YHUBEP3UTET Y BEOI'PAZLY - ®PAKYJITET 3A ®PU3UYKY XEMUJY
HACTABHO-HAYYHOM BERY

Ha X penoBnoj cennunm HacraBHo-HayuHor Beha dakynrteTta 3a GU3MUKY XEMHU]jy
VYuusep3utera y beorpany, oapxanoj 11.07.2023. romuHe MMEHOBAaHM CMO 3a YJIaHOBE
Komucuje 3a nmpernien u ouieny qoktopcke nuceprauvje kanaunata ['outom K. I'ebpemapuama,
MacTepa XeMH]jCKUX HayKa, [10J1 HACJIOBOM:

»YCIIUTHBaE YTHIIAja eJIEKTPOJIUTA U YJI0Te PeIYKOBAHOT rPpa)eH-0KCHIa Kao HOca4a
MeTAJHUX KATAJIN3aTOPA HA KATATUTHYKY AKTHBHOCT 32 PeaKIujy U3IBajamba
BOJOHUKA.

Onmnykom HacraBHo-HayuHOr Beha @akynrera 3a pu3muky Xemujy YHUBEp3uTETa Y
Beorpany, onoOpena je uspaaa JOKTOPCKE AMCEPTAIH]je IO Tope HABSACHUM HACIIOBOM.

Haxon mperiiena u aHanu3e JOKTOPCKE AuCEepTaldje Kanauaara, HacraBHO-HaydYHOM
Behy nmogHOCHMO ciienehn

N3BEIITAJ

1. IIpuka3 caapikaja qucepranuje

Jokropcka muceprauuja kangunata ['outom K. ['eGpemapuam HamucaHa je Ha
eHrieckoM je3uky, Ha 100 crpana A4 ¢opmata kynanor tekcra (¢pont Times New Roman
BenuumnHe 12 pt u npopena 1). ucepraiyja je npunpemMibeHa peMa yryTcTBY 3a 00JUKOBambe
JIOKTOpCKe aucepTanuje YHuBep3urera y beorpany. [ucepranuja ce cactoju U3 7 noriabba:
IMornasibe 1 — YBoa (4 crpane), loriasibe 2 — Ommra pazmarpama (3 crpane), [loriasibe
3 — TpeHIOBH Yy eJeKTPOKATAIM3W peaknuje u3Bajamba BomoHuka (28 crpaHa),
IMornasibe 4 — Martepujanu u merone (4 crpane), [loraasibe 5 — Pe3yaraTu u Auckycuja
(27 ctpana), IMoraasbe 6 — 3akbyunu (1 ctpana) u Jlureparypa (13 crtpana). ITopen
HaBeJIeHOT, AucepTaija caapxu 1 HacioBHy cTpaHy Ha eHrJjieckoMm jesuky (1 crpana),
HacsoBHy cTpany Ha cprickoM je3uky (1 crpana), Cimcak MeHTOpa M Y4JaHOBa KOMHUCHje
(1 crpana), 3axBaanuny (1 ctpana), Caxkerak Ha eHrJjieckoM je3uky (1 crpana), Caxkerak
Ha cprickom je3uky (1 ctpana), Cagp:xkaj (2 ctpane), Jlucry o3naka (1 crpana), buorpadujy
ca oudamorpadujom kanmauaara (2 crpane), Ilpuitor (1 crpana) u Ilpusiore nponucane
NMpaBUJMMa YHHBEP3UTETA O MOJAHOIIEHY JOKTOPCKE JUcepTaluje Ha ogo0paBame (8
CTpaHa).

VY nucepranuju je npukazano 28 cmuka (10 cimka y IMormaBmy 3 u 18 ciuka y
[Tormasby 5) u 8 tabena (1 Tabena y Ilornaspy 3, 5 tabena y Iormasby 5 u 2 tabene y
[Tpunory) ox kojux 18 cnuka u 5 Tabena npukasyjy UCTpakuBambe KaHIU1aTa.

[IpBo mornassbe — YBOJ Jaje mperyiea NnpeaMeTa HUCTpakKuBamba M HCTUYE HEroBe
[UJbEeBE. YBOJI MTOCTaBJba KOHTEKCT T€3€, pa3MaTpa 3Hayaj mpolieca Mporu3BO/IHEe BOJOHUKA U
yBOJM (OKYC HA TEXHOJIOTH]Y EJEKTPOJIM3€ BOJE Ca MPOTOHCKHU-IIPOBOJHOM MEMOpaHOM U
aJIKaJIHy €JIEKTPOJIN3Y BOJIE.



V npyrom mnoriasipy — Ominra pa3marpama, AyTop ce 0aBH OIIITOM [033JHHOM
BE3aHOM 3a MpoIiece MPOU3BO/IEbe BOOHNKA. OBO MOTIaBJbe MOCTAaB/ba TEMEIhE TUCEPTAIH]e,
npykajyhu mperiien mpoieca Mpou3BOIb¢ BOAOHUKA. YBOAM 3HA4aj BOJOHHKA KAO YHCTOT
HOCHOIIa CHEPTHje U UCTPaXyje HEeroBe MoTeHIMjanHe npumene. [lornasibe ce Gpokycupa Ha
JBa TJaBHA MPHUCTyNa: HA TEXHOJOTHje EJEKTPOJIM3e BOJAE Ca MPOTOHCKH-TIPOBOIHOM
MeMOpaHOM M aliKayiHe eyiekTposm3e Bojae. OOjaiimaBa mpuHIme oba mporeca, HHUXOBE
MPEeIHOCTH U orpaHuyema. [lopen Tora, oBaj o/esbak MOKPHBA EICKTPOXEMHUJCKE PEaKIuje
YKJbYUYCHE Y MPOU3BOKY BOJOHHKA M pa3MaTpa KMHETHKY pEakildje W3/Bajama BOJOHHKA
(eurs. Hydrogen Evolution Reaction, HER). CBeykynHoO, Ipyro morjaBjbe OlpeMa YMTaole
OCHOBHUM 3HAKEM HCOIIXOJHUM 34 pa3yMEBAILC CHCI_II/I(l)I/I‘-IHI/IX HUCTpaAXXKUBamka KaTajin3aTropa
)41 6p3I/IHe IMPOU3BOAKLC BOJAOHUKA Y HAPCAHUM IIOIIaBJbUMaA.

Tpehe nornaBmbe — TPeHIOBU y €IEKTPOKATAIHM3HM PEaKIHje M3Bajarba BOJOHUKA je
nocBeheHo oncexkHOM Tperiiely JUTepaType, Koju 00yxBaTra HajHOBHjE TPEHIOBE U HAIpPEaaK
y obnactu enekrpokaraimuzaropa 3a HER. OBo noriiaBibe KpUTHUKH OLICHYj€ TPEHYTHO CTarbe
UCTPAKUBaa, MPyxkajyhu cBeoOyXBaTHO pa3zyMeBame Pa3IMUMTUX acrekara y Besu ca HER
elleKTpoKaTain3oM. [Iperien mouynme pasMaTrpameM peakifja Ha BOJOHWYHO] E€IEKTPOIH,
pasjamrmaBajyhu ocHoBHe MexaHu3Me U (haktope koju yTudy Ha epukacaoct HER. Kunernuka
pasMaTrpama Cy TeMeJbHO H3HeceHa, MCTUUyhu Kopake Koju ojapelyyjy Op3uHy U yiory
eslekTpokatanuzaropa y nocrnemubawby HER. Ilornassse ce 3aTuM 0aBU MIMPOKUM CIIEKTPOM
€JIEKTPOKATAINTUUKUX MaTepHjana Koju ce kopucre 3a HER y paznnuutum enexkTpoinTuma,
OJl KUCENUX 10 HEyTPaIHUX W AJIKAJIHUX CpelnHA. AHAJIM3UPAHO j€ EJNEKTPOXEMHU]CKO
[IOHAIIalke MOHOKPUCTAIHUX M MOJMKPUCTAIHUX METAJIHMUX eNeKTpoKaTaau3aTopa, Aajyhu
YBUJl Y BUXOB YUMHAK NpH pazauuuTuM ycioBuma. HER karanusaropu Ha HOcauuma, Uy
KHCEIMM U y alKaJlHUM MeaujuMa, Takohe cy ommupHo auckyTtoBanu. llltaBuine, oBo
NoryiaB/be ce 0aBM KOHIIETITOM BYJIKAHCKHX Maplieia, BPEIHOT ajaTa KOju ce KOPHCTH 3a
pasymeBame HER TpennoBa u npoueny neppopmancu katanuzaropa. O0palhene cy KpuTuke
KOje ce OJJHOCE Ha MPAKTUYHOCT M OrpaHUYEHa BYJKAHCKUX KPUBUX, HyZehu ypaBHOTEXEHY
MEPCIEeKTUBY HUXOBE NpuMemuBocTH. [IpencraBibajyhu cBeoOyxBaran mpersien mnocrojehe
muTeparype, Tpehe nmoriasibe 1aje YBPCTY OCHOBY 3a Jjajba €KCIIEPUMEHTAIHA HCTPAXKUBAKHA U
TEOPUJCKO MoJenoBame, omoryhaBajyhu uurtaomy pa pasyme TpeHyTHO crame HER
eJIEKTPOKATAIN3€e U KPUTHYHE (PaKTOpe KOjU YyTHUY Ha TN3ajH U nepopMaHce KaTtannu3aTropa.

YerBpTO mOrNIaBibe — Marepujain U METOJe JAeTaJbHO OMHUCYje eKCIIEPUMEHTATHE U
padyHapcke MeTojie KopHIIheHe y HCTpaxuBamy. [lounme OmMcoM eNeKTPOXEMHjCKUX
Mepema, YKJbydyjyhH MOCTaBKy KOjeé C€ KOPHUCTH 3a OBa MEpEHa, MPUIIPEMY €JIeKTpoja U
cnenu(UYHy METOJOJIOTH]y TIPHUMEHEHY TOKOM eKkcriepuMeHara. lloriaBibe mOKpuBa
onpehuBame peaHe NOBPIIMHE U (PaKTOpa XparaBOCTH, Ka0 BEIMYHHA O] KJbYYHOT 3Ha4aja 3a
pazyMeBame aKTHBHUX MecTa U Mopdosoruje katanu3aropa. CUMyITaHO €JIEKTPOXEMH])CKO
tayiokeme Hukia (Ni) u peaykuuja rpaden-okcuna (enrn. Reduced Graphene Oxide, rGO),
Kao 1 Mepemwe akTuBHOCTH 3a HER, nerassHo cy o0jammenu. Hakon Tora, noriassbe ce 6aBu
NpUMEHOM TIpopauyHa Ha 0asu Teopuje pyHkumonana rycruHe (enri. Density Functional
Theory, DFT), kao mohHor amara 3a pa3yMmeBame EIEKTPOHCKE CTPYKType M CBOjcTaBa
MaTepHjana, moceOHO MpOydyaBaHUX eJleKTpokaranuzaropa. Ilopen Tora, mpencraB/beHE CY
kuHetnuke MonTe Kapno cumynarmje (enrn. Kinetic Monte Carlo, KMC), koje Hyzae yBua y
muHaMuky HER Ha moBpmmnama xatanuzatopa. Ilpykajyhu cBeoOyxBaraH mpuka3 CHHTE3€
MaTepHjana, eKCIepUMEHTAIHE MMOCTaBKe M NPUMEHEHUX pauyHAPCKUX TEXHHKA, YETBPTO



MOTJIaBJbE€ HY/IU jacaH OKBHP 3a TyMaueHmhe HApEAHUX pe3yJiTaTa U JUCKYCH]ja MPEICTaB/LEHUX
y Te3Hu.

VY meToM moriaBiby ayTop MpelCcTaBjba M pa3MaTpa pe3yiTaTe HCTPaKUBamba U IpyxKa
BUXOBY AyOMHCKY aHanu3y. [lornasise mounme npeacrasbarbeM HER momapuzanuonux (|-
E) xpuBUX 3a MOHOMETAJHE ITOJIMKPUCTAIHE EJICKTPOKAaTAIN3aTope, Koje Hy/Ae AparoleHe
YBHIE y HHXOBE €IEKTpoxemujcke rnepdopmance. 3aTUM ce paclpaBiba O €Heprujama
BE3MBamba BOJOHHMKA OBHX €JIEKTpOKaTaIn3aTopa, 0amajyhnu cBeTIO Ha BUXOBY KATAIUTHUKY
aKTHBHOCT M CTaOWiHOCT. [lornaBibe 3aTUM MpHKasyje ByJIKAaHCKEe KpuBe (HaaHAMOH (77) -
CHepruja Be3uBama aroMckor Bojonuka (enri. Hydrogen Binding Energy, HBE), #-HBE) y
KHCETTUM, HEYTPAIIHUM U alKaJHUM PAacTBOPHMA, KOje TMpYykajy cBeoOyXBaTaH IOTJe] Ha
nepdopmMaHce enekTpokataiuzaropa y paznuuutuM pH ycnosuma. [Topen Tora, npukasanu cy
KMHETHYKHA TapaMeTpH M3BEIeHH W3 eKCIIepuMeHarta, mTo oMmoryhaBa nybibe pazymeBame
KHHETHKE peakinuje W edurkacHOCTH Kartanm3atopa. lloriaBibe ce HacTaBiba JeTabHOM
miuckycujom o KMC cumynanmjama, npyxajyhu ysun y aumnamuky HER Ha moBpmmHama
KaTajy3aropa, W Harjamasajyhu MMIUIMKanuje 3a AM3ajH KaTaau3aTopa W ONTHMH3AILU]y
neppopmancu. IllTaBumie, oBO morIaBke ce OaBu TporecoM oxabupa oxarosapajyhe
KOMOMHAIMje KaTaJau3aTop-Tojuiora Ha OCHOBY J00MjeHHX pesynrata. VcTpakuBamem
TpenaoBa 32 HER 1 KpUTHYKOM aHAIM30M €KCIIEPUMEHTATHUX U CUMYJIAllMOHUX I10/1aTaKa,
OBO TIOTJIaBJb€ HYJHM CBEOOYXBAaTHY IPOIECHY Nep(OpMaHCH KaTalu3aTopa, KaTaTUTHUYKHX
MeXaHM3aMa U MOTEHIMjaTHUX MPUMEHa 3a MPOU3BOIbY BojoHMKa. [lornasibe ce 3aBpiaBa
CyMHpameM KJbyYHHX pe3yJITaTa i lbUXOBHX UMIUIHKALH]a, eheKTHBHO ajpecupajyhu usbese
UCTPaKMBAama MOCTAaBJ/HEHE Y PAaHHUjUM IOTJIaBJbHMA.

3aBpILIHO MIECTO MOIJIaBJbe — 3aKJbYULlM CyMHpa Hajla3e U 3aKJby4Ke JOHETE Ha OCHOBY
pesyaTara ucTpaxupama. [IpencraBiba caxxeT mperie] riaBHUX pe3yiTara, pa3MaTpa BbHUX0B
3Ha4a] y KOHTEKCTY [IMJbEBA HCTpaKUBakha U HarjallaBa UMIUIMKalMje OBe CTyiuje. Y Te3H ce
3akbydyje na cy HER BynkaHcke KpuBe NpHMEHJbUBE 3a WICHTU(UKAIM]Y AKTUBHHX
KaTaju3aropa y 4yuTaBoM orcery pH BpeaHocTH, Mpu ueMy €Hepruja Be3HBama BOJOHUKA
CIly’)kKM Kao BakaH jaeckpunrtop. Okcuianuja MOBpIIMHE W CHEHU(PUYHE KapaKTEPUCTHKE
MeTana ytuay Ha aktuBHOCT 3a HER. Ilopen Tora, mpenuBame (eHri. spillover) Bogonuka ca
Metana Ha noory nocnenryje HER, mocebHno 3a meTane ca jakoM aficoOpIiinjoM BOJAOHHKA.
OBu yBHMIM JONPUHOCE JU3ajHY W ONTHUMHU3ALMJU KaTaiau3aTopa 3a e(UKACHO H3/Bajame
BOJIOHHKA.

ITornassbe JluTeparypa mnpenctaBjba MpeEryie]l HAyYHUX pajoBa, KHUTa U JAPYTUX
U3BOpa, IpeMa pelociiely I0jaBJbUBamba y TEKCTY, KOJU Cy KOpUIINEHH NpU U3Paau JOKTOPCKE
ucepTalmje.

CBeykynHO, CTpyKTypa Te3e o0e30elyje normuan cien, o yBohema Teme
HUCTpaXuBamka 10 IpCACTaBJbalba CKCIICPHUMCHTAIHHUX METOAA M PpE3yjiTaTa, U KOHAYHO,
JIOHOIICHa CMUCIICHUX 3aKJby4aKa Ha OCHOBY JIOOM]eHHX TMOJaTaKa.

2. Kparak nperyea octBapeHuX pe3yJTaTa
HajBaxHuju pe3ynraTu oBe JOKTOPCKE AMCEpTaIUje ce MOT'y caryiefiaTy Ha ciefehn HauuH:

e HER BynkaHcke KpuBe 3a paznuuuTe omcere pH: Te3a cucTeMaTCKH HCTpaxKyje OTHOC
m3mel)ly HER Hnagnanmona u enepruja Be3uBama BojgoHuka (HBE) 3a pasmuuure




eJIeKTpoKaranu3arope y mmpokom pH omcery. Kpo3 cBeoOyxBaTHa eKCIIepHMEHTAIIHA
Mepema U TEOPHUjCKEe MPOpadyHe, YOUCHE Cy pa3IMYUTe KPHUBE Y OOJIMKY BYJIKaHA, IITO
ykazyje Ha jacHy kopenauujy usmehy HBE u aktuBHOocT 3a HER. OBO HOBO OoTkpuhe
nokasyje npumeHsbuBocT HER BynkaHCKMX KpUBUX Ka0 MONHOT aniaTa 3a UACHTH(QHUKAIIN]Y
aKTUBHHMX Karanu3aropa y paszamuutuM pH ycioBuma, mpykajyhu japaroneH yBUI Y
nepdopmance karanuzatopa U omoryhaBajyhm edukacan wu300p KaraiumzaTopa 3a
U3/[Bajarbe BOJIOHUKA.

¥YTHnaj okcuanyje moBpUIMHE: OKCHIAIM]ja MOBPIIMHE je KJbYYHU (PAKTOp KOjU 3HAUAjHO
yrude Ha HER akTUBHOCTH pasinuMUMTHX METAJIHMX Karainusaropa. ExcrniepuMeHTanHa
UCTpaXXUBamka OTKPHUBAjy na oapeheHu meranu, kao mro cy xpom (Cr) u Bondpam (W),
nokasyjy ociabseene nepdpopmance 3a HER ycnen nmoBpmmHcke okcuaaimje, mro J0BOIN
no noBehannx HagHamona. HacympoT tome, metanu momyT Hukia (Ni) u kobanra (Co)
UMajy KOPUCTH O] TMOBPIIMHCKE OKCHIanWje, mocedbHo y ankamHuMm u pH HeyTpamHum
pactBopuMa, mTo pe3yarupa nodossimanuM HER akTuBHOCTHMA M HMKUM HAJHATIOHMMA.
OBU pe3ynTaTH HarlallaBajy BaKHOCT pa3MaTpama MOBPIIMHCKE XeMHje M OKCUIAIIMOHUX
CTara MPUWIMKOM JTU3ajHUPakha eICKTpOKaTaIn3aTopa 3a eUKacHO U3/IBajarbe BOJOHUKA.

Yiora ciermmduyHe KOMOWHAIH]e METAT-EICKTPOIIUT: Te3a UCTPAXKYje YTUIIA] EITEKTPOIIUTA
Ha nepdopmance paznuuntux Merana 3a HER. ITnaruna (Pt) ce mojaBibyje Kao BHCOKO
aKTHBAaH KaTaJW3aTOp Ha CBEXKE IMOJMPAHMM IOBPIIMHAMA Y Pa3IMYUTHM pEIICHHMA,
JOCIIeIHO  3ay3uMajyhm To3umnmjy Ha MakCUMyMy ByJKaHcke Kpuse. MebhyTum,
UHTPUTAHTHO, Y CHEUU(UYHUM €JICKTPOIUTHMA Kao IITO je PacTBOP HATPUjyM XJIOpHIA
(NaCl), jeprunnju meranu nomyT Ni mory Hagmamutu HER akTuBHOCT miatuHe HakoH
IITO Cy TOABPTHYTH TOBPUIMHCKO] oKcunanuju. OBO M3BaHpENHO OTKpuhe HarmamiaBa
NOTEHIWjall 1a WCIUIATUBU M OoraTW MeTaid 3aMeHe Pt xao epuKacHU KaTalu3aTopH 3a
IPOU3BO/IIY BOJIOHUKA.

[IpenuBame BOJOHUKA U HOcad KaTajau3aTopa: Te3a kopucTt HamnpenHe KMC cumynanuje
3a HCTpaXKHBame e(hekaTta npenuBama BOJOHUKA ca MeTaa Ha ojutory, Ha HER aktuBHOCT.
KonkpetHo, katanuzaropu ca rGO kao HocaueM MoKa3yjy OJaKIIaHO MpeIMBamke BOJOHUKA,
mro AoBoau o mobossmanux HER akTuBHOCTHM 3a MeTane ca jakuMm aUMHUTETOM 3a
ancopniyjy Bogonnka. KMC cumynanuje najbe OTKpUBAjy J1a ByJIKaHCKa KpHUBa 3a/ip)kaBa
CBOj KapaKTepHCTUYaH OOJUK, iy YTHIlA] NpelrBamka BOJAOHHKA MOCTaje OYUIJIeaH Ha
IpaHU jaKkoT Be3MBama, IITO pe3yiTupa nomepamweM ka HkuM HER nHannanmonuma. OBaj
BpelaH YBUJ OTBapa HOBE MOTIYhHOCTH 3a ONTHUMHU3ALIM]y AW3ajHAa KaTajau3aropa Hu
Kopuitheme npearuBama BOJJOHUKA J1a O ce MOCIeNTiIa peakiifja n3/1Bajama BOIOHUKA.

Au3ajH ¥ onTUMH3alKja KaTaIW3aTopa: pe3yJTaTh Te3€ 3ajeJHO JOMPUHOCE yHarpehemy
IW3ajHa KaTaim3aTopa W crparernja ontumuzanuje 3a epuxacHy HER. Cucremarcka
aHanmza HER BynkaHCKuMX KpHUBHX Tpyka CBEOOyxBaTaH OKBHUpP 3a 0JabUp aKTUBHUX
KaTajau3aTopa, npujarohaBame BUXOBUX CBOJCTaBa U INpeABUlam€ HUXOBOI yUHMHKA Y
pazmmuntuM pH okpyxemnma. [lopex Tora, MCTpakWBame IpelBamba BOJAOHHKA Kao
MexaHH3Ma 3a moOoJblIamke KaTanuzaTopa je Beoma obehaBajyhe 3a pa3Boj UCIUIATUBUX U
OJIP)KUBUX EIIEKTPOKaTAIN3aTopa 3a TPOM3BOIKBY BOJOHUKA. OBU pe3yinTaTd HMajy
3HayajHE UMIUIMKalMje 3a YyHampehemwe TexHosJoruja OOHOBJBMBHUX H3BOpa EHEpruje,
IIPOMOBHCAmE ,,3eNIeHuje* OyayhHOCTH U MOKpEeTamhe HAlpeTKa Ka BOJJOHUYHO] EKOHOMHU]H.




CBeoOyxBaTHO, pe3yJTaTH OBE JOKTOPCKE JMCEpTAIlje MPEACTaBJbajy 3Ha4YajaH JIONPUHOC
00JIaCTH eJIEKTPOKATAIN3Ee M WCTPaKHMBamba PEakKIfje M3/Bajamba BOAOHUKA. OTKpHBamEM
omHoca m3meh)y HER HamHamoHna, eHepruje Be3uBama BOJOHHMKA U CBOjCTaBa KaTaam3aropa,
Te3a Mpy’Ka IparoleHe CMEpHUIIE 3a AM3ajH PUKACHUX U HCIUIATUBUX EJIEKTPOKATAIN3aTopa,
omoryhaBajyhu Hampenak y nmpuMeHH OOHOBJBUBHX HM3BOpa €HEpruje W jadajyhu Hamope ka
OJIP)KUBHUJEM U EKOJIOIIKU TPUXBATIEUBUjEM CHEPreTCKOM CTamy. 3a MPAKTHYHY HPUMEHY
pesynaTara Tese, Jajba UCTpaxKuBama Ou Tpebao na ce (OoKyCcHpajy Ha UCIHTHUBAGE IIUPET
CIIEKTpa cacTaBa KaTaju3aTopa M Hocehux marepujana, kako Ou ce ontumuzoBaie HER
nepdopmance. PazymeBame u KOHTpoda edekara OKCHAaAIMje TOBPIIMHE Ha KaTalu3aTope,
3aje/IHO ca MPOIIEHOM e(PUKACHOCTH M KHHETUKE MPEIHBakha BOJOHUKA, KJbYYHH CYy 33 PEaIHY
npumeny. [lopen Tora, CTAOMIHOCT U U3APKIBUBOCT KaTaIM3aTOPa MPU PA3ITUUUTUM PATHAM
yCcIIOBUMAa MOpajy OWTH TEMEJbHO MpolewkeHu. Tpebda y3eTh y 003Wp HCIIATHBOCT,
CKaJIAaOWJIHOCT U JIyropodHe nephopMaHce Kako OM Ce OCHUTYpalld MPAKTUYHU U OJIPKUBH
SIICKTPOKATAIN3aTOpU 33 e(UKacHy €BOJYIUjY BOJOHHMKA Yy TEXHOJOTHMjamMa OOHOBJBHBE
eHepruje.

3. YmnopenHa aHajm3a pe3yJiTaTa KaHAWAATA ca pe3yJiITaTHMA U3 JIUTepaType

Pesynraru Te3e notBpl)yjy U nmpomupyjy nocrojehy 1ureparypy o peakiiuju eBoiyluje
BOJIOHUKA MpYy»kajyhu aparonene yuae y kopumrhewe HER BynkaHckux kpuBuX kao MohHOT
anara 3a u300p Katanuzaropa y mupokom orcery pH Bpemnoctu. Hanasu cy y ckiagy ca
MPETXOJIHUM CTyJAWjaMa Koje Cy IOKasaje Be3y y OONuKy BylikaHa u3Mel)y HajHaroHa U
eHepruja Be3uWBama BOJOHMKA 3a pa3NuyuTe enekTpokaranmuzatope [1,2]. OBo moTBphyje
npaktuuHy npuMeHbuBocT HER BynkaHCKuMX KpuBHX Kao e(uKacHOT [ecKpUOTopa 3a
uACHTUUKAIN]Y aKTUBHUX KaTanu3aTopa, omoryhasajyhu edukacan 1u3ajH KaTaauzaTopa U
ONTUMM3AIIM]y 32 U3/IBajae BOJIOHMKA. BynkaHncka kpuBa 3a HER Ouna je mpeamer kputuke
300r CBOj€ jeTHOCTAaBHOCTH M MOTEHIMjaJHOT IMPEBEIMKOI I10jeHOCTABIbEHa CIIOKEHUX
KaTaJIMTUYKKX mporeca. Kputuuapu TBpae Jia ce 3aluieT UCKIbYUHMBO OCllakbha Ha KOpesalujy
n3Mel)y HaHanIOHA U eHepryja Be3uBamba BOJOHKKA, 3aHeMapyjyhu Apyre BaxkHe (pakTope Koju
yTHYy Ha KaTaIMTHYKy akTUBHOCT. [lopex Tora, HEKM MCTpaKMBa4M Cy JIOBEIH y MUTAHE
OIIITY TPUMEHJBPUBOCT BYJIKAHCKMX KPHBHX, TBpAehH 1Ta TO MOXJa HE BaXH 3a CBE
KaTaJIu3aTope M J]a MOXKE IOBECTH JI0 MOTPEITHUX 3aKJbydaka y ojpeheHum ciayuajeBuma [3,4].
Yopkoc 0BUM KpHUTHKaMma, ByJIKAHCKa KpHUBa OCTaje M3Yy3€THO KOPHUCTAaH ajaTr 3a IMpeTpary
KaTalin3aTopa U HJCHTU(DHKAIM]y aKTHBHUX eJeKTpokaTaiuzaTopa. HbeHa jemHocTaBHOCT
omoryhaBa Op3y u edukacHy mpoleHy nephopMaHCH KaTaau3aTropa, IITO j€ YHHU BPEIHOM
MoYeTHOM MeTo/ioM miperpare. lllTaBuie, oBaj AujarpamM npyska Bakad YBHJ Y OJTHOC u3Mehy
CBOjCTaBa KaTaju3aTopa M KUHETHKE peakluje, olakmaBajyhu Ou3ajH U ONTUMHU3ALU]Y
eUKacHUX eNeKTpoKaramu3atopa. Mako BylkaHCka KpuBa MoOXKJaa Hehe 0O0yXBaTUTH CBe
¢uHece KaTaTUTHUKOT TMOHAIIAmka, CIyXKM Kao IparoleH BOAMY Y MOTpa3u 3a ePUKaCHUM
KaTalu3aropuma, cyxkaBajyhu Kpyr NOTEHLMjAIHUX KaHJUAaTa 3a Jajbe HCIHUTUBAMC.
HlTaBume, pacmnpocTpameHa ymnoTpeba W ycmex BYJIKAaHCKE KpuBe Yy npeaBubamy
KaTaIMTUYKUX TPEHO0BA 32 PA3IMUUTE EIEKTPOKATAIN3aToOpe Yy pa3inuuTuM pH okpykemrma
HarjamaBajy heHy MpakTHUYHY HPUMEHJBUBOCT y 00NacTH enekTpoxemuje. Mcrunamem
BaXHOCTH €HEPTrHja Be3UBambha BOJOHUKA U IbUXOBOTI OJJHOCA Ca HAJJHAIIOHOM, BYJIKaHCKA KpHBa
jé y BeIMKOj] MepH JoNpuHena pasyMmeBamy Mexanumzama HER u mnpunnuna ausajHa
KaTaJn3aropa.



Hanamwe, pe3ynratu Te3e pacBeT/baBajy YTUIQ) €IEKTpoiauTa Ha akTuBHOCTH 32 HER,
HarjamnraBajyhu KpuTHUHY yJIOTy COEHU(PUUYHUX METalla U BbUXOBO MOHAIIAKE Y Pa3IMYUTUM
pacTBopuMa. 3anaxama edekara okcunanyje noppimrne Ha HER aktuBHOCTH ¢y y ckilagy ca
MPETXO/IHUM HCTPaKMBabUMa KOja Cy MCTaKJIa 3Hayaj MOBPIIUHCKE XEMUJE U IbEH yTHIIA] Ha
KatamTuuke neppopmance [5,6]. ctpakuBame Te3e 0 MeTanuma monyT Ni Koju ITpeBas3uiia3e
AaKTUBHOCT CKYIUX IUIATMHCKHUX KaTalu3aTopa HaKOH MOBPIIMHCKE OKCUAIH]e Y CKIIaTy je ca
HarjlackoM JIUTepaType Ha I[POHAJAXKEHE HCIUIATUBUX alTepHATHBA 32 IPAKTHUYHY
IIPOU3BO/IbY BOJOHHUKA [7].

[Topen Tora, cryauja ce 6aBu ynoroMm Hocada karamuzaropa [8], moce6Ho rGO, u
IbUXOBUM TOTCHIIMJAJIOM Yy TOCIEUINBaky MpeinBama BOJAOHHKA paiau mobdospmama HER
aktuBHOCTH. OBH Hajla3u ce 3aCHHUBAjy Ha MocTojehuM ucTpakuBamuMa O 3Hauyajy HOcauya
KaTaJn3aropa U BUXOBOM YTHUIAjy Ha YKyIHe KaTanuTuuke nepdpopmance [9,10]. Ynorpebda
KMC cumynanmja y Te3u 3a OTKPHBaWkE YTHIIAja MPEIMBaka BOJAOHUKA HA KaTaIU3aTope Ha
HOCayMMa JIONyHYyje paHuja HCTPaKMBamba OBOT MEXaHMW3Ma W HErOBOI TOTEHIMjaja y
KaTAIUTUYKOM MTOOOJbIIAY .

CyMapHo, pe3yiTaTH OB Te3€¢ JOIPUHOCE CBEOOYXBAaTHU]jEM pa3yMeBaby MEeXaHH3aMa
HER, mnonamama Karaium3aTopa W NpPaKTHYHHX pa3MarTpama JAu3ajHa KaTalan3aTopa.
[lpencraBibeHn pe3ynraTd Cy Yy CKIaay ca yrBphenum 3HameMm y obOmactu HER u
eNeKTpOKAaTalln3e, IOK MPyXKajy ¥ HOBE YBUJIE y YJIOTY HOCaya U IIpeNrBama y neppopMaHcama
karanu3atopa. [IpakTuuHe UMILTMKaLIMje OBUX pe3yliTaTa Hye ooehaBajyhe myTeBe 3a pa3Boj
UCIIATUBUX U OAPXKMBUX EIICKTPOKATAIN3aTOpa, JajbH HAmpenak y oOJacTH TEeXHOJOrHuja
OOHOBJPMBHUX H3BOpa €HEPruje U MyT 3a 3elieHUjy U e(PUKacHH]y €KOHOMH]y 3aCHOBaHY Ha
BOJIOHUKY.
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After reviewing and analyzing the doctoral dissertation of the candidate, we hereby submit the
following

REPORT

1. Overview of the dissertation content

The doctoral dissertation of candidate Goitom K. Gebremariam is written in English
language, on 100 pages of A4 format typed text (Times New Roman font, size 12 pt, and single
spacing). The dissertation is prepared according to the instructions for formatting doctoral
dissertations at the University of Belgrade. The dissertation consists of 7 chapters: Chapter one -
Introduction (4 pages), Chapter two - General background (3 pages), Chapter three - Trends
in electrocatalysts for hydrogen evolution reaction (28 pages), Chapter four - Materials and
Methods (4 pages), Chapter five - Result and discussion (27 pages), Chapter six - Conclusions
(1 pages), and References (13 pages). In addition to the mentioned content, the dissertation
includes the English Title Page (1 page), Serbian Title Page (1 page), List of Mentors and
Defense Committee Members (1 page), Acknowledgments (1 page), Summary in English (1
page), Summary in Serbian (1 page), Table of Contents (2 pages), List of Symbols (1 page),
Candidate's Biography and Bibliography (2 pages), Appendices (1 page) and Attachments
prescribed by the University rules for submitting doctoral dissertations for approval (8
pages).

The dissertation contains 28 figures (10 figures in Chapter 3, and 18 figures in Chapter 5)
and 8 tables (1 table in Chapter 3, 5 tables in Chapter 5 and 2 tables in Appendices), of which 18
figures and 5 tables represent the candidate's research.

In Chapter One - Introduction, the Author provides an overview of the research's subject
matter and outlines the objectives of the study. The introduction sets the context for the thesis,
discusses the importance of hydrogen production processes, and introduces the focus on proton
exchange membrane water electrolysis and alkaline water electrolysis.
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In Chapter Two - General Background, the Author addresses the general background
related to hydrogen production processes. This Chapter lays the foundation by providing an
overview of hydrogen production processes. It introduces the significance of hydrogen as a clean
energy carrier and explores its potential applications. The chapter focuses on two main approaches:
proton exchange membrane water electrolysis (PEMWE) and alkaline water electrolysis. It
explains the principles of both processes, their advantages, and their limitations. Additionally, the
section covers the electrochemical reactions involved in hydrogen production and discusses the
kinetics of the hydrogen evolution reaction (HER). Overall, Chapter Two equips readers with the
essential background knowledge necessary to understand the subsequent chapters' specific
investigations into catalysts and hydrogen production rates.

Chapter Three - Trends in Electrocatalysts for Hydrogen Evolution Reaction is dedicated
to an extensive literature review, encompassing the latest trends and advancements in the field of
electrocatalysts for HER. This chapter critically evaluates the current state of research, providing
a comprehensive understanding of various aspects related to HER electrocatalysis. The review
begins by exploring hydrogen electrode reactions, elucidating the underlying mechanisms and
factors that influence the efficiency of the HER. Kinetic considerations are thoroughly examined,
shedding light on the rate-determining steps and the role of electrocatalysts in facilitating the HER.
The chapter then delves into the wide array of electrocatalyst materials employed for HER in
different electrolyte environments, ranging from acidic to neutral and alkaline media. The
electrochemical behavior of single-crystal and polycrystalline metal electrocatalysts is analyzed,
providing insights into their performance under various conditions. Supported HER catalysts,
investigated in both acidic and alkaline media, are also extensively discussed. Furthermore, the
chapter delves into the concept of volcano plots, a valuable tool used to understand HER trends
and evaluate catalyst performance. The criticism surrounding the practicality and limitations of
volcano plots is addressed, offering a balanced perspective on their utility. By presenting a
comprehensive survey of the existing literature, Chapter Three forms a solid foundation for the
subsequent experimental investigations and theoretical modeling, enabling the reader to grasp the
current landscape of HER electrocatalysis and the critical factors influencing catalyst design and
performance.

Chapter Four - Materials and Methods details the experimental and computational
methodologies used in the research. It begins by describing the electrochemical measurements,
including the setup used for these measurements, the preparation of the electrodes, and the specific
methodology applied during the experiments. The chapter covers the determination of real surface
area and roughness factor measurements, vital for understanding the catalyst's active sites and
morphology. The co-deposition of Ni and reduced graphene oxide (rGO), along with the
measurements of HER activity, is thoroughly explained. Subsequently, the chapter delves into the
use of Density Functional Theory (DFT) calculations, a powerful tool for understanding the
electronic structure and properties of materials, particularly the electrocatalysts under study.
Additionally, the Kinetic Monte Carlo (KMC) simulations are presented, offering insights into the
dynamic behavior of the HER process on the catalyst surfaces. By providing a comprehensive
account of the materials synthesis, experimental setup, and computational techniques employed,



Chapter Four offers a clear framework for interpreting the subsequent results and discussions
presented in the thesis.

In Chapter Five - Results and Discussion, the Author presents and discusses the results of
the research and provides their in-depth analysis. The chapter begins by presenting the HER
polarization (I-E) curves for the monometallic polycrystalline electrocatalysts, which offer
valuable insights into their electrochemical performance. Next, the hydrogen binding energies of
these electrocatalysts are discussed, shedding light on their catalytic activity and stability. The
chapter then showcases the Volcano plots (overpotential- hydrogen binding energy, #-HBE) in
acidic, neutral, and alkaline solutions, which provide a comprehensive view of the electrocatalysts'
performance under different pH conditions. In addition, Kinetic parameters derived from the
experiments are presented, enabling a deeper understanding of the reaction kinetics and catalyst
efficiency. The chapter proceeds with a detailed discussion of the Kinetic Monte Carlo (KMC)
simulations, providing insights into the dynamic behavior of the HER process on the catalyst
surfaces, and highlighting the implications for catalyst design and performance optimization.
Moreover, the chapter delves into the process of selecting the appropriate catalyst-support
combination based on the obtained results. By exploring trends in the HER and critically analyzing
the experimental and simulation data, Chapter Five offers a comprehensive evaluation of the
catalysts' performance, catalytic mechanisms, and potential applications for hydrogen production.
The chapter concludes by summarizing the key findings and their implications, effectively
addressing the research objectives laid out in the earlier chapters.

The final Chapter Six — Conclusions summarizes the findings and conclusions drawn from
the research. It presents a concise overview of the main results, discusses their significance in the
context of the research objectives, and highlights the implications of the study. The thesis
concludes that HER volcano curves are applicable for identifying active catalysts across the entire
pH range, with hydrogen binding energies serving as a valuable descriptor. Surface oxidation and
specific metal characteristics influence HER activities. Additionally, hydrogen spillover on the
substrate enhances HER, particularly for metals with strong hydrogen adsorption. These insights
contribute to catalyst design and optimization for efficient hydrogen evolution reactions.

The chapter References chapter presents an overview of scientific articles, books and other
sources, according to the order of appearance in the text, which were used in the preparation of the
doctoral dissertation.

Overall, the structure of the thesis provides a logical progression from introducing the
research topic to presenting the experimental methods and results, and finally, drawing meaningful
conclusions from the obtained data.

2. Short overview of the thesis results
The main thesis results can be overviewed as follows:

e HER Volcano Curves Across pH Range: The thesis systematically investigates the relationship
between HER overpotentials and hydrogen binding energies (HBES) for various electrocatalysts
across a wide pH range. Through comprehensive experimental measurements and theoretical
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calculations, distinct volcano-shaped curves are observed, indicating a clear correlation
between HBE and HER activity. This novel finding demonstrates the applicability of HER
volcano curves as a powerful tool for identifying active catalysts across different pH conditions,
providing valuable insights into catalyst performance and enabling efficient catalyst selection
for hydrogen evolution.

¢ Influence of Surface Oxidation: Surface oxidation is a crucial factor that significantly impacts
HER activities on different metal catalysts. The experimental investigations reveal that certain
metals, such as Chromium (Cr) and Tungsten (W), exhibit hindered HER performance due to
surface oxidation, which leads to increased overpotentials. Conversely, metals like Nickel (Ni)
and Cobalt (Co) benefit from surface oxidation, particularly in alkaline and pH-neutral
solutions, resulting in improved HER activities and lower overpotentials. These findings
underscore the importance of considering surface chemistry and oxidation states when
designing electrocatalysts for efficient hydrogen evolution.

e Role of Specific Metal-Electrolyte Combination: The thesis explores the influence of
electrolyte environments on HER performance for various metals. Platinum (Pt) emerges as a
highly active catalyst on freshly polished surfaces across different solutions, consistently
occupying the peak position on the volcano plot. However, intriguingly, in specific electrolytes
like sodium chloride (NaCl) solution, cheaper metals like Ni can surpass platinum’s HER
activity after undergoing surface oxidation. This remarkable discovery highlights the potential
for cost-effective and abundant metals to replace Pt as efficient catalysts for hydrogen
production.

e Hydrogen Spillover and Catalyst Support: The thesis employs advanced KMC simulations to
explore the effects of hydrogen spillover on HER activity. Specifically, catalysts supported on
rGO demonstrate the ability to facilitate hydrogen spillover, leading to enhanced HER activities
for metals with strong hydrogen adsorption affinity. The KMC simulations further reveal that
the volcano curve retains its characteristic shape, but the impact of hydrogen spillover becomes
evident on the strong binding branch, resulting in a shift towards lower HER overpotentials.
This valuable insight opens up new possibilities for optimizing catalyst design and leveraging
hydrogen spillover to enhance hydrogen evolution reactions.

e Catalyst Design and Optimization: The thesis results collectively contribute to the advancement
of catalyst design and optimization strategies for efficient HER. The systematic analysis of HER
volcano curves provides a comprehensive framework for selecting active catalysts, tailoring
their properties, and predicting their performance across different pH environments.
Additionally, the exploration of hydrogen spillover as a catalyst enhancement mechanism holds
immense promise for developing cost-effective and sustainable electrocatalysts for hydrogen
production. These findings have significant implications for advancing renewable energy
technologies, promoting a greener future, and driving progress towards a hydrogen-based
economy.

In summary, the thesis findings represent a significant contribution to the field of electrocatalysis
and hydrogen evolution reaction research. By uncovering the relationships between HER
overpotentials, hydrogen binding energies, and catalyst properties, the thesis provides valuable
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guidance for designing efficient and cost-effective electrocatalysts, enabling advancements in
renewable energy applications and bolstering efforts towards a more sustainable and
environmentally friendly energy landscape. For practical application of the thesis results, further
investigations should focus on exploring a broader range of catalyst compositions and support
materials to optimize HER performance. Understanding and controlling surface oxidation effects
on catalysts, along with evaluating the efficiency and kinetics of hydrogen spillover, are crucial
for real-world feasibility. Additionally, the stability and durability of catalysts under varying
operating conditions must be thoroughly assessed. Cost-effectiveness, scalability, and long-term
performance should be considered to ensure practical and sustainable electrocatalysts for efficient
hydrogen evolution in renewable energy technologies.

3. Comparative analysis of the thesis results with previously published data

The thesis results corroborate and extend the existing literature on HER by providing
valuable insights into the utilization of HER volcano curves as a powerful tool for catalyst selection
across a broad pH range. The findings align with previous studies that have demonstrated the
volcano-shaped relationship between overpotentials and HBEs for various electrocatalysts [1,2].
This confirms the practical applicability of HER volcano curves as an effective descriptor for
identifying active catalysts, enabling efficient catalyst design and optimization for hydrogen
evolution. The volcano plot for HER has been subject to criticism due to its simplicity and potential
oversimplification of complex catalytic processes. Critics argue that the plot solely relies on the
correlation between overpotentials and HBEs, overlooking other important factors influencing
catalytic activity. Additionally, some researchers have questioned the general applicability of the
volcano plot, asserting that it may not hold true for all catalysts and may lead to misleading
conclusions in certain cases [3,4]. Despite these criticisms, the volcano plot remains an extremely
useful tool for catalyst screening and identification of active electrocatalysts. Its simplicity allows
for a quick and efficient assessment of catalyst performance, making it a valuable initial screening
method. Furthermore, the plot provides valuable insights into the relationship between catalyst
properties and reaction Kinetics, facilitating the design and optimization of efficient
electrocatalysts. While the volcano plot may not capture all nuances of catalytic behavior, it serves
as a valuable guide in the search for effective catalysts, narrowing down the pool of potential
candidates for further investigation. Moreover, the volcano plot's widespread use and success in
predicting catalytic trends for various electrocatalysts in different pH environments underscore its
practical applicability and utility in the field of electrochemistry. By highlighting the importance
of hydrogen binding energies and their relationship to overpotentials, the volcano plot has greatly
contributed to our understanding of HER mechanisms and catalyst design principles.

Furthermore, the thesis results shed light on the influence of electrolyte environments on
HER activities, emphasizing the critical role of specific metals and their behavior in different
solutions. The observations of surface oxidation effects on HER activities are consistent with
previous research that has highlighted the significance of surface chemistry and its impact on
catalytic performance [5,6]. The thesis's exploration of metals like Ni surpassing the activity of



expensive Pt catalysts after undergoing surface oxidation aligns with the literature's emphasis on
finding cost-effective alternatives for practical hydrogen production [7].

Additionally, the study delves into the role of catalyst supports [8], particularly rGO, and
their potential in facilitating hydrogen spillover to enhance HER activities. These findings build
upon existing research on the importance of catalyst support structures and their influence on
overall catalytic performance [9,10]. The thesis's use of KMC simulations to reveal the impact of
hydrogen spillover on supported catalysts complements earlier investigations into this mechanism
and its potential in catalytic enhancement.

Overall, the thesis results contribute to a more comprehensive understanding of HER
mechanisms, catalyst behavior, and practical catalyst design considerations. The findings align
with the established knowledge in the field of HER and electrocatalysis, while also providing novel
insights into the role of supports and spillover in catalyst performance. The practical implications
of these results offer promising avenues for developing cost-effective and sustainable
electrocatalysts, further advancing the field of renewable energy technologies and paving the way
for a greener and more efficient hydrogen-based economy.
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