUCOK
cneunduyHmn Kanauutet (7,6 wt.%).
TepmoanHamuuke bapujepe Yy  pasrpagrbu
MarHesnjym xugpuga y O06/AMKy npaxa uam
TaHKOr OuAMa cy npegMeT MHOMMX Hay4YHUX

opmupa M ca
pmup g

BOAOHMKOM

UCTpaXkmMBarba, MNpe cBera Kpo3  npolec
pectabunusaumje  cTpyktype xugpuaa  [1].
Hajuewhe KopuwheHa meToaa 3a
necrabunusaumnjy xmapmaa je

HaHOCTPYKTypUpare MeXaHUYKUM MJIeBeHeM
KOje 00BOAMN [0 CMakbera BennymHe yectmua m
Kpuctanumta npaxa MgH,;. MeTtoge o3pauuBarba
joHMma ce Takohe Kopucte [2].
HaHocTpyKTypupare ce 4yecto KOMbBUHyje ca
[OOATKOM  KaTanus3atopa W dopmuparbem
komnosuTa [3-7]. Ctora, cBojcTBa CKNaAULWTEHA
BOAOHMKA MOry ce Mpuaaroautv AojaBatbem
Masne KonnuuHe npenasHux metana (Ti, V, Fe,
Co, Ni, Cu), okcuaa npenasHux metana (WOs,
Ce0,, VO, TiO;) uan 6opuaa (TiBy) [3-7]. ¥
3aBUCHOCTM Of, Y/IOXKEHe eHepruje TOKOM
npoueca mnesemwa, TMNMMYHO Bpeme M/ieBerba 3a
MarHesnjym uam marHesujym xuapug ce kpehe
of 15 min go 20 h 3a BWCOKOeHepreTcke
manHose u o4 20 ao 150 h 3a HUCKoeHepreTcKe
manHoBse. Hajsehu neo ucTparkmBakba ycmepeH
je Ha MopdOooLKe, CTPYKTYypHe "
TepMoAMHaMUUKe edeKkTe TUMUMYHe 3a Ayro
BpeEMe MNeBea, 0K Cy Yy 0BOM pagy npaheHe

npomeHe Koje ce JelaBajy npu KpPaTKOM
BpPEMEHY M/IeBeHba.
[asbe, npouecn Koju ce ofBWjajy TOKOM

Lecoprnuvje BOAOHMKA M3 TaHKMX ¢uamosa
Mg/MgH, HakoH moauduKaumje  jOHCKUM
o3paymBarbem cy Takohe 6unm y pokycy Hawer
UCTpa)KMBatba. 3paverbe je KopuwheHo aa ce
pobuje TauyHa KOAMUYMHA TayKacTux gedekata
YHyTap nobpo aeduHucaHe aybuHcke
oucTpubyumje. NMoKasaHo je Aa BeIMYUHA, 06K
M KOHUeHTpaunja Mg jesrapa HacTainx TOKOM
necopnuuvje BOAOHMKA M3 TaHKux duamosa
MgH; 3asuce oA KapaKTepucTmnKa "
ouctpubyumje  MHAykoBaHux  pedekata. Y
Heo3payeHMM y3opuuma obnuk jesrapa Mg je
coepuyaH, [OK je y o03payveHum y3opuuma
BEOMa HenpasunaH. Bapujauuje y 6oju y3opka
cy npumeheHe TOKOM pecopnuuvje BOAOHMKA U
npe crtBapakba Mg jesrapa. DFT npopayvyHu cy
nokKasasim fa ce yoyeHe Bapujaumje y ONTUYKUM
CBOjCTBMMA y30paka mory ob6jacHUTH
npoMeHama Yy eNleKTPOHCKOj CTpyKTypn MgH, 1
nojaBom Tpake H-BakaHUMje yHyTap eHepreTckor

because it is directly formed from the
reaction of Mg metal with gaseous
hydrogen and reaches a high mass capacity
(7.6 wt. %). A matter of thermodynamic
barriers in the decomposition of magnesium
hydride in both powder or thin film form is
the subject of many scientific studies,
primarily  through  the process of
destabilization of the hydride structure [1].
The most commonly used method for
hydride destabilization is nanostructuring by
mechanical milling which leads to reduction
in the particle and crystallite size of the
MgH, powder. Further, ion irradiation is
also used [2]. Nanostructuring is often
combined with catalyst addition and
composite formation [3-7]. Therefore, the H
storage properties can be tailored by
addition of small amount of transition
metals (Ti, V, Fe, Co, Ni, Cu), transition
metal oxides (WOs;, CeO,, VO, TiO;), or
borides (TiB;) [3-7]. Depending on the
energy input during the milling process, the
typical milling time for magnesium or
magnesium hydride ranges from 15 min to
20 h for high-energy mills and from 20 to
150 h for low-energy mills. Most of the
research is focused on the morphological,
structural and thermodynamic effects
typical for long milling times, while we have
followed the changes taking place under
short milling time.

Further, processes taking place during
hydrogen desorption from Mg/MgH, thin
films upon modification by ion irradiation
were also in focus of our investigation.
Irradiation was used to produce exact
quantities of point defects within well-
defined depth distribution. It was shown
that the size, shape, and concentration of
Mg nuclei formed during hydrogen
desorption from MgH, thin films depend on
the characteristics and distribution of the
induced defects. In non-irradiated samples
the shape of Mg nuclei is spherical, while in
irradiated samples it is highly irregular.
Variations in sample color were observed
during hydrogen desorption and before the
creation of Mg nuclei. DFT calculations
showed that the observed variations in the
optical properties of samples can be
explained by changes in MgH, electronic
structure and the appearance of an H-
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npouena MgH,. C apyre cTpaHe, moaudukaumja
M3asBaHa 3aTBaparbeM ca TiO; He yTuye Ha
061uK jesrapa. O61uMK je chepuyaH M He 3aBUCK

opa, nebmwuHe dunma. BennumHa "
KOHUEHTpaumMja jesrapa je noBe3aHa ca
pebspmHom  ¢unmoBa. Obe moauduKaumje

(popaBarbe agMTMBA MAKM TayKacTux gedekaTta)
[0BOAe [0 CMatberba MoYeTHe TemnepaType 3a
aecopnumjy M nobosbluarba KMHETMKE npoueca
[8].

[eo Hawer uctparkmearba nocseheH je npoueHU

Xxemmujckor Be3MBatba " cTabunHoctu
jeQHOCTaBHMX MeTanHux xugpuga u  MgH;
OONWPAHOr  MpefasHuM  mMeTaanma  nyTem

aHanu3e Tononorvje rycTMHe HaesneKkTpucara
KaKo Ha nokanHom (bageposa Teopwuja atoma y
MOJIEKY/IMMA) TaKO W Ha  WHTErpasHom
(HEKOBaneHTHe MHTepakuuje) HUBOY. TpeHaoBU
Y MaKpPOCKOMCKMM CBOjCTBUMA (TemnepaTtype
TON/bEHA, YKYnHa TEPMOAMHAMMYKA
CTabMNHOCT, enacTuyYHa CBOjJCTBA UTA.) YOUYEHU Y
cepujama jegurberba Kao LWTO CYy aNKaNHM
XMAPUAM U XaNoreHWau, Mory ce npunucatu
nocTojakby CYNTUAHUX PasfiMKa y Tonosiornjama
rycTUHe HaenekTpucara. OBe pasivKe Ha
JIOKasIHOM HMBOY  Mory  ce onucatu
Kopuwherem pasnunuyumTor 6poja 7
aucTpubyumje  CTaLMOHAPHUX  (KPUTUYHMX)
Tayaka TryCcTMHe HaenekTpucarba. Ha Wwupoj
CKanW, pPervoHn MNpuBAAYHUX U 0ABO0JHUX
WHTepakuuja Mmory ce  uAeHTUdMKoBaATM
Kopuwherem KOHLenTa HEKOBA/IEHTHUX
WHTepaKuuja. JIOKaNHW KOHLUENT je HeA0BO/baH
43 onuuwe Tonosowku npenas nsmehy LiH — NaH
— KH. Wako LiH u NaH npunagajy pasnavuntum
TOMONOWKNM  K/lacama, HesloKasHU  MpUcTyn
OTKpuBa Aa je NaH 3anpaBo npenasHu cay4aj, y
KOM npusnayHe H-H KOHUEeHTpauuje
HaenekTpucara HWUCY [O0BO/bHE JAa WCNyHe
ycnos  Be3vBatba. KOMMJEKCHa  CTpyKTypa
HeKoBa/IeHTHe WHTEpaKumje CMakbeHor
rpagmjeHTa rycTuHe HaenekTpucatba y jOHCKOM
MgH; ca npsum ¥ apyrum cycegHUM aToMUMa
3aMeHEHA  je  U3PAXKEHUjUM  YCMepeHUM
Be3MBatbeM Cca MPBMM CyCEAHMM aTOMMMA Y
MgH; fonMpaHom npenasHum mMeTaanma.
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vacancy band within the MgH, energy gap.
On the other hand, the modification
induced by capping with TiO, does not
affect the shape of nuclei. The shape is
rather spherical and does not depend on
film thickness. The size and concentration of
nuclei is related to the thickness of films.
Both modifications (addition of additives or
point defects) lead to reduction of
temperature onset for desorption and
improved kinetics [8].

The part of our research is devoted to
assessment of chemical bonding and
stability of simple metal hydrides and
transition metal doped MgH, by means of
charge density topology analysis on both
local (Bader concept of atoms in molecules)
and integral (concept of non-covalent
interactions) level. Trends in macroscopic
properties (melting temperatures and
overall thermodynamic stability, elastic
properties etc.) observed in compound
series such as alkali hydrides and halides,
could be attributed to the existence of
subtle differences in charge density
topologies. These differences on the local
level can be described using different
number and distribution of charge density
stationary (critical) points. On the broader
scale, regions of bonding attraction and
repulsion can be identified using non-
covalent interactions concept. The local
concept is insufficient to describe
topological transition between LiH — NaH —
KH. Although LiH and NaH belong to
different topological classes, the non-local
approach reveals that NaH is actually a
transition case, with attractive H-H charge
concentrations not sufficient to fulfill
bonding condition. Complex structure of
non-covalent interaction reduced charge
density gradient in ionic MgH; with first and
second neighbor bonded atoms is replaced
with more pronounced directional first
neighbor bonding in transition metal doped
MgHz
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NospmnHcKe ¢pase Ha 6a3m HMKNA 3a NOcNelwMnBarbe gucoumjaumje soge n
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Ni-based surface phases boosting H,0 dissociation and H, production —

theoretical insights
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Belgrade, Serbia

Hawe apylwTBO ce 3ana)e 3a HOBA, OAPXKMBA
€HepreTcka pelera, Npu yemy je ,3eneHn”
BOAOHUK jefHa Of LEHTPasHMX Napagurmu.
Mehytum, npoussogra H; enekTpoansom
BOJE HUje eKOHOMCKM NpuBaayvHa 360r BUCOKe
LeHe Tako npousseaeHor H,. Benuku rybuum
eHepruje cy NoBesaHW ca HUCKOM aKkTUBHoWwhy
KaToZa y NpoLecy afikasHe eNeKkTpon3e Boae
M TeHepasHoO  YCMOPEHOM  KMHETUKOM
eBOJlyLMje KMCEOHMKa Ha aHOAHOj CTpaHMu.
[akne, cBako nobosbliatbe y ywteam eHepruje
M CMakbery HagHanoHa aHoge W KaToge 3a
WNHAOYCTPUjCKM peneBaHTHe ycnose
eNleKTposiM3e [0BOAN  ,3€/1eHU”  BOAOHMK
6nauke cTtBapHocTU. Beh Buwe o peueHuje
No3HaTo je Aa WHTepdejcn OKCU-XMAPOKCMAa
npenasHUx MmeTana ca MmeTasHom ¢asom
NoACTUYY Ancoumjaumjy BoAe — K/byYHU KOpaK
y eBonyumju H; y ankanHum megujuma. OBo je
[OBENO [0 aKTUBHOI UCTpaXuBaka rae ce
NMoKasano Aa  pas/ivunTM  KOMMO3WUTHM
maTepujann obe3behyjy nojavaHy akTMBHOCT
esosiyumje H,. MehyTtum, y oBom npuctyny je
uHTepoejc nsmehy okcu-xmapokcnaHe dase m
MeTafna oOf, K/byYHOr 3Hayaja M npeumsHa
moanduKaumja  NOBpIMHE  MeTasa, Ha
npumep  Kopuwherwem  enekTPoOXeMmjCKuxX
moguduKaumja, moria 61U nmatn ucte edekre
Ha npousBoary H; Aok 61 paumoHannsosana
ynotpeby xemMuKanuja y npouecy npunpeme
KaTanusatopa. Kopucrehu npopadyHe Ha 6asu
Teopuje ¢YHKUMOHANA TrycTUHe, MOKasyjemMo
03 NPUCYCTBO Pa3/IMUYUTUX NOBPLUMHCKMX da3a
Ha HUKAY, YK/bYYyjyhn Heros okcua, okcanar,
cyndua, HUTPUA, ceneHung, Tenypua u apyre,
mory pga nojavajy gucoumjauumjy H,O, He
yTmayhn  Ha  eHepreTuky  apcopbosaHor
BOAOHMKA Ha Ni meTtanHoj d¢asmn. Osa
3ana)kakba CcMakbyjy 6poj napamertapa y

Our society is urging for new sustainable
energy solutions, with green hydrogen being
one of the central paradigms. However, H;
production via water electrolysis is
economically attractive due to the high price
of the so produced H,. High energy losses are
associated with low activity of cathodes in the
alkaline  water process and
generally sluggish oxygen evolution kinetics at
the anode side. Thus, any improvements in
energy saving and reduction of anode and
cathode overpotential for industrially relevant
electrolysis conditions bring green hydrogen
closer to reality. For over a decade, it has been
known that transition metal oxy-hydroxides
interfaced with metal phase boost water
dissociation — a crucial step in H, evolution in

not

electrolysis

alkaline media. This led to active research
where various composite materials were
shown to provide enhanced H; evolution
activity. However, in this approach, the
interface between the oxy-hydroxide phase
and metal is of crucial importance, and precise
modification of the metal surface,
example, using electrochemical modifications,
could have the same effects on H; production
while rationalizing the use of chemicals in the
catalyst preparation process. Using DFT
calculations, we show that different surface
phases on nickel, including oxide, oxalate,
sulfide, nitride, selenide, telluride, and others,
can boost H,0 dissociation, not affecting Hags
energetics on Ni metal phase. These findings
reduce the parametric space in the search for
novel catalytic interfaces and enable the
selection of new catalytic materials. Further,

for
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noTpasu 3a HOBUM KaTaIMTUUYKNUM
HTepdejcuma M omoryhasajy mM3bop HOBUX
KaTaNIUTUYKUX maTtepujana. JopaTtHo,
KnHeTuyke MoHTe Kapno cumynaumje ykasyjy
Ha TO Aa moguduKaumja MeTanHor HWKAA
pPasNYUTUM  NOBPLIMHCKMM  pasama 33
nojayaHy npoussoArby H, 3axTeBa npeumsHy
ONTUMM3aLMjy NOKPUBEHOCTU MeTana Kako 6u
ce MakcMmm3oBana bp3nHa nsgsajarba Ha.

3axBanHuua: OBO MUCTpParkMBake je PUHaAHCMpPaHO og cTpaHe PoHaa 3a

Kinetic Monte Carlo simulations point out that
modification of metallic nickel by different
surface phases  for H, production
enhancement requires precise optimization of
metal coverage in order to maximize the H,
evolution rate.
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EnektpopgenoHoBaHu NirGO KaTtanusatopu 3a epuKacHy
€N1eKTPOKATa/IMTUUYKY NPOU3BOAHY BOAOHUKA
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Electrodeposited NirGO catalysts for efficient electrocatalytic hydrogen

production

Aleksandar Z. Jovanovié?, Igor A. Pastil, Sanjin J. Guti¢?, Lidija Rafailovié3,

YUniversity of Belgrade — Faculty of Physical Chemistry, Belgrade, Serbia, *University of
Sarajevo, Faculty of Science, Department of Chemistry, Sarajevo, Bosnia and
Herzegovina, 3Erich Schmidt Institute, Leoben, Austria

Edukacha 1 npuywTMBa  NPOU3BOAHA
BOAOHMKA MyTEM €/IEKTPO/IM3e BOAE 3aXTeBa
Kopuwhere  AOCTYNHUJUX  E€NEeKTPOAHUX
maTtepujana, Kao W HWUXOB paLMOHanaH
An3ajH. MpenasHu mMeTann U HUXOBU OKCUAN,
kao Hnp. Ni, cy ce nokasann kKao pobpa
3aMeHa 3a CKyne meTasie NaaTUHCKe rpyne. Y
O0BOM pagy KOPUCTUAW CMO jefHOBPEMEHY
eNekTpoAenosnumjy 3a passBoj HanpeaHux
€NeKTPOKATaIUTUYKNX matepujana "
nospwuHa Ha 6a3u Ni. Enektpogenosuumja
omoryhaBa npeLmsHy KOHTpONy
KaTaMTUUYKE aKTUBHOCTU  KOHTPO/IMCatbEM
€NeKTPOXEMM|CKM aKTMBHE MOBPLUMHE WK
bopmuparbem KomnaekcHUX $asHUX rpaHuua
Koje nosehaBajy Op3MHYy eneKkTPOXeMWjCKUX
npoueca. [doaatkom rpadeH-okenga (GO) y
Kynatuno 3a gJenosuuujy, omoryheHo je
jeaHoBpemeHa peaykumja GO n genosuumja
MeTasa, WTO Ja/be MojayaBa KaTa/MTUYKY
aKTMBHOCT 360r Behe aKkTMBHE NOBPLINHE U
,Spillover” ebekta BogoHuKa ca Ni Ha rpadeH.

[obujeHn  matepujanu MMajy  BMCOKY
KaTaNUTUUYKY  aKTUBHOCT 33  peakuujy
usfBajatba BoAOHMKaA (HER) y 6asHum

cpesuHama, nokasyjyhu npu Tome BMCOKY
ctabunHocrt, n goctuskyhu ryctuHe ctpyje go 1
A cm=2, ymHorome npemauwyjyhu TpeHyTHe
WHAYCTPUjCKe CTaHAApAE.

Efficient and affordable hydrogen production
by water electrolysis requires a move towards
more abundant electrode materials and
rational material design. Transition metals and
their oxides, such as Ni, have shown great
promise in replacing expensive platinum
group metals. In this work, we have used one-
step electrodeposition to develop advanced
Ni-based electrocatalytic
surfaces. Electrodeposition allows for precise
control of catalytic activity through controlling
the electroactive surface or via the formation
of complex interfaces that increase the rates

materials and

of electrocatalytic processes. By adding
graphene oxide (GO) into the deposition bath,
simultaneous GO reduction and metal

deposition give rise to a further increase in
catalytic activity due to higher surface area
and a hydrogen “spillover” from Ni onto
graphene. As a result, these materials possess
high catalytic activities for hydrogen evolution
reaction (HER) in alkaline media, showing
great stability in these harsh conditions, and
reaching current densities up to 1 A cm?,
greatly surpassing the industry
standards.

current
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HER on activated electrodes @ 71 °C
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Cnuka 1. SEM mukporpaduja NirGO genosuta (neBo), u pesyatati aktueHocTu 3a HER (gecHo)
Figure 1. SEM image of NirGO deposit (left) and the HER measurements of Ni and NirGO electrodes (right).

3axBanHuua: OBO MUCTpaxKMBatbe je GUHAHCMPaHO of cTpaHe PoHaa 3a —
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UcnutuBamwe yTuuaja napameTtapa enektpogenosuuuje n pasamiunutux
npearpermaHa 3a Ni enektpoge Ha HUXOBY aKTUBHOCT 3a peaKuujy
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Examining the effect of electrodeposition parameters and different
pretreatments for Ni electrodes on their activity towards HER in alkaline

media

Lazar Bijeli¢, Aleksandar Jovanovié, Igor Pasti
University of Belgrade — Faculty of Physical Chemistry, Belgrade, Serbia

Y notpasu 3a EKOHOMCKM  UCMIAaTUBUM
€/1eKTPOKaTann3aTopmnma 3a peakuujy
eBonyumje BoAoHUKa (eHr. Hydrogen Evolution
Reaction, HER), HUKN je nobWo A0OCTa NaXKke.
MNokasaHo je aga cy enektpose 6asmpaHe Ha Ni
Bp/Io ycnewHe 3a HER y ankanHoj cpeauHu,
Koja, y nopehery ca peaKkuuMjom y KUCENOj

CpeauHU, pe3ynTyje MakbMM  eKOJIOWKUM
3arahelbeM M Kopo3ujom  maTepwujana.
Kopuwherem NiSOq4 Aeno3nunoHor

Kynatuna, Ni je enektpoaenosnumjom HaHeT
Ha Ti MmpexXy, Koja Mma ynory Hocaua.
Jeno3uumja je BpweHa y NOTEHLNOCTAaTUYKOM
pexumy,  3a pasnuMumMTe  noTeHuujane
nenosuumje, y oncery og -1,25V go -2,5V vs
3KE. HakoH penosuumje, pesyntyjyhe HER
akTMBHoct y 1M  KOH cy wu3mepeHe.
Nenutanun cy yTuuajm oKcmaaumje
e/IeKTPOAHOr MaTepujana, rasiBaHCcKe U3meHe
Ca poOAMjyMOM, KAo0 WU  UHTEPMUTEHTHe
eNIeKTpo/IM3e  Ha  aKTUBHOCT  enekTpoae.
[eHepanHo, oKcMAaLumja enekTpose n n3meHa
ca Rh poBoan po nosehartba aKTUBHOCTU.
MpumeHa ¥ OKCMAOATMBHOI NpeaTpeTmaHa wu
n3ameHe ca Rh posoan [0 MHTepecaHTHujer
pesyntata, rge ce yTUUaju oBe [Age
mogmduKaumje Ha aKkTUBHOCT Yy oppeheHoj
Mepu noHuwTaBajy. Mepera cTabunHoctTu
nokasyjy 3apoBosbasajyhe pesyntate, u
[0NMa3n Ao Bpno 6naror cmarbersa rycTuHa
cTpyje. EneKkTpoxemmnjckm akTMBHa NOBPLUMHA
(eHr. Electrochemical Surface Area, ECSA) je
npouereHa  MPMMEHOM  ABe  MeToje.
CHUM/bEHU CY LMKANYHU BONTAMOrpamm y He-
dbapapejckom oncery noTeHuMjana, U3 Kojux cy
M3pavyyHaTM  KanmauuTeTu enNiekKTpoda, Ha
OCHOBY KOjuUX Cy ce BpeaHocTn ECSA morne
npubankHO oapeanTn. [pyrn npuctyn je
nogpasymeBao M3payyHaBakbe MpeHeceHor
HaeseKTpucama y peakumjn

In the pursuit of cost-efficient electrocatalysts
for the hydrogen evolution reaction (HER),
nickel has gained much attention. Ni-based
electrodes have been demonstrated to be
especially successful for HER in alkaline media,
which, compared to that in acidic media,
results in less overall environmental pollution
and equipment corrosion. Using a NiSO4
deposition bath, Ni was electrodeposited on a
titanium mesh substrate. The deposition was
carried out in a potentiostatic regime for
different deposition potentials, ranging from -
125V to -2.5V vs. SCE. Following the
deposition, the resulting HER activity in 1M
KOH was measured. Furthermore, the effects
of electrode material oxidation,
exchange with rhodium, as

intermittent electrolysis on the electrode
activity were analyzed. In general, electrode
oxidation and Rh-exchange tend to increase
the overall activity for HER. Applying both
oxidation and Rh pretreatment leads to a
more interesting result, in which case the
coupling of these two alterations seems to act
diminishingly. Stability tests showed satisfying
results, with only a slight decline in current
density. The ECSA was estimated by
employing two different methods. Cyclic
voltammograms in the non-faradaic potential
region were recorded, the capacitance values
were then extracted from them, from which
ECSA approximately
determined. The second approach involved
calculating the charge transferred during the
Ni(OH),<NiO(OH) reaction, by integrating the

galvanic
well as

values could be
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Ni(OH),<NiO(OH), Tako wTo je uHTerpasbeH
oprosapajyhm nUK Ha UMKAOBOATaMOrpamy
HMKNa. OBa MeToga HWje morna pJga ce
MUCKOPUCTM 33 oapehuBatbe  ancosyTHe
BpeaHocTM ECSA, anu je 6buna KopuwheHa 3a
nopehere noBpLUMHA pasANYNTUX
Aenosuta/enekTpoga. Ha Kpajy, aHannsmpaHo
je eKkBMBaNeHTHO Kosio nomohy mmnepaHcHe
cnekTpockonuje. Mopdonorvja n xpanasocT
noBplIMHE, KAa0 W XEeMMjCKM cacTaB cy
aHanusnpaHu nytem cKeHupajyhe
€/IeKTPOHCKE MWKPOCKOMNNje Ca eHepreTcku
OMCNEP3MBHOM CMEKTPOCKOMMUjOM X-3payetba.
OBaj pag nokasyje Ha KOju HaYMH PasIMynTH
TpeTMaHn Ni enekTpoae yTUYy Ha HeHyY
aKTMBHOCT 33  HER. Pesyntaty  osor
UCTparkmeara Aajy yBug O ONTUMAIHUM
napameTtpuma npunpeme Ni enektpogaa.

corresponding peak in the CV of Ni. This
method could not be used to determine the
absolute value of ECSA, but was used for

different
an equivalent

comparison between
deposits/electrodes. Finally,
circuit analysis performed.
morphology and roughness and the chemical
composition were analyzed by
electron microscopy with energy dispersive X-
ray analysis. This work demonstrates how
different Ni-deposited
electrode impact its HER activity. In addition,
results of this study give insights regarding the
optimal preparation parameters for Ni-
deposited electrodes.
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Cnuka 1. Peakumja eBonyumje BogoHMKa Ha Ni enekTpogama 3a pasnivunte noteHumjane genosuunje, npe u
nocse OKCMAATMBHOr TpeTmaHa (neso). HagHamoHu HeonxogHu 3a ctpyje o4 -1 mA 3a Ni enektpoge
pasnnuntux ECSA (gecHo).

Figure 1. Hydrogen evolution reaction on Ni-deposited electrodes for different deposition potentials, before
and after oxidation treatment (left). Overvpotentials required to reach a current of -1 mA for Ni electrodes
of different ECSA values (right).

3axBanHuLa: OBO UCTPaXkMBatbe je dUHAHCMPaHO oa cTpaHe ®oHaa 3a
HayKy Peny6inke Cpbuje y okBupy npojekTa RatioCAT. / { \
Acknowledgement: This work was supported by the Science Fund of

Republic of Serbia within the project RatioCAT.
RatioCAT
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MNospwunHcke moauduKauuje enekrpogenoHosaHor NiMo@rGO —
CKanabunuu npucrtynu 3a nobosbluare akTuBHocTu 3a HER

KaHa Usewnh, Anma Macnap, CeHag Kpunaweswuh, CarbuH J. TyTuh

YHusep3zumem y Capajesy - [pupodHo-mamemamu4ku paxkyamem, OOCeK 3a xemujy,

Capajeso, bocHa u Xepuye2o08uHa

Surface modifications of electrodeposited NiMo@rGO - scalable

approaches for HER activity improvements

Zana Ivesi¢, Alma Maslar, Senad Krilagevié, Sanjin J. Guti¢

University of Sarajevo — Faculty of Science, Department for Chemistry, Sarajevo, Bosnia

and Herzegovina

Nerype HUKN-MONUbaeHa (NiMo) cy
maTepujanm ca BWUCOKOM aKTuBHowhy 3a
n3aBajarbe BOZOHMKA 7] o4/ IM4YHOM
oTnopHowhy Ha Kopo3ujy y  6asHum
cpeanHama. MNopes meTanypLIKMx NyTeBa, OBU
maTepujanu ce mory nobutn
efnekTpogenosmumjom M3 oarosapajyhux
eNeKTponMTa. Ha KaTa/MTUYKy aKTUBHOCT
NiMo yTuye cactaB enekTponuTa, ryCcTMHa
cTpyje n Bpeme Tanoxewa. [Jasbe, akTUBHOCT
NiMo ce moxke nobosbliaTh aKo ce Tanoxere
BpWKU Ha dunmy rpadeH-okcnaa, y3 Herosy
WUCTOBPEMEHY peayKLUMjy, Kao U pasanymtum

06/MUMMa  HEOPraHCKUX WM OPraHCKMX
moanduKaumja nospwuHe. Ospe hemo
npuKasatm jegHocTaBHe UM cKanabunHe

npoueaype 3a nobosblwarbe aktMsHocTM NiMo
Kpo3 MoauduKaumje NoBpLUMHE Pa3ANYUTUX
NiMo »n NiMo@rGO Komnosuta nomohy
ruumMHa 1 etuneHauammHa. NiMo w
NiMo@rGO cy enekTpoaenoHoOBaHW U3
YETUPU pas3NnYUTa ENeKTPosIMTa Yy YeTUpu
pasnnumTta pexuma. [pumeheHo je pa
penosuumja NiMo Ha rpadeH-okcuaHu duam
[,0BOAM 4o 3HayajHor nobosblakba
aKTMBHOCTM, 6e3 o063vMpa Ha  cacTas
e/IeKTPo/ITa U yCcnoBe enekTpoaenosunuuje.
Mobosbwatbe KaTanUTUYKE aKTMBHOCTU ce
Takohe noctuxke moauouKaLmMjom NoBpLINHE
NiMo, kao n NiMo@rGO matepwujana. Bucoke
aKTUBHOCTU Ce OApP)KaBajy HAKOH HEKOJIMKO
LeceTMHa caTu, Npu ryCcTMHK cTpyje n3Hag 100
mA cm2,

Nickel-molybdenum  (NiMo) alloys are
materials with high hydrogen evolution
activity and excellent corrosion stability in
alkaline environments. Apart from the
metallurgical routes, these materials can be
obtained by electrodeposition from suitable
electrolytes. NiMo catalytic activity is affected
by electrolyte composition, current density
and deposition time. Furthermore, activity of
NiMo can be improved if deposition is carried
on the graphene oxide film, with the
simultaneous reduction of the latter, as well
as with different forms of inorganic or organic
surface modifications. Here we report simple
and scalable procedures for NiMo activity
improvement through the surface
modifications of different NiMo and
NiMo@rGO composites by glycine and
ethylenediamine. NiMo and NiMo@rGO
materials were electrodeposited from four
different electrolytes in four different regimes.
We observe that deposition of NiMo onto the
graphene-oxide film leads to significant
improvement of activity, regardless of the
electrolyte composition and electrodeposition
conditions. Improvement of catalytic activity is
also achieved through surface modification of
NiMo, as well as NiMo@rGO materials. These
high activities are maintained after several
tens of hours at current densities above 100
mA cm2,
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YTuuyaj jeaHocTaBHUX TepMaZHUX moauduKauuja rpadpeH-oKcuaa Ha
KaTaJIMTUUYKY aKTUBHOCT eniekTpoaenoHoBaHmx Ni@rGO KomnosuTa

Cenag Kpunawesuh, aHa Meewwnh, CarbuH J. TyTuh

YHusep3zumem y Capajesy - [pupodHo-mamemamu4ku paxkyamem, OOCeK 3a xemujy,

Capajeso, bocHa u Xepuye2o08uHa

The effects of simple thermal modifications of graphene oxide on catalytic
activity of electrodeposited Ni@rGO composites

Senad Krilaevi¢, Zana Ivesié, Sanjin J. Guti¢

University of Sarajevo — Faculty of Science, Sarajevo, Bosnia and Herzegovina

Enektpozenosnumja HUKNA y3 UCTOBPEMeHy
peaykuvjy O ¢uamoBa Ha nNPOBOAHO]
noasfosn je jegHocTaBaH MyT 3a npunpemy
eNeKTPOKATaNUTUYKN AKTUBHU Ni@rGO
Komnosmta M omoryhasa pobpy KoHTpoay
ogHoca Ni/C, Kpo3 KoHTpoay cTpyje (vMam
noTeHuunjana) penosvumje U BpemeHa.
MNobosware eNleKTpoKaTa/InTUYKe
akTneHocTM Ni@rGO KomnosuTa (y ogHocy Ha
unctu  enektpogenoHosaHn Ni) 3a HER
noctuxe ce Kpo3 (i) mobpy aucnepsujy
yectmua Ni Yy enekTpMYyHO NPOBOAHOM
MaTPUKCy peaykosaHor rpadeH okcuga u (ii)
dopmuparbe ¢asHe rpaHuue Ni|rGO, rae ce
MOTY YKa3aTh A04aTHW eNeMeHTapHU KopaLu,
posogehu [0 yKynHor nobosbluakba KUHETUKE
peakuuje. CTpyKTypHu pedekTu, npe csera
BaKaHUuuje y 6asanHoj paBHWM rpadeHa,
33jeiHO ca MBMUAMa rpadeHa cy eHepreTcku
HajnoBosbHUje nokauuje 3a Hykneaumjy Ni n
no)Ke/bHe Cy KapaKTepucTMKe 3a HUXOBY
ynotpeby y €1eKTPOKaTaIMTUUYKUM
KOMNO3UTUMA. KuceoHWYHe ¢yHKUMOHaNHE
rpyne Ha 6a3anHoj paBHM Takohe cTynajy y
WHTEpPaKUMjy ca  aToMuMmMa HUKna #
KnacTepuma, WTO  UYMHWM  rpadeH-oKcuae
nobujeHe XeMMjCKoM ekchonmjaumjom
[obpum  Mpekypcopuma 33 npunpemy
Ni@rGO. basanHe KMCEOHWYHE
byHKUMOHaNHe rpyne mory ga AavdyHAayjy
npeko 6azanHe paBHU " umajy
TEPMOAMHAMUYKY TeHAeHunjy dopmuparba
Knactepa. EHepruja akTuBauuje 3a osy
onodysujy je HUCKa U moxe ce obesbeguTun
Tepmmykom obpagom wucrnog 100 °C. [ga
KOMepuMjanHo JocTynHa rpadeH-okcnaa ca
pasMuMTUM AMmeH3njama 4yectnua (GO —
rpadeH-okeng n NC — HaHOKoNOUAHM rpadeH-
oKcuga, oba obesbeheHa og Sigma-Aldrich y
061Ky BOAEHE CycneHsuje) noaspryyTa cy 7-
OHEBHOM TepmanHom TpeTmaHy Ha 70 °C y

Electrodeposition of nickel with simultaneous
reduction of drop-casted GO films
conductive substrate is simple route for
preparation of electrocatalytically active
Ni@rGO composites, and enables good
control of the Ni/C ratio, through control of
the deposition current (or potential) and time.
Improvement of electrocatalytic activity of
Ni@rGO composites (relative to pure
electrodeposited Ni) towards HER is achieved
through (i) good dispersion of Ni particles in
electrically conductive reduced graphene
oxide matrix, and (ii) formation of Ni|rGO
interface, where some additional elementary
steps can emerge, leading to the overall
improvement the
Structural defects, namely vacancies in the
graphene basal plane, together with graphene
edges are the most energetically favorable
locations for Ni nucleation and are desirable
features for their
composites. Oxygen functional groups on the
basal plane also interact with nickel atoms and

on

of reaction kinetics.

use in electrocatalytic

clusters, which make graphene oxides
obtained by wet exfoliation route good
precursors for Ni@rGO preparation. Basal

oxygen functional groups can diffuse over the
basal plane thermodynamic
tendency to form clusters. Activation energy
for this diffusion is low and can be provided by
thermal treatment below 100 °C. Two
commercially available graphene oxides with
different particle lateral dimensions (GO —
Graphene Oxide, and NC — Graphene Oxide
Nanocolloids, both provided from Sigma-
Aldrich in the form of aqueous suspension)
were subjected to 7-day thermal treatment at

and have
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BOAEHOj CycneH3nju KoHueHTpaumje 2 mg mlt
. HetpetupaHu v TpetupaHu matepujanu cy
OKapaKTepucaHu, HaHeTn Ha Cu cyncTpaTe wu

peayKkoBaHu y3 UCTOBPEMEHY
enektpogenosuumjy  Ni. lMpumeheHa je
3aBUCHOCT  KaTa/IMTUYKE  aKTUBHOCTM  Of,

BpEMeHa Aenosuuuje 3a cBe maTepujane, anu
je nobosbwarbe KaTaNMTUYKE aKTUBHOCTU (y
nopeherwwy ca Ni) npumeheHo 3a cBe
matepujane camo MpU HUKMM TyCTMHama
cTpyje. Mpu Behum ryctmHama ctpyje (~ 20 mA
cm2) nobosbllaHa aKTMBHOCT U NPETXOAHO
yTBpheHn obpasay, npumeheHn cy camo 3a
KOMMNO3WTe Ca HEeTpeTUpaHUM peayKoBaHUM
rpadeH-okcnamma (Ni@rGO n Ni@rNC), ok
je 3a KOMno3suTe ca  TpeTMpaHum
matepujanuma (Ni@trGO n Ni@trNC) youyeH
HeraTMBaH MOMaK y HafHaMoOHY y M3HOCYy of
200 mV y oaHOCYy Ha HagHaMoH uyucTor Hu.
Kako Tepmuyka obpasa He yTuye Ha 6poj
cnobogHux mecTa 7 peayunbunHe
byHKUMOHanHe  rpyne, WTO  NoTBphyjy
paMaHCKa M MHPpaLpBeHa CNeKTpocKonuja,
Kao M efleKTpOXeMujcKa KapaKTepusaumja,
pasfiMka y KaTa/MTUYKMM neppopmaHcama
MOXe OUTU y Kopenaumju ca rpynucarem
OGYHKUMOHANHUX rpyna M yTulajem Tora Ha
nobujeHe Hacnare HUKNA.

70 °C in 2 mg ml! aqueous suspension.
Untreated
characterized, drop-casted on Cu substrates
and reduced with the simultaneous Ni
electrodeposition. Deposition time-dependent
activity was observed for all
materials, but of catalytic
activity (compared to Ni) was observed for all
materials only at lower current densities. At
higher current densities (~ 20 mA cm?)
improved activity and previously determined
pattern were observed only for composites
with untreated reduced graphene oxides
(Ni@rGO and Ni@rNC), the
composites with treated materials (Ni@trGO
and Ni@trNC) 200 mV negative shift in
overpotential was observed, compared to the
overpotential of pure Ni. As thermal
treatment does not affect number of
vacancies and reducible functional groups,
which is confirmed by Raman, FTIR and
electrochemical characterization, difference in
catalytic performance can be in correlation
with clustering of functional groups and its
effect on obtained nickel deposits.

and treated materials were

catalytic

improvement
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MUHTepmeTanHu KaTanMsaTopu o Aerypa naatmHe Hose reHepayuje 3a PEM
ropusHe henunje: TeXHMYKA U NOCNOBHA U3BOA/bUBOCT
np Matuja latano, cyocHusay u mexHu4ku dupekmop ReCatalyst-a

Next-generation intermetallic platinum-alloy catalysts for PEM fuel cells:

Technical and business feasibility

Dr. Matija Gatalo, co-founder & CTO of ReCatalyst

ReCatalyst — ocHOBaH Kao Ae0 MNpPecTUXKHOr
ERC ,PoC“ rpaHTa StableCat — npoussoau

WHTEpMeTasHe KaTaausaTope 3a ropuBHe
henvje cnepehe reHepauumje of nerypa
nnatMHe  Kopuctehn  CBOjy  BAACHUYKM

nnatdopmcky TexHosorujy. ReCatalyst ce
6aBu K/byyHUM nNpobnemom PEM (eng. proton
exchange membrane) ropusHux henuja, 3a
Koje ce cmaTpa aa he geueHnjama 6UTH BaxKaH
baKTop Yy npenacky Ha yr/beHUK-HeyTpanaH
TpaHcnopT. Wupoka ynotpeba PEM ropusHuUx
henuja orpaHMyeHa je oOCKyguuom u
nocneauMyHo BMCOKOM LEHOM NAaTUHe, Koja
ce [aHac jow yBeK KOPUCTU Yy MPeBeMKUM
KO/MIMYMHAMa Yy KaTa/sM3aTopuMma ropuBMX
hennja. Haume, y nopehery ca TUNUYHUM
BO3W/IOM Ca MOTOPOM Ca YHyTpawruUM
caropeBatbem rge ce nNaaTMHa Hanasum y
ayToKaTanusatopy, 3a MOroH ynopeausor
BO3MNa ca ropuBHuUm hennjama notpebHo je
33 pes BennuyuHe Buwe naatuHe. Jakne, 6e3
Behux oTkpuha, ouekyje ce aa he Katanusartop
Ha 6asyM NAaTMHE YMHWUTU CKOPO MONOBUHY
LenoKynHe LeHe cuctema ropmsux henuja yak
My EKOHOMCKM OAPKMBUM YCN0BMMa. YNpaBo
y TOM nornepy je pasBoj KaTanusatopa Ha
6asn nnatuHe cnepehe reHepauunje of
K/bYYHOI 3Hayaja He Camo 3a OrpaHuWyaBarbe
KonMunHe notpebHe ockygHe nnatuHe, Beh n
33 nobosblarbe TPOLWKOBHE KOHKYPEHTHOCTU
PEM ropusHux henuvja y ycnoBuma eKoHOMCKe
OLPKMUBOCTU — U jeAHO U APYro Cy KPUTUYHM
33 MacoBHYy  Komepuujanusauujy  oBe
TexHosorvje. Start-up ReCatalyst je Beh
pPasBMO ,,MMHMMAJTHO OAPXKUB NPOU3BOA” Koju
nokasyje edukacHujy ynotpeby nnatvHe vy
nopeherby ca Hajbo/LUM  MHAYCTPUjCKUM
CTaHZApAMMA W TPeHyTHo je y ¢asum
TEXHO/IOWKOr pa3Boja.

ReCatalyst — founded as part of the
prestigious ERC ‘PoC’ grant StableCat -
produces the next-generation intermetallic
platinum-alloy fuel cell catalysts using their
proprietary platform technology. ReCatalyst is
tackling a key problem of PEM fuel cells, which
have been expected to be an important factor
in the transition to carbon-neutral transport
for decades. The widespread use of PEM fuel
cells is limited by the scarcity and consequent
high price of platinum, which is today still
used in too excessive quantities in the fuel cell
catalyst. Namely, in comparison to a typical
internal combustion engine vehicle where
platinum is found in the autocatalyst, an order
of magnitude more platinum is required to
power a comparable fuel cell vehicle. Thus,
without major breakthroughs, the platinum-
based catalyst is expected to represent almost
half of the entire cost of the fuel cell system
even under economies of scale. It is in this
respect that the development of next-
generation platinum-based catalysts are
crucial not only to limit the quantity of the
required scarce platinum, but also to improve
the cost-competitiveness of PEM fuel cells
under the economies of scale — both of which
are critical for mass commercialization of this
technology. Start-up ReCatalyst has already
developed a ‘Minimum Viable Product’ that
demonstrates a more efficient use of platinum
in comparison to the best industry standards
and is currently in the scale-up phase of their
technology.
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Ka no6osbluarby cTabUNHOCTU YI/bEHUUYHUX HOCaYa Y
eNeKTpoKaTtanusatopuma ropusHux henumja

Nyka MNasKko

Towards Improvement of Carbon Support Stability in Fuel Cell

Electrocatalysts
Luka Pavko

lopusHe henunje ca membpaHOM 3a MPOTOHCKY
n3meHy (eng. proton exchange membrane fuel
cell, PEMFC) npuByKne Cy WMPOKY Naxky 360r
CBOje BMCOKe eHepreTcke edpuKacHOCTU M
OACYCTBA  LWTETHUX emucuja.  MehyTum,
obesbehumpatbe BMCOKe KaTaNuTU4Ke
aKTMBHOCTM WM AyroTpajHe  cTabuaHOCTU
eNeKTpoKaTanusaTopa ocTaje 13a308.
TpeHyTHO, Hajuewhyn enekTpoKaTanM3aTopm 3a
peakumjy peaykumje KuceoHuKa (eng. oxygen
reduction reaction, ORR) cy 3acHOBaHM Ha
HaHoYecTMUama NAaTUHE UK Nerype naatuHe
Ha 6a3u KOMepLMjanHo [OCTYNHUX
YI/bEHUYHUX MaTepujana BesMKe MOBPLIMHE.
YNpKOC MHOMMM L06PMM CBOJCTBMMA TaKBWX
YI/bEHUYHUX MaTepujana, raBHW HeLoCTaTak
OCTaje JioWa e/IeKTPOXEMUjCKa CTabuaHocT
Koja [0BOAM A0 KOpO3Wje Yr/beHMKa LWTo

pesyntyje HUXUM nepdopmaHcama
KaTannsaTopa TOKOM BpemeHa. [ocnegrbux
roamnHa, anTepHaTUBHM martepwujanu

KopuwheHn Kao Hocaum Ha 6a3n yr/beHwuKa,
Kao WTO Cy AepuBaTy rpadeHa, cy ce nojasuau
Kao NOTeHUMjanHo peluerse 3a nobosbliarbe
U3APM/BUBOCTU KOMMO3UTHMX KaTasmsatopa
Cca noTeHuMjanom Ja ce AOCTUTHY LUMU/beBU
MuHuctapctea eHepretuke CAL 3a 2050.
rogmHy ogHocHo 8000 u 30 000 catum
YKMBOTHOI BEKa CMCTeMa 3a BO3Wia JlaKor U1
Tewkor ontepehetrba, pecnekTMsHo. Mehytum,
Kopuwhere 0BMX MaTepujaia Kao ageKkBaTHe
3aMeHe 33 JaHallkbe HajcaBpeMeHuje Hocade
Ha 6a3n uahe nokasano ce Kao Beoma
M3a30BaH 3ajaTaKk, nocebHo y npousBoAHU
BE/IMKUX pasmepa. Pasnuumta xemujcka w

¢u3MyKa cBOjcTBA KOja ce  mpunucyjy
nepuBatuma rpadeHa, msyses Yahe, mory ga
obesbene nobosbluarbe N34,pK/bUBOCTU

KOMMo3uTa KaTanusatopa. Osae nokasyjemo
b0a Kaga ce gepuBatM  rpadeHa  Ha
oprosapajyhn HauMH UcKopucTe 3a ynoTtpedby
Kao Hocaunm 3a OPP KatanusaTtope, oBe
npeaHocTn 06e36ehyjy 3HayajHa nobosbliaka

Proton exchange membrane fuel cells
(PEMFCs) have attracted wide attention due
to their high energy efficiency and zero
harmful emissions. However, providing high
catalytic activity and long-term durability of
the electrocatalyst remains a challenge.
Currently, the most oxygen

reduction reaction (ORR) electrocatalysts are

common
based on platinum or platinum alloy
nanoparticles supported on commercially
available high surface area carbons. Despite
many good inherent properties of such
carbons, the major downside remains poor
electrochemical stability that results in carbon
corrosion which leads to catalyst

recent years,

lower
performance over time. In
alternative carbon support materials such as
graphene derivatives have emerged as a
potential solution towards the improvement
of catalyst composite durability with a
potential to reach the US Department of
Energy year 2050 targets of 8000 and 30 000
hours of system lifetime for light duty vehicles
and heavy duty vehicles, respectively.
However, utilization of these materials as an
adequate substitution with today’s state-of-
the-art carbon black supports proved to be a
very challenging task, especially at high scale
production. Different chemical and physical
properties ascribed to graphene derivatives
apart from carbon blacks could provide for
improvement in durability of the catalyst
that

appropriately

composite. Here we show when

graphene derivatives get
exploited for the use as supports for ORR
catalysts, these benefits provide significant
improvements in terms of long-term durability

resulting from increased resistance against
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Yy CMWUCIY AYyropoYHe M3OpP»K/bMBOCTM Koja je  carbon corrosion. This is of crucial importance
pesyntat nosehaHe OTNOPHOCTM YI/bEHUKA HA  to meet the ambitious targets of US
Kopo3njy. OBO je o4 K/bydHe BaxKHOCTU 3a
nocTusare aMbULMO3HMX LiU/beBa aMepUYKOr
MuHUCTapCTBa eHepreTuke.

Department of Energy.
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HanpepgHu Hocauu 3a Pt HaHo4YecTULe — yHanpeheHa eneKTpoKaTaAUTUUKA

dKTUBHOCT, CEZIEKTUBHOCT U crabunHocr

M. Cmusbanuh®, M. Bele, S. Pani¢, L. Moriau, L. Pavko, F. Ruiz-Zepeda, J.F.V. Santa, S.
Menart, M. Sala, A. Hrnji¢, P. Jovanovi¢, V. Jovanovski, M. Gaber$¢ek, N. Hodnik”
Xemujcku uHcmumym, Xajopuxoea 19, 1000 /bybseaHa, CnoseHuja

*aymopu 3a KopecriodeHyujy: milutin.smiljanic@ki.si u nejc.hodnik @ki.si

Novel supports for Pt nanocatalysts — enhanced electrocatalytic activity,

selectivity and stability

M. Smiljani¢”, M. Bele, S. Pani¢, L. Moriau, L. Pavko, F. Ruiz-Zepeda, J.F.V. Santa, S.
Menart, M. Sala, A. Hrnji¢, P. Jovanovi¢, V. Jovanovski, M. Gaber$¢ek, N. Hodnik”
National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia
*corresponding authors: milutin.smiljanic@ki.si and nejc.hodnik @ki.si

KoHuenTt  8000HUYHE  ekoHomuje  (eHr.
hydrogen economy) je npepnoxeH npe 50
roavMHa W nogpasymesa ynotpeby BOAOHWKA
yMecTo (GOCUIHUX TOpUBA Kao EKOJIOLWKM
npuxsaT/bMBor eHepreHTa.l LIMKkayc ogpsuse
NpPoOu3BOAHE BOAOHWKA WU Hberose ynoTpebe
ce MoxKe ocTBapuTH Kopuwherem
eflekTposnnMlepa Boge W ropuBHux henuja.

HaHouecTMue nnatMHe AucneproBaHe Ha
YI/bEHUYHUM maTtepujannma BUCOKe
cneunduyHe nospLUMHe cy Hajbosbu
KaTanusaTopu 3a HEKOJIMKO
€/1EKTPOXEMMjCKUX peaKkuuja Koje ce
ogMrpaBajy y efnektposvsepuma Boge M

ropvHum henmnjama. OrpaHuyeHe 3anuxe Pt,
He[0BO/bHO Tpajare " AKTUBHOCT
KaTanus3aTopa Cnpeyasajy LWMUPYy MpUMEHY
OBMX 3€/1eHUX TEXHO/OTHja.

OBOM MpPUAVKOM NpPeacTaB/baMo CTpaTerujy
33 yHanpehete nepdopmaHcu Pt-
efleKTpoKaTannsatopa ynoTtpebom
aNTepHaTUBHUX HOCayYa YMECTO Yr/beHUYHUX
matepujana. Haume, nokasahemo fga
ynotpeba TMTaHujym oKcuHuTpuaa (TiONy) u
OpraHcKor jeaumwberba  Tpuc(asa)neHTaueH
(TAP) npy»a npegHOCTM 3acHOBaHe Ha
pasanuntnm peHomeHmma. TiONyx WHAOYKyje
T3B. jaKy WHTepaKkuujy usmehy meTana u
Hocaya (eHr. strong metal-support
interaction), Koja nob6osbluaBa nepdpopmaHce
Pt 3a peakuujy msgBajarba BogoHuKa (CnuKa
1a) TaKo WTO yTMYe Ha eHeprujy aacopunuje
BOAOHUYHOI MHTEpMeaujepa u jave Besyje Pt
HaHo4yecTuue. Y cnydajy TAP, npegHOCT oBor
maTepujana je TO WTO Ce  Herosa
NpPOBOA/bUBOCT Y BOLEHUM PAaCcTBOPUMA MOXKe
KOHTPO/IMCAaTU  MPOMeHama  eNeKTPoLHOr

Hydrogen economy was proposed 50 years
ago as a scenario which abandons widespread
usage of fossil fuels and instead proposes
hydrogen as environmentally benign energy
vector.! Loop between sustainable hydrogen
production and utilization can be achieved by
using water electrolyzers (WE) and fuel cells
(FC), respectively. Pt nanoparticles supported
on high surface area carbons are state-of-the-

art catalysts for several electrochemical

reactions enrolling in WEs and FCs. Scarcity of
Pt, insufficient catalyst lifetime and activity
hamper widespread applications of these
devices.

Herein we present an approach to improve
performance of Pt-catalysts by employing
novel support materials as alternatives to
carbon. Specifically, we report on titanium
oxynitride (TiONy) and an organic matrix
tris(aza)pentacene (TAP), each of them
providing merits based on different
phenomena. The benefit of using TION, comes
from its ability to trigger SMSI with Pt
nanoparticles, which otherwise cannot be
triggered by carbons. SMSI enhances
performance of Pt active sites for hydrogen
evolution reaction (HER) by adjusting the
adsorption energy of hydrogen atoms and by
stronger anchoring of Pt particles (Figure 1a).
As for TAP, benefit comes from the ability of
this material to switch on/off its conductivity
in aqueous media by controlling the electrode
potential.23 Such behavior enhances durability
of supported Pt nanocatalysts by suppressing
Pt dissolution? (Figure 1b) and by providing
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noteHumjana.2® Ha Taj HaumH ce 3HayajHo selective catalysis for FC reactions.3
MOKe CMarbUTU pacTBapatbe Pt M nobosbliatu

cTabUNHOCT KaTasm3aTopa TOKOM ynoTpebe y

e/leKTpoNn3epnuma BoAe WAM  TOPUBHUM

hennjama (Cnvka 16).3
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Cnuxka 1. (a) ITopeheme akTHBHOCTH 3a peakuujy u3asajama Bojgonuka (0.1 M HCIO,, 10 mV/s); (6) PactBapame Pt
u3 Pt/C u Pt/TAP (500 uukioBonramorpama, 1 V/s, 0.05 — 1.4 Ve, 0.1 M HCIO,).

Figure 1. (a) Comparison of HER polarization curves for Pt/C and Pt/TiON, (0.1 M HCIO,, 10 mV/s); (b) Pt
dissolution from Pt/C and Pt/TAP (500 scans at 1 V/s, 0.05 — 1.4 Vrug, 0.1 M HCIO,).
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HaHouecTuue Mpuanjyma CnoHTaHO UCTaJIOXKeHe Ha NnpoToHoBaHe TiO;
HaHOTybynapHe CTPYKType Kao BUCOKOAKTUBHU e/IeKTPOKaTaAn3aTopu
n3pBajatba BOAOHUKA Y KUCE/Oj CpeauHuU

Ypouw Jlaursesay,

YHusep3umem y beozpady — MHcmumym 3a MyamuducyunauHapHa ucmpaxcusarba,

Geoepad, Cpbuja

Iridium nanoparticles spontaneously deposited on protonated TiO;
nanotubular structures as highly active electrocatalysts for hydrogen

evolution in acidic environment
Uros Lacnjevac

University of Belgrade - Institute for Multidisciplinary Research, Belgrade, Serbia

Pa3Boj eduKacHUX enekTpokaTanusaTopa 3a
peakuujy u3aBajarba BOAOHMKA Ca HUCKUM
cafprKajeM CKynoueHMX MeTana naaTUHCKe
rpyne je K/by4aH 3a WMPY KOMepunjanmsaumjy
efeKTposiM3epa Boge Cca  MOJIMMEPHOM
MemMbpaHOM y KMUCEeNOoj cpeanHn. Y oBom paay
cy aHogHo dopmmpaHun HM308M TiO; HaHOTyba
(TNT) Hajnpe KaTOAHO peayKoBaHM 3
OeNMMUYHY MHTepKanaumjy NpoToHa, a 3aTum
LEeKopucaHu ynTpaduHUM yectmuama
vpuavjyma nytem  AMPEKTHe  rasiBaHcKe
msmeHe. [loKasaHoO je pJa KOHTpoaMcaHa
TpaHchopmaLmja mopdonoruvje ropte
nospwwuHe TNT dpuama og ypegHo nopehaHux
oTBOpeHUX Tyba A0 HeypeheHux HaHOXKMUQ
KacHuje  gonpuHocu  nosehaky  6poja
OOCTYMHUX aKTMBHMX Mmecta Ir. 3a Ir@TNT
KOMMO3MTe Ca CN0jeM HaHOXWUA, BMCOKa
aKTMBHOCT 3a nsgBajarbe BOZOHMKa
nocTurHyta je seh npu Kopuwhery Beoma
HUCKWUX KoHLeHTpaumja IrCls y pactBopy 3a
ranBaHcky nuameHy. Ca cagp»ajem Ir og csera
57 ug cmZ, Hajbomba Ir@TNT kaTtoga
noKasasia je npeHanetoct of —63 mV Ha
ryctuHu cTpyje og —100 mA cm™2, Kao wu
N3BPCHY KaTaNNTUYKY " CTPYKTYpHY
cTabunHoct y pactsopy 1 M HClO4. Teopujcke
cMMynauuje cyrepuwly Aa  XvMAPOreHOBaHM
TiO, Hocauy cTabunusyje uctanoxeuu Ir,
omoryhaBa ymepeHy jaumHy Be3e Ir—Hags M
aKTMBHO pereHepulle MNOBPWUHY Ir TOKOM
n3ABajarba BOAOHMKA.

The development of efficient electrocatalysts
for the hydrogen evolution reaction, with a
low content of precious metals of the
platinum group, is crucial for the wider
commercialization of water electrolyzers with
a polymer membrane in an acidic
environment. In this paper, anodically formed
TiO, nanotube (TNT) arrays are first reduced
cathodically, with partial proton intercalation,
and then decorated with ultrafine iridium
particles by direct galvanic exchange. It has
been shown that the controlled
transformation of the morphology of the
upper surface of the TNT film from neatly
arranged open tubes to disordered nanowires
later contributes to the increase in the
number of available Ir active sites. For Ir@TNT
composites with a nanowire layer, high
hydrogen evolution activity was achieved
using very low concentrations of IrCl; in the
galvanic exchange solution. With an Ir content
of only 5.7 ug cm=2, the best Ir@TNT cathode
exhibited an overpotential of =63 mV at a
current density of =100 mA cm2, as well as
excellent catalytic and structural stability in 1
M HCIO; solution. Theoretical simulations
suggest that the hydrogenated TiO, carrier
stabilizes precipitated Ir, allows moderate Ir—
Hadgs bond strength, and actively regenerates
the Ir surface during hydrogen evolution.
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Bucoko epuKacHe 3D eneKkTpoae 3a NPou3BOAHY BOAOHUKA a/IKaIHOM
enektponmsom — Ni-Sn nerype Ha Ni neHama
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Highly efficient Ni-Sn/Ni foam 3D electrodes for hydrogen production by

alkaline electrolysis
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lNpoussoara BOAOHWKA E€NEKTPONM3OM Y
aNlkasHOj CpeAuHKn, Y WHAYCTPUjU yraaBHOM
nogpasymesa ynotpeby 3D  maTpujana
pa3BujeHe MOBPLWIMHE Kao enekTpofa Yy
TaKo3BaHUM ,zero-gap“ cuctemuma. Hukn je
No3HAT Kao HenlemeHUTU MeTan Koju je
norogaH 3a uU34Bajakbe  BOAOHMKA, a
moryhHoCT npoussoatbe HWUKAA y 0baunky Ni
neHe Be/snKe NOpPo3HocTM omoryhaBa Herosy
NaKy  WMHAYCTPUjCKY npumeHy. Y  uumby
nobosbliakba aKTUBHOCTM OBMX MaTepujana 3a
M3gBajatbe BOJOHMKA, E€NEeKTPOXEMMUCKN Ccy
TanoxeHe npesnake Ni-Sn nerypa Ha Ni neHe
pasnMumTe BenuMHe OTBOpeHMx nopa (450 -
1200 um), Koje cy ce NoKasase Kao u3yseTaH
KaTanusaTop 3a NOMeHyTy peakuujy. OBako
dbopmupaHe enekTpoae UcnuTaHe cy Hajnpe y
1 M KOH y nabopatopujckum ycnosuma, a
yBeharbe HUXOBMX pasmepa M npenasak Ha
noNy-MHAYCTPUjCKE YC/IOBE je OCHOBHM LM/b
npojekta mehyHapoaHe capagte Hemauke ca
3em/bama 3anagHor bankaHa, ,/nnovative
Coated Porous Electrodes for High-Scale
Hydrogen Production” (NOVATRODES).
Mopepehu npeHaneTocT U3aBajatba BOAOHMKA
Ha Ni neHama ca Ni-Sn npesnakom u camum Ni
neHama, y 1 M KOH Ha cobHoj TemnepaTtypu, y
TPOAE/NHOj enekTpoxemujckoj henumju, youyeHa

Industrial production of Hydrogen by alkaline
electrolysis, nowadays implies the use of 3D
materials with high
electrodes in ,zero-gap” electrolyzers. Nickel
has been recognized as a non-noble metal
suitable as hydrogen evolution reaction (HER)
catalyst, and the possibility to produce high
porosity Ni foams makes it easily applicable in
such industrial systems. In order to increase Ni
activity towards HER, Ni-Sn alloys have been
electrodeposited onto open pore structure Ni
foams with different pore sizes (450 - 1200
um), since these alloys have demonstrated
HER activity. Such prepared
electrodes have been tested in 1 M KOH in

specific surface, as

excellent

laboratory conditions at first, but their scale
up and application in ,,zero-gap“ pilot systems
of the
cooperation project between Germany and
Western Balkan countries, , Innovative Coated
Porous Electrodes for High-Scale Hydrogen
Production”“ (NOVATRODES). In comparison to
bare Ni foams, Ni-Sn/Ni foam electrodes have

are the main goal international

demonstrated a decrease in overvoltage of
around 400 mV at -200 mA cm2in 1 M KOH at
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je oko 400 mV marba npeHaneTocT oOBe
peakuuje Ha rycTuHu cTpyje og —200 mA cm~2,

AHanusa ckeHunpajyhom €/1eKTPOHCKOM
MWKPOCKOMWjOM, " eHepreTckom
OMCNep3MOHOM  CnekTpockonujom  X-3paka,

nokasasna je ga cy npeB/iiake UCTa/NoXKeHe Mo
uenoj goctynHoj nospwmHu Ni neHa, Kako ca
CNOJbHUX CTPaHa e/1eKTPOAaA, TAaKO U Y Nopama,
M [a je HbUXOB cacTaB MPUINYHO XOMOTFEH.
OBaj pesynTtaT, Koju je M3y3eTHO 6uTaH 3a
NPUMEeHY y ,zero-gap“ enekTponusepy, Kao u
Beoma go06pa aktmBHocT Ni-Sn nerypa Ha Ni
neHama, fJosena je Ao npse ¢ase ysehara
npoueca - Tectuparba 0Bux enektpoga y 30 %
KOH Ha 70 °C, y ,H”-hennjn, roe cy nokasane
N3y3eTHy aKTUBHOCT, ca NpeHaneTowhy mcnog,
npara NoCTaB/beHOr Li/bEBMMA MPOjeKTa.

3axsasHuua: OBaj pag duHaHcupaH je og cTpaHe MuHucTapcTBa obpasoBarba U

room temperature, in a three-compartment
Scanning
Microscopy and Energy Dispersive X-ray

electrochemical  cell. Electron
Spectroscopy analysis have shown that NiSn
coating is present at all available Ni foam
surface — at outer electrode surface as well as
inside the pores, with quite homogenous
composition. This result, very significant for
use in ,,zero-gap“ systems, as well as excellent
activity of Ni-Sn/Ni foam electrodes, has led to
the first scale up phase — testing in 30 % KOH
at 70 °C, in an ,H“-type cell with membrane,
and these tests have shown a remarkably low
overpotential, below the threshold set by the
project objectives.
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MprmeHa MaLIMHCKOr yyerba y AU3ajHy ePUKACHUX eHepreTCKUX matepujana

KatapuHa BaTtanosuh

Jlabopamopuja 3a HyKaeapHy U naasma ¢usuky, LleHmap 3a 8000HUYHY eHepaemuky
u obHoesmuse uzsope eHepauje — CONVINCE, MHcmumym 3a HyKaeapHe Hayke
,BUHYA” — UHCMuUMym 00 HayUOHAAHOR2 3Ha4aja 3a Penybauky Cpbujy, YHusepzumem

y beoepady

Applying machine learning to the design of efficient energy materials

Katarina Batalovi¢

Laboratory for nuclear and plasma physics, CONVINCE Center of excellence for
hydrogen and renewable energy, VINCA Institute of the nuclear sciences-national
institute of the Republic of Serbia, University of Belgrade

MpeactaBuhy McTpaxkmBarba Koja ce UsBoae y
OKBUpPY Teme ¢WHaHcMpaHe Ha MHCTUTYTY 3a
HyKneapHe Hayke ,BuHY3” — WHCTUTYTY of
HaLMOoHaNHOor 3Havaja 3a Penybauky Cpbujy, a
KOja ce passuja y cKknagy ca 4. napagurmom y
HayuM O MaTepujaaMma U ybpsaHoOM
NPMMEHOM HayKe O NojauMma W BeluTayke
MHTENUTeHumnje Npu An3ajHy matepujana.
Pa3Boj MalWMHCKOr yyera W, MNocebHo,
nyboKor yyerba, 0TBapa HOBY MepcneKkTuBy 3a
npeauKTUBHO moaenvpame CBOjCTaBa
maTepujana. MopauM  MNPUKYN/bEHU  Kpo3
npopayyHe Teopuje OyHKLMOHaNA rycTuHe
(DFT) pobujeHM y HallMM UCTPaKMBarbUMa U
LOCTYNMHW Yy pPEeno3vMTopujymmma OTBOpPEHOr
npucTyna, Kao wrto cy Materials Project [1] n
NOMAD [2], omoryhagajy pa3Boj moaena 3a
npeasuharbe cTabuaHOCTM  KpucTana uam
npeno3HaBakba CTPYKTYpa-CBOJCTBO penaunja
Y PasMumMTUM MmaTepujannuma.
JemoHcTpupahy  npucTyn  3acHOBaH  Ha
noAaumma Koju KOpUCTUMO 33 UCMUTUBaHE U

npegukumjy HOBWX MeTan-xmapuaHux
maTepujana 3a pasaunuute npumeHe.
KOHKpeTHO, MMRN/iemeHTauMja  HeypoHCKe

Mpe’Ke 3acHoBaHe Ha rpadosuma, MatErials
Graph Network (MEGNet) [3] ce Kop1CTM Kao
nosiasHa Tayka, Koja obesbehyje
penpeseHTauujy enemeHata 3a TpaHcohep
yyere. Mogen je passujeH U3 KoMBMHOBAHOT

eKcneprMeHTaIHO-TeoPUjCKor cKyna
nopaTaka, " npeasvha eHTannujy
dbopmuparba MeTasHUX XMAPWUAA Ha OCHOBY
KpucTaaHe CTPYKTYpe nouyeTHor
meTana/MHTepMeTannka, ca  MNPOCeYHOM

anconytHom rpewkom oga 9,1 kJ/molH,.
OcBpHyhy ce Ha O0CeT/bMBOCT Mogena Ha
noaumopode Kpucrtana " aomeHe

In accordance with the 4t paradigm in

materials science and expansion of the
application of Al to materials design, we
present some of the current research topics
covered by one of the themes being funded in
the Vinca Institute of nuclear sciences-
national Institute of the Republic of Serbia.

The development of machine learning and, in
deep opens a
perspective for predictive modeling of

materials properties. Data collected through

particular, learning, new

density functional theory (DFT) calculations
performed in our research, and available in
computational repositories such as Materials
Project [1] and NOMAD [2],
development  of
prediction of crystal stability or a structure-

enable the

models for accurate
property relation for energy materials.

A case study of the data-driven discovery of
new metal hydride materials for various
applications is addressed. In particular, the
implementation of the graph neural network,
MatErials Graph Network (MEGNet) [3] is used
as a starting point, providing elemental
embedding for transfer learning. A model is
developed from combined experimental-DFT
data set, to predict metal hydride formation
enthalpy based on the crystal structure of the
starting metal/intermetallic, having a mean
9.1kJ/molH,.  We
demonstrate the sensitivity of the model to

crystal polymorphs and discuss domains of

absolute  error of

applicability of the model and paths to
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NPUMEH/BUBOCTM MOAENA, KA0 U Ha NaaHMpaH
La/bW pa3soj Y Lu/by nobosbluarba TaYHOCTU
npeasuhara. buhe nokasaHa npumeHa
MoZeNna 33  CKPUHWUHT  NOTeHUMjanHUX
ponaHata y Mg-Ni peBep3nbunHum metan-
XMOPUOHUM  MaTepujaiuma, Kao W Heku
NPUCTYNU KOjuU ce oAHOCe Ha HeHaAarnefaHo
MALUMHCKO Yyyere Ha DFT nogaumma u
TeKCTya/IHMM noAaumma.
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Ymecto KomepLMjanHo [OCTynHor
CKNaguLLTeHa BOAOHWUKA Y raCOBUTOM 0BNUKY,
nomohy uyenuMyHux 6oua nom  BUCOKUM
NPUTUCKOM, baHac je jegHa oa
HajnepcneKkTUBHMjUX HOBMX TEeXHUKa
CKnaguwTera - CKAagulTere BOAOHWMKA Y
TaHKOBMMA ca xuapuamma. Op nodetka 21.
BEKa XMApUAM CYy HAjUCNUTUBAHUja jeaAntbera
33 notpebe ckAaguwTera BOAOHMKA. Y
nocnegkux 10 roauHa, MCNUTUBaHEM CBUX
BPCTa OBWX jeAutbeHba, WUCTpPaXKuUBauuM cy
[OLWAM A0 3aK/byyKa Aa cy camo cnegeha Tpu
TMMNA XMAPWUAA Y YBPCTOM CTakby NOrogHa 3a

NPpUMeHy: BWHAPHM  MEeTanHW  XUapuam,
KOMMAEKCHU  XMAPUAN W UHTepMeTasHu
xvapugn. Kopuctehun nomeHyte Tunose

YBPCTUX XMAPUAA KOHCTPYMCAHO je HEKOIMKO
cuctema  TaHKoBa. Y 3aBMCHOCTM  of
KOHdUrypaumje, TPEHYTHO Ccy  AOCTYyMNHW
TAHKOBM KaKo Ha 1abopaTopujcKOM TaKo U Ha
MHAYCTPUjCKOM HMBOY pa3Boja.

Instead of the well-known and commercially
available hydrogen storage technique in steel
tanks by compression of hydrogen in gaseous
state, there is another one, very perspective
technique — storage in solid-state hydride
tanks. Hydrides are the most investigated
compounds for purposes of hydrogen storage.
In the last 10 years, during the investigation of
every type of hydride, researchers have found
that only three types of solid-state hydrides
could be possible for real applications: binary
hydrides, complex hydrides
intermetallic hydrides. Using the mentioned

metal and

types of solid-state compounds, several
hydride-based systems are constructed. They
are available at lab and industrial scale, with

different configurations of tank construction.
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