PELHEH3USA

oT akaneMuk Anekcanawp [lomos
Ha JucepTanusaTa Ha npodecop a-p Mapruo Mutos
Ha TeMa:
,, EJIEKTPOXMMHYHU U3TOYHUIH HA €KOJOTUYHO YHUCTA eHeprus,
npeJicTaBeHa 3a Mpy1I00MBaHE HA Hay4YHaTa CTEICH

,»J JOKTOp Ha HAyKUTE"*

l. Jlokymenmauusa no npoueoypama

JlokyMeHTanusATa 1o OTKpUTaTa npoueaypa 3a IpuchbkAaHe HA HAydyHATa
cTeneH ,,JIOKTop Ha HaykuTe* € IbJIHAa U € CbOOpa3eHa CbC CHOTBETHUTE
HopMmaTuBHU u3nckBaHusa Ha 3PACPD, [IpaBuinHuka 3a HErOBOTO NPUIIOKEHNE U
BorpennuTe npaBuna 3a pa3BuTue Ha akagaemMuunus cheraB Ha FO3Y Heodut
Puncku®. JlokymeHTanusita mo3BoisiBa Aa OBbJAT MPOCIECACHU MPOBEACHUTE
MPOLIEIypH, B T.4U. MPOBeAeHOTO Ha 26.06.2019 r. npeaBapuTenHo 00CHXKIaHE HA
JTUCEPTALMOHHUS TPYA Npe]l pa3lInpPEHusl KaTeAPEH ChBET Ha Kareapa ,,XuMHus'*
U TOocHeaBalioTo 3acenanne Ha @PakynretHus cbBeTr Ha Ilpupono-

MaTEMATHNYCCKUA (baKyJ'ITeT, Ha KOCTO € ri1aCyBaH CbCTABbT HA HAYYHOTO XKXYpPH.



Il. Kpamku ouozpagpuunu oannu 3a kanouoama

Mapuo MopnanoB Muto e poxmen Ha 02.03.1963 r. B rp. CBHIIOB.
Jlunimomupa ce C OTIAMYEH YCIEeX KAaTo WHXKEHEP-XMMHUK M0 CHEIUaTHOCTTA
,,BIIEKTPOXUMUYHH MPOU3BOJICTBA U U3TOUHHUIIU Ha TOK BbB BXTU-Codus npe3
1985 r. IIpe3 1987 r. credenBa KOHKYpC ¥ € M30paH 3a PEJOBEH aCHUCTEHT IIO
,O0Ila W HeopraHmyHa XuMHUA“ KbM Karenapa ,Xumus“ Ha IOroszamanen
yHuBepcuteT ,,Heobutr Puicku® - bnaroesrpaa. IIpes 2000 r. 3amurara
OUCepTallMOHEeH Tpyld 3a mnpunoowmBane Ha OHC ,goktop™ Ha Tema
,,EJIEKTPOXUMUYHO TOBEJICHHE HA HAHOYACTHUIIM, TIOJYYEHHU 4upe3 OOpXuapuaHa
penyKUHs“, KOSTO TEMAaTUYHO W3IJIO CE€ pa3jauyaBa OT MpeJcTaBeHaTa
noHactositeM aucepranus. [Ipez 2007 r. Mapuo MuToOB criedeniBa KOHKYpC 3a
noteHt, a pe3 2012 r. e u3dpa 3a peaoBeH npodecop mno ,,00111a 1 HeopraHuIHa
XUMUSA“ KbM KaTeapa ,,.Xumus“ Ha lOrozamannus ynusepcurer. [Ipod. Mutos
yere Jekuuu 1o ,00ma u  HeopraHudyHa Xumus, , OUBUKOXUMHUS,
,,BIIGKTPOXUMUS U IPYTH CHEIUATN3UPaHU KypCOBE Ha CTYJIEHTH, OOy4aBaHU B
[Tpupono-maremarnueckus ¢pakynret Ha KO3Y. bun e HaydeH ppkoBoauTen Ha 4
JOKTOPAaHTH, IBAMa OT KOUTO YCIIEIIHO 3alUTUIIM, a €IUH B MOJrOTOBKA HA CBOS
nuceptanroneH Tpya. CraBTop € Ha Haj 110 HaydyHu myOnMKanuu, IMUAPOKO
OTpa3eHHW B CBeTOBHATa HayuHa juteparypa (400 nurara mo SCOPUS). Ipod.
MuToB € y4acTBajid B 2 MEXKJIYHApOJHU U 16 HAIMOHAIHU M MHCTUTYLIMOHAIHU

ITPOCKTA, HA rojiiMa 4aCT OT KOUTO € on PBKOBOAUTEIT HJIM KOOPAUHATOP.

I1l. O6wa xapakmepucmuka u ananu3 nHa OucepmauyuoHHUs mMpyo u
aemopeghepama
[IpencraBeHusAT MU 3a pELEH3UpPAHE ANCEPTAIMOHEH TPyA € Ha Tema
,»LJIEKTPOXMMHUYHHM U3TOYHHMIIH HA €KOJIOTUYHO YyrcTa eHeprusa®. Hamucan e
Ha 327 CTpaHMIIM U € WIICTpUpaH cbCc 186 ¢urypu, 36 Tabiuuu u 5 cxeMmu.

ABTOpBT € wm3non3Ban 319 smTepaTypHM M3TOYHMIM, 3a Ja IOKaxe



ChBPEMEHHOTO CHCTOSTHUE Ha pasriekKaaHUTE IPOOJIEMHU U 1a ONPEAETN MICTOTO
Ha HETOBUTE W3CIICJBAHUS B CBETOBHATA JUTeparypa. Te3u u3ciaeaBaHus TOU €
nyonukyBaa B 42 HayyHU NyOJUKAIlMd B HaW-TIPECTHXKHUTE 3a o00yacTTa
MEXIyHapoaHu u3nanus. llenta Ha guceprauusTa € Ja C€ CUCTEMaTU3UpPAT
OCHOBHUTE PE3yATaTH M TMOCTIKCHHUS TPH PEaTU3MPAHETO Ha JBJITOCPOYHA
Hay4YHOM3CJIeJ0BaTeNICKa MporpamMa, HacoueHa KbM Cbh3JaBaHe Ha MHOBAaTHUBHHU
CICKTPOXUMUYHU W OHMOEJIEKTPOXMMHUYHU CHCTEMH 3a TCHEpUpaHE Ha
€JICKTPUYECKH TOK M Ha BOJIOpoJ. Jlucepranusara € HamucaHa B MOHOrpaduieH
CTUJ U € CTPYKTypupaHa B cieaHutTe pasnenu: BwBenenwue; llen u 3amauu;
ANTEepHATUBHU XMMHUYHU TOPUBHHU €JIIEMEHTH, MPEACTaBEHU B 2 TMOJpa3eia;
buoenekTpoXMMUYHM CHUCTEMHU 3a TEHEPUPAHE Ha EJCeKTPUYEH TOK U
MPOM3BOJICTBO HA BOJOPOJ, MpeactaBeHu B 9 noxapasnena; M3soau; IIpunocy;
M3non3Bana gnureparypa; Ilpunoxenue; CHHChK Ha  BKIIOYEHHUTE B

JUCEPTALMOHHUS TPYI MyOIUKAUY.

BbB BBBenmeHHETO € 00yciIoBeHAa HEOOXOAMMOCTTa OT HOBU C€HEPTUITHU
W3TOYHUIIM M eHeprompedpazyBaTen, MOpojeHa OT ObpP30 M3UEPIBAIIUHUTE CE
pecypcd Ha TPHUPOAHHUTE BBIJIEPOJ-ChAbPKAIIM TOPHUBA U 3aCTPANTUTEITHO
YBEJIMYABAIIOTO C€ 3aMbpCSBAHE HA OKOJHATA Cpela, CBBP3aHO C TAXHOTO
nsrapsHe. Kato mepcrekThBHaA anTepHATHBA Ha CHIECTBYBAIaTa CHEPrHiTHA
CHUCTEMa € TMOCOYEeHa KOHICMIMATA 3a BOJOpOJHA eHepreTtuka. HampaBeH e
KpaThK IPErjie/ Ha ChIIECTBYBAIIMTE TEXHOJIOTHH 3a IMOJTy4yaBaHe, ChbXpaHEHUE U
OTIOJI30TBOTSIBaHE Ha BOJIOPO/A KaTO BTOPU €HEPTUEH HOCHUTEIN, KaTo MO-TOJSIM
aKIIeHT € OTJeJICH Ha pa3paOOTEHUTE 10 MOMEHTA THUIIOBE TOPUBHH CIIEMECHTH.
[TocoueHu ca ¥ OCHOBHUTE TIPUYHMHHM, TTOPATHA KOUTO BOJOPOIHUTE TEXHOJIOTHH
BCE OIE HAMAT IMUPOKO MPWIOKEHUE B CHEPTUUHUS CEKTOpP, KOETO OT CBOS
cTpaHa oOyciaBs HEOOXOJAMMOCTTa OT pa3pabOTBAHETO Ha aJTEPHATHBHH

CUCTCMHU 3a I'CHCPHUPAHC Ha CJIICKTPUYCH TOK M IIPOU3BOACTBO Ha BOJOPOA.



HNmenHo Cb34aBaHCTO Ha TaKnBa CHCTCMH € 00CKT Ha npcaACTaBCHUSA

JTUCEPTALMOHEH TPY/I.

B aucepranusra ca npeacTaBeHu pe3yJsiTaTh, CBbP3aHU ¢ pa3padOTBAHETO
Ha 7 pa3IM4yHU THUMA €JICKTPOXUMHUYHHU CUCTEMH - JIBA TUIA XUMHUYHU TOPUBHU
€JIEMEHTH M TIeT TUmna OHOCICKTPOXUMUYHU CHCTEMH C  Pa3JIM4HO
npennazHadenue. Cmopen cnemudukara Ha  pa3padOTEHHUTE  CHCTEMH,
IpEeACTaBIHETO UM € 000COOCHO B JiBa OCHOBHH paszjena: I. AnTepHaTUBHH
XMMHWYHU TOPUBHHU €JIeMEHTH U [I. bBuoenekTpoXuMUYHU CUCTEMU 3a TEHEPUPAHE

Ha CIICKTPHUYCH TOK U ITPOU3BOACTBO HA BOAOPO/I.

B rmasa 1.1. ca npeacraBeHn pe3ynTaTd OT U3CIECABAaHMS, HACOUCHU KbM
Ch371aBaHe Ha [ OpUBHU €JIEMEHTH C JUPEKTHO EJIEKTPOOKUCICHNE Ha OOPXUAPHI.
ABTOPBT MpaBUIHO OTOENSA3BA, Y€ OCHOBHUSAT MPOOJIEM MPHU Ch3aBAHETO U
Pa3BUTHETO HA TAaKbhB THUI TOPUBHH €IEMEHTH € HaAMHUPAHETO Ha €(PEKTUBHH
AQHOJIHM KaTaJM3aTOpPHU 3a MO-ITBIHOIICHHO OIOJI30TBOPSIBAaHE HA OOPXHUIPUIAUTE
KaTo TOPUBO. 3a Ta3u 1IeJ ca U3CIEABAHN PA3JIMYHU 10 ChCTaB METAIXUIPHUIHU
CIUTaBH M BOJIOPOA-adCcopOMpaIin HaHOKOMIIO3UTH KaTO aHOJEH MaTepHhall 3a
CJIEKTPOOKUCIIEHNE Ha HaTpueB Oopxuapui. Upes pa3paboTeHa KOMILJIEKCHA
METO/OJIOTHS € HallpaBeHa OIEHKa Ha EJIEKTPOKATAJTUTUYHWTE CBONCTBAa Ha
U3CIICJIBAHUTE EJIEKTPOJHM MaTepHaid, KaKTO M Ha JieJa Ha BB3MOXKHHUTE
napajieTHu peakluud — XUAPoian3a Ha Oopxuapuaa u adbcopOIus Ha BOJOPOJ B
CICKTPOJTHUS  MaTepuaj, 4dYpe3 KOATO Cce HamaisBa e(eKThT  OT
HETMPOU3BOAUTEIIHOTO pa3jiaraHe U ce OCHIIECTBABA JOMMBIHUTEIHO ChXPAHCHHE
Ha ropuBoTO. IlogOpanu enekTpomHM MaTepuanw Ha 0Oa3aTa Ha TOMYyYEHUTE
pe3ynTaTh ca TECTBAHW KaTO aHOJW B pa3pabOTEHH MPOTOTUIM HA TOPWBHH
€JIEMEHTH C €IMH U JIBa BH3IYIIHU KaToJa. Y CTAHOBEHO €, Y€ M3I0JI3BAaHETO Ha
IPOTOHOOMEHHA MeOpaHa BOJIM JI0 YBEIMUABAHE HA Pa3psTHUAS KaITalUTET, KOSTO
aBTOPHT OTJaBa Ha BB3MPEMATCTBAHEC Ha KaTaJIM3UpaHATa XHUAPOJIM3a Ha

60pXI/II[pI/II[a OT KaTOOAHUA KATAJIU3aTOP. HpI/I H3I10JI3BAHCTO HA TOPUBCH CJIICMCHT



C JIBa Bb3AYIIIHH KaTOJd U MCTAIIXUAPUJIACH aHOA Ca ITOCTUTHATU CbIIOCTABUMHU C
AOKJIAIBAHUTC B JINTCpATYypaATa CTOMHOCTH Ha INTbTHOCTTA HA TOKA U MOIIIHOCTTAa
3a l'IOI[O6HI/I CHCTCMU. HpI/I}ITHO BIICHATJICHUC IIPABAT OYCPTAHUTC HACOKHU 3a
6’[)I[€H_[I/I H3CJICABAHMA C OIVICA IMO-HATAaTBITHOTO PAa3BUTHUC HA TCXHOJIOTUATA,

KOCTO € HAIIPpAaBCHO U 3d OCTAHAJIUTC pa3pa60TeHH CHCTCMU.

B rmaBa [.2. ca mnpexncraBeHM wu3CienBaHUsA C TOPUBHU E€IEMEHTH,
TEHEpUPALLM EJIEKTPUUECKH TOK 4pe3 eJIEKTPOOKHUCIEHUE Ha cyiaduau.
N3nona3Banu ca pa3inuyHy OKUCIUTENH, PA3TBOPUMHU B KATOJJHOTO €JIEKTPOJIUTHO
MIPOCTPAHCTBO, KaTO KpallHU EJEKTPOJAHM aKUENTOpU. YCTAaHOBEHO €, Y€ B
aOMOTHYEH TOPUBEH €JIEMEHT CyJN(UI-HUTPAT KAaTOAHATA PEaKlusi € OCHOBHO
CBBbp3aHa C peyKLusaTa Ha Kucaopod. Hapen ¢ pa3nu4Hu enekTpoJHU MaTepHau
Ha BBIJVIEPOJHA OCHOBA Ca IIPOBEJCHHM W JONBIHUTEIHH W3CICIBAHHS Ha

IMOTCHIOHUAIIHA aHOAHHU CIICKTPOKATAJIN3aTOPH 3a CYJI(l)I/II[HI/I T'OPHUBHHU CIICMCHTH.

Bropusr pazgen ot aucepranusaTa € U3LsIIO0 MOCBETEH HA MHOBATUBHUTE
OMOCNIEKTPOXUMUYHU CUCTEMH, YUETO PA3BUTHE OCJICKU 3a0€eKUTEICH PbCT
elBa Tmpe3 mocieAHuTe 2 aecetuieTus. TpsOBa ga orOenexa, ye MaTepUaIbT,
IpeICTaBeH B TO3M pas3Jiel, caM Mo ceOe CH € MpeoCTaThueH 3a MoJ00eH TPY/I.
N makap, uye nmpod. MuToB € nroHep B Ta3uW HOBA Hay4dyHa 00yacT 3a brarapus,
3amo4Balku u3cnenBanusaTa ome npe3 2008 r., B nucepranusiTa ca npeacTaBeHu
CaMO Hal-HOBHUTE IMOCTHXKEHUS OT MOCJIEAHUTE 5 TOAWHU, KOETO € HEOCIIOPUM

aTeCTaT 3a MHTCH3UTCTA HAa IIPOBCACHUTC KOMIIJICKCHH U3CJICABAHNA.

B Havasoro Ha TO3M pasnen IMOCIAEAOBATEIHO ca NPEACTaBeHH U
JTUCKYTUPAHU CHIIHOCTTA U BUAOBETe OuoenekTpoxumuunu cucremu (I'm. 11.1);
napamerpure, onucBamu noBeaennero Ha BEC (I'm. I1.2); meromute 3a
uscnenane nosenenreTo Ha bBEC (I'm. I1.3); kakTo 1 moaxoauTe 3a MOJACIUpPaHEe
Ha mnporecute B BEC (I'm. I1.4). Cuuram, ue mnogoOHO mpeACTaBSHE €
1e1eChOOPa3HO U UMA METOJIMYECKU TPUHOC, C OTJIe] Ha (DaKTa, Y€ T€3U CUCTEMHU

Ca HOBH 3a CJICKTPOXUMHUYHATA O6HIHOCT HC CaMO y HaC, HO U I1IO CBCTA.



B moBedeto cimydan ca M3MOI3BaHM YHCTH OMOKYIATYpH KaTO MOJCITHU
CHCTEMH 33 AaHAJIU3 HAa BBTPEKIECTHUHUTE MPOLECH, MEXAHU3MHUTE HA
U3BBHKJICTHYHHUS E€JIEKTPOHEH IPEHOC U ONTUMAIHUTE YCIOBHS 3a IPOTUYAHE HA

TOKOT'€HEpUPAIIH TPOLECH.

B rnaBa I1.5 ca npeacraBenu pe3ynTaTi, MOTYYEHHU C JOKA3aH B IPEAUILIHU
U3CIIEBAHNAS. HOB  €K30€JIEKTPOI€HEH JPOKIECH I[aM. YCTaHOBEH €
MUTOXOHJPUAJIEH TPOU3XO0J Ha EJIEKTPOHUTE, Y4acTBAIlM B W3BbHKICTHUHUS
eleKTpoHeH oOMeH. IIpu ToBa, MOMyYEHUTE TO-BUCOKHM CTOMHOCTH Ha
reHEepUpaHus TOK U MOUTHOCT IIPU a€pOOHU YCIOBUS MPEOOPHINAT JOCETAIIHUTE
JIOTMH, Y€ eKCTpaleayJapeH eJeKTPOHEH MPEHOC OT OMOKaTanu3aropa 10 aHoaa

CE OCBILECTBABA CAMO IPU CTPUKTHU aHACPOOHHU yCIIOBUSL.

3a mpBB OBT C€a M3CICABAHU CTEPUIXMHOJIMHUEBU PEIOKC-AKTUBHU
Oarpuia v TSIXHOTO BIIMSHHE BbPXY KIEThUHUS META00IU3bM U U3BBHKIIETHUHHUS
€JIEKTPOHEH IpeHoc. TakoBa 0arpuso € u3ciaeABaHO KaTO Bb3MOXKEH €K30Ie€HEeH
MEMATOp B JIPOKJIEH OMOTOPUBEH €JIEMEHT, C KOWTO € TeHepUpaH MO-TOJIsIM TOK
OT TO3U B O€3MEeAMaTOpPEH TOPUBEH €JIEMEHT. ABTOPBHT € OOSICHUJ MPaBUIHO
nocnefaHus (akT C YJIECHEH NPEHOC Ha 3apsii B pe3yiTarT Ha I0-HUCKU
aKTUBAIIMOHHM 3aryOM Mpe3 rpaHulata aHoJuT-aHoA. OTKpUTa € MHTEpecHa
BB3MOKHOCT 34 IPAKTUYECKO IMPUIOKEHUE HAa TE3W TOPUBHU EJIEMEHTH 4pe3
€JIEKTPOOTIaraHeT0 Ha HOBOCHHTE3UPAHO Oarpuiio BbPXY BBIJIEPOAHO Kede, B
pE3yNTaT Ha KOETO ce MoJ00psABAT 3HAUUTETHO KHHETUKATA U TEPMOJIMHAMUKATA

Ha aHO/IHATa IMOJIYpCaKIus.

VYcraHoBeHa € BB3MOXKHOCTTA 3a CHUHTE3MpPAHE Ha BBITIEXUAPATH MpU
MOJIIPU3ALMOHHNA YCJIOBHSI B JAPOXKJEH OuoropuBeH eneMeHT. JlokazaHo e
y4aCTUETO HA TJIMOKCUJIATHUS LUKBJI B aHAOOJUTHUTE MPOIECH HA IPOXKIHUTE,
KAaKTO U B 3aCUJIEHUS U3BBHKJIETHUEH EJIEKTPOHEH MIPEHOC MPYU MOJISIPU3AUOHHH

YCJIOBHA.



N3cnensanu ca 1 MUKpOOWaIHU TOPUBHU €1€MEHTH, U3M0I3BAILN CMECEHU
OakTepuadHM CbHOOIIECTBA KaTo OHMOKATalIM3aTOpU B EJICKTPOXMMHYHATA

CHCTCMaA.

[Ipu n3y4yaBaHeTo Ha CEIMMEHTHU MUKPOOUATHU ropuBHU enemMeHTH ([
[l. 6) aBTOpBT € M3MOJI3BAT CIAJAKOBOJIHA CEIMMEHTH M Boja. ToBa MpaBu
M3JIeIBAHUATA MY JOCTa IMO-Pa3IMYHA OT MAacOBO MPOBEXKIAHUTE TaKUBa C
MOPCKHM CEIMMEHTH U MOPCKa BOJa, HAJIOKUJIU C€ MOpaJyd BUCOKaTa H MOHHA
MpoBOAUMOCT. B qucepranusra ca npeacraBeHu pe3yJTaTu, NOoJy4eHU ¢ TOPUBHU
€JIEMEHTHU B MPOIBIKCHUE HA TTOBEYE OT MET FOAUHU. | BITOCPOUHHUTE U3MTUTAHUS
Ha CEAMMEHTHU MUKPOOUAIIHA TOPUBHU €JIEMEHTU ChC CIAJKOBOJIHU CETMMEHTU
ca TOKa3alid, Y€ CJeJ HM3BECTEH aJalTallMOHEH MEepUuoj OTAECIHHUTE TOPUBHH
€JIEMEHTH TMpOSBSIBAT HUJCHTUYHO TMOBEACHUE NPU HU3MEHEHUETO W
CTAalMOHUPAHETO Ha EJIEeKTPUYECKUTEe cu mapameTpu. I[Ipe3 mnepuona Ha
ajanTanus ca HaOJ0JaBaHU BU3YaJIHU MPOMEHU, KOUTO aBTOPBHT MPABUIHO
OTlaBa Ha TpepasnpeneiieHue Ha  OaKTepUaHUTE BUJOBE  CIOPEN

KOHIOCHTPAONMOHHHUTC I'PAAUCHTHU B CJIOA Ha CCAMMCHTA.

[Ipu oOnbUBaHETO HA CEIMMEHTHM MHKPOOWATHU TOPUBHU EJIEMEHTH C
MOHOXPOMATHYHHA W3TOYHUIM, OOXBAllallyd IIENHsI CIEKThp Ha BHUAMMATA
CBETJIMHA, € YCTAaHOBEHO, Y€ CE€ TIoJlyuyaBa SCEH OTKIMK Ha W3XOJHHUTE
EJIEKTPUYECKU XapaKTEPUCTUKHU KbM OIpEeNIeHd ABJDKMHU Ha BBJIHATA. Upes
METareHOMEH aHaJiu3 Ha Mpoda OT KaToJHUS OUO(PHIM € YyCTaHOBEHO TOJISIMO
pazHooOpasue Ha OaKTepUATTHH BHJIOBE - MPOKAPUOTH U €yKAPUOTH. ABTOPHT €
YCTAaHOBWJI M HAIMYUETO Ha ITHaHOOAKTEPUH, MPOSBSBAIIM Ba)KHATA CITIOCOOHOCT
Jla OCBIIECTBSABAT KHUCIOPOAHA (POTOCHMHTE3a, KOATO BEPOSATHO € MPUYHHA 3a
ycTaHOBeHUTE  (GOTOMHIAYIUpPAHW  (QUIYKTOAllMM HA  TEHEpUpaHus  OT
CEAUMEHTHUTE MHUKPOOWATHU TOPUBHU €JIEMEHTH CIICKTPUYECKH TOK. B
JTUCEpTAIMsITa Cca TPEIJIOKEHH M HIKOM BB3MOXKHOCTH 32 MPWIOKEHUE Ha

CCIMMCHTHHUTC MI/IKpO6I/IaJ'IHI/I IF'OpUBHH CICMCHTH 34 3aXpaHBAHC Ha BbHIIHHU



KOHCyMAaTOpu B IIOJICBHU YCJIOBHA, HAIIPp. 3@ MOHUTOPHHIT Ha IIapaMCTPU Ha

OKOJIHATa ¢cpcaa.

HuTepecHo MocTKeHne Ha JUCepTaHTa € pa3padOTBAHETO HA PACTUTEITHH
OMOTOPUBHU €JIEMEHTH, B KOUTO KaTO aHOJHU OMOKATAIM3aTOPH Ca M3IOJI3BAaHH
Buciy BoaHu pacptenus (1. 11.7). 3a re3u uscneaBanus e pazpaboTe€Ha OnUTHA
YCTaHOBKA, TIO3BOJISIBAIIA OOJbYBAHE HA PACTCHHATA C MOHO- M TTOJIMXPOMATHYHA
NoJISIpU3UpaHa CBeTIMHA. Upe3 M3MOoI3BaHe Ha EICKTPOXUMHUYHA WMIICIaHCHA
CIEKTPOCKOTIHS € YCTAaHOBEH PA3jMYCH MEXaHHW3bM Ha EJICKTPOHEH MPEHOC B

3aBUCHUMOCT OT BHJ4 HA CBETJIIMHHOTO 00 IBYBaHE.

B rmaBa 11.8 ca mpencraBeHu pe3ynTaTH 3a PETeHEPUPAHETO HA MeEI,
KOMOMHHpPAHO C OYMCTBAHE Ha OTIIAHU BOJIU B MUKPOOUATIHU TOPUBHU €JIEMEHTH
0e3 HeoOXOJUMOCT OT JOIBIHUTEIHO KOHIIEHTPUpPAaHE HA METala B pa3TBOPUTE.
[IpennoxeHUSAT METOJ JaBa BB3MOXKHOCT 32 KOMOMHHpPAHO pereHepupaHe Ha
METaJld, OYUCTBAHE HA OTMAJHU BOJAMU U T'CHEPUPAHE HA EJIEKTPUUYECKU TOK B

MUKpPOOHAIHUTE TOPUBHH €JIEMEHTH.

Muoro mone3Ha e paszpaboTkaTa Ha aBTOpa Ha HOBH KAaTOJIHU
HAHOENIEKTPOKATATN3aTOPH,  HECHABPXKAIIM  OJIarOpoJHU  MeTalnd,  3a
Mukpoornanau enektpoiu3Hu kietku (I'm. 11.9). Cunresupanu ca 27 HOBH
MaTepHaId C Pa3JInueH ChCTaB U € OLICHEHAa KOPO3MOHHATA UM YCTONYHBOCT M
€JIEKTPOKATAIMTUYHATA AaKTUBHOCT mo oTHoumieHne Ha HER B HeyrpaneH
dochareH eIeKTPOIUT ¢ Orjie] IMOTCHIMAIHO NPWIOKEHHE B MHUKpOOHaJIeH
enektponn3bop. C moadpaHu KaTtaau3aToOpyd € TOCTUTHATO HEKOJIKOKPATHO
yBelIM4YaBaHE Ha CKOPOCTTA Ha TMOJydaBaHe Ha BOJAOPOJ B CPaBHEHUE C TIOJOOHU

CUCTEMHU, pabOTeIH ¢ HeMOAUPHUITUPAH TIEHOOOPA3eH HUKEN.

Enno cOuTo 1 criopes; MEH HAITBbJIHO KOPEKTHO MPEACTAaBsHE HA MaTepuasa

€ HampaBeHo B KpacuBo odopmeH aBTopedepar Ha 66 CTpaHHIIH.



IV.  Ocnoénu  mayunu u  HAYYHO-RPUNONCHU  HNPUHOCU  HA
oucepmayuoHHUA mpyo
[Ile mpencTaBst MOETO BIK/IaHE 3a MPUHOCUTE HA IUCEPTAIMOHHUS TPY/I [10

CJICAHUA HAYUH:

Pa3zpaboTtenu ca 7 HOBH €1EKTPOXUMUYHU CUCTEMH — 6 3a TeHEpUpaHe Ha
eJeKTpuuecka eHeprus M 1 3a monydyaBaHe Ha Bogopon. IlpencraBeHure mer
OMOENEeKTPOXUMUYHA CUCTEMH Ca HW3KJIIOYUTEIHO HWHOBAaTUBHHU, KOETO
OTHXKJIECTBSIBA MPUHOCHT HAa JUCEPTaHTA ChC Ch3/]aBAaHETO Ha HOBAa HayyHa

o0J1acT 3a cTpaHaTa HHU.

Jpyru Baxxuu (pyHAAMEHTAIHA IPUHOCH Ha MPEACTaBEHATa JUCepTaIus ca
JIOKa3BaHETO HAa MUTOXOHJPHUAIHUA IIPOU3XOJ HA EJICKTPOHHU, y4yacTBallyd B
U3BBHKIIETBYUHHUS E€JIEKTPOHEH IIPEHOC, IPU M3IOI3BAHETO HA CYKApUOTH KAaTo
OMOKaTaIM3aTOPHU, KAKTO U y4aCTHETO Ha (POTOCUCTEMUTE Ha (DOTOCUHTEZUPAIIIH
MHUKPOOPTaHU3MU U PaCTEHUs B TOKOI'€HEpUpPAILUTE MPOIECH HAa OMOrOpPUBHU

CIICMCHTU.

TeopeTI/Iqu IIpUHOC € MW HN3BCACHATA 3aBHCHUMOCT 3a KaTOJHaTa
e(l)eKTI/IBHOCT M0 OTHOIICHHEC OTACIIAHECTO Ha BOAOPOJ IIPHU HM3IOJ3BAHCTO HaA

Pa3IUYHU €JIEKTPOIHU MaTEpHUAId B MUKPOOUATHH €JIEKTPOIM3BOPH.

Karo BakHM TpPUHOCH C HAay4YHO-TIPUJIOKEH XapakTep OuX HCKal Ja
oTOenexka CHUHTE3UPAHETO M OXapaKTepU3UPAHETO Ha MHOXECTBO HOBU
€JEKTPOJHU MAaTepuadd, YacT OT KOUTO JIEMOHCTpHUpAT MOTEHUWal 3a
PaKTUYECKO MpUIIOKEeHUEe B u3cienBaHute cucrteMu. C ornen Ha (akra, ye
OOJIIIMHCTBOTO €JEKTPOAHM MaTepuald OOMKHOBEHO C€ HU3CJeNBaT B CHIIHO
AJNKaJIHU WM KUCENU €JIEKTPOJIUTH, ChUIECTBEH MPUHOC € 0XapaKTepU3HPAHETO
HAa HOBOINOJYYEHHTE MaTepUaId B HEYTPAIHU EJIEKTPOJIUTH, OCOOEHO

MTOXOISAIIN 32 OMOCIICKTPOXUMHUYHUTE CUCTEMH.



Heocnopum mpuHOC, NEMOHCTpUpAIl €IWH JIPYr INMPUIIOKEH acCleKT Ha
OMOTOPUBHUTE €JIEMEHTH, € H3MOJ3BAHETO UM B TPEACTaBHHUS TPYA Karo
YHUKaJIEH MHCTPYMEHT 3a U3Clie[[BaHe Ha MPOMEHUTE B KIEThYHUS META00IN3bM
Ha U3CJeIBaHUTE OMOKATaIM3aTOPU MpU NpUiaraHe Ha Pa3IUYHU BHHIIHH
BB3JICUCTBUS — €JIEKTPOXUMUYHA TIOJIIPU3ALIMS, CBETIIMHHO OOTbUBAaHE, HATTUYHE

Ha OMpeIeNICHH cyOcTpaTu, 100aBsHe Ha cielu(UIHN CyOCTaHITUN U Jp.

bescnopHo, cpen Hail-3HaYUMUTE MPUHOCH TpsiOBa Ja C€ OTKPOHU
KOHCTPYMPAHETO Ha pa3JuyHU NPOTOTUIIM HA TOPUBHU €JIEMEHTH W
€JIEKTPOIM3bOPHU C BB3MOXKHOCTH 3a BapupaHE HAa KOMIIOHEHTUTE U OCTaHAJIUTE
eKClepuMeHTaHu yciioBus. C roisiM NOTEHIMal 32 PEAIHO MNPAKTHYECKO
MPWIOKEHUE € Cbh3/1aJieHaTa aBTOMATH3UpaHa CUCTEMA 3a E€KOMOHUTOPHHT,
3aXpaHBaHa OT CEIMMEHTHU TOPUBHHU €JIEMEHTH, OIEpUpallyd NpH IOJEBU

YCIJIOBHUSL.

['omsima 4yacT OT U3M0I3BAaHUTE KOMILICKCHU MCTOJH 3a N3CJICABAHC MOrar
Ja 6’bI[aT OKaQ4YCCTBCHU KAaTO MCTOAMYCCKHU IIPHUHOC B KOHKPCTHATA HAy4YHA

o0Jacr.

Haii-00eKTUBHUST aTecTaT 3a 3HAUMMOCTTa Ha MPUHOCUTE OT MPOBEJICHUTE
MHOTOLICJIEBM M3CIAEABAHUS Ca MOJOXKUTETHUTEe wuTupanus (>350) Ha
BKJIFOUCHHUTE B JucepTanusaTa 42 myOiuKaiuu, YyudTo Opoil HapacTBa C BCSKa
u3MuHajga roauHa. PakTeT, Y€ B OOJIMIMHCTBOTO OT TE3W MyOJUKALUU
JTUCEPTAHTHT € IIbPBU, MOCIEICH WM KOPECIIOHAUpAI] aBTOp, JEMOHCTpUpPA MO

KaTCTOPHUYCH HAYMH HEroBaTa BOACIIA POJIA B IMIPCACTABCHUTC U3CJIICABAHMA.



V.  Kpumuunu 6enexcku u npenopvku
Yereiiku gucepTanusTa, OTKPUX HIKOW MHOTO APEOHU MPOITYCKH, KOUTO B
HUKAKBB CITydail HE MPOMEHST OTJIMYHOTO MU BIIEUATIICHUE OT Hesl, TOPaJu KOETO

HsMa aa ' 11I0CO4YBaM B PCUCH3UsATA.

VI. 3axnrouenue
Karo umam mpen BUI TOpPEW3I0KEHOTO W JIMYHUTE MU BIEYATICHUS OT
paboTata Ha aucepraHTa Mapuo MHTOB, a3 ¢ yJAOBOJICTBHE U YOEICHOCT IIe
rJIacyBaM TIOJIOKUTETHO W TIpeJjaraM Ha YBa)KaeMHTE WICHOBE Ha HAyYHOTO
KypH Ja OIEHSAT BHCOKO JHUCEpTAIMATa My, IPEACTaBeHa 3a MPUI0OWBaHE HA

Hayunarta creneH [JJOKTOP HA HAYKUTE.

16.08.2019 ronx. PELIEH3EHT:

Codus /An. ITonos/



REVIEW
by academician Alexander Popov
of the dissertation of Professor Dr. Mario Mitov

on the topic:
"ELECTROCHEMICAL SYSTEMS
FOR GREEN ENERGY PRODUCTION",

submitted for awarding the degree
""Doctor of Science™

|. Procedure documentation

The documentation for the open procedure for awarding the degree of
Doctor of Science is complete and complies with the relevant normative
requirements of the Law for the development of the academic staff in the Republic
of Bulgaria, the Rules for its implementation and the Internal Rules for the
Development of the Academic Staff of the South-West University “Neofit Rilski”.
The documentation allows to trace the performed procedures, incl. the preliminary
discussion of the dissertation work held on June 26, 2019 at the extended
departmental council of the Department of Chemistry and the subsequent session
of the Faculty Council of the Faculty of Mathematics and Natural Sciences, at

which the members of the scientific jury were voted.



1. Short biographical information for the applicant

Mario Yordanov Mitov was born on 02.03.1963 in the town of Svishtov.
He graduated with excellence as a chemical engineer in the specialty
"Electrochemical Productions and Power Sources" at University of Chemical
Technology and Metallurgy-Sofia in 1985. In 1987, he won a competition and
was selected as a full-time assistant professor in General and Inorganic Chemistry
at the Department of Chemistry of South-West University "Neofit Rilski" -
Blagoevgrad. In 2000, he defended his dissertation for the acquisition of a Ph.D.
doctoral dissertation on the topic "Electrochemical Behavior of Nanoparticles
Obtained by Borohydride Reduction,” which is fundamentally different from the
dissertation presented at present. In 2007, Mario Mitov won a competition for
associate professor, and in 2012 he was elected as a full professor of General and
Inorganic Chemistry at the Department of Chemistry at South-Weste University.
Prof. Mitov delivers lectures on General and Inorganic Chemistry,
Physicochemistry, Electrochemistry and other specialized courses for students
trained in Faculty of Mathematics and Natural Sciences of the South-West
University. He was the supervisor of 4 PhD students, two of whom successfully
defended and one in preparation for his dissertation. He has co-authored more
than 110 scientific publications widely covered in the worldwide scientific
literature (400 SCOPUS citations). Prof. Mitov has participated in 2 international
and 16 national and institutional projects, most of which he has been managing or

coordinating.

I11. General characteristics and analysis of the dissertation and the

abstract

The dissertation presented to me for review is on the topic
"Electrochemical systems for green energy production™. It is written on 327
pages and is illustrated with 186 figures, 36 tables and 5 diagrams. The author has

used 319 literature sources to show the current state of the issues under



consideration and to determine the place of his research in world literature. He
has published these studies in 42 scientific publications in the most prestigious
international publications in the field. The aim of the dissertation is to systematize
the main results and achievements in the implementation of a long-term research
program aimed at creating innovative electrochemical and bioelectrochemical
systems for generating electricity and hydrogen. The dissertation is written in a
monographic style and is structured in the following sections: Introduction;
Purpose and tasks; Alternative chemical fuel cells represented in 2 subsections;
Bioelectrochemical systems for electricity generation and hydrogen production,
presented in 9 subsections; Conclusions; Contributions; References; Application;

List of publications included in the dissertation.

The introduction stipulates the need for new energy sources and energy
converters, generated by the rapidly depleting resources of natural carbon-
containing fuels and the increasing environmental pollution associated with their
combustion. The concept of hydrogen energetics is appointed as a promising
alternative to the existing energy system. A brief overview of existing
technologies for the production, storage and utilization of hydrogen as a second
energy carrier is given, with greater emphasis on the types of fuel cells developed
so far. The main reasons why hydrogen technologies are not yet widely used in
the energy sector are outlined, which in turn necessitates the development of
alternative systems for electricity generation and hydrogen production. Namely

the creation of such systems is the subject of the dissertation presented.

The dissertation presents the results related to the development of 7
different types of electrochemical systems - two types of chemical fuel cells and
five types of bioelectrochemical systems for different purposes. According to the
specifics of the developed systems, their presentation is divided into two main
sections: I. Alternative chemical fuel cells and I1. Bioelectrochemical systems for

electricity generation and hydrogen production.



In Chapter I.1. results of research aimed at the creation of Direct
Borohydride Electrooxidation Fuel Cells are presented. The author correctly
points out that the main problem in the creation and development of this type of
fuel cell is to find effective anode catalysts for better utilization of borohydrides
as fuel. For this purpose, different metal hydride alloys and hydrogen-absorbing
nanocomposites were investigated as the anode material for the electrooxidation
of sodium borohydride. The complex methodology has been developed and used
to evaluate the electrocatalytic properties of the studied electrode materials, as
well as the proportion of possible parallel reactions - hydrolysis of borohydride
and absorption of hydrogen in the electrode material, which reduces the effect of
unproductive decomposition and provides additional storage of the fuel. Selected
electrode materials based on the results obtained were tested as anodes in the
developed prototypes of fuel cells with one and two air cathodes. It has been found
that the use of a proton exchange membrane leads to an increase in the discharge
capacity, which the author attributes to impeding the catalyzed hydrolysis of
borohydride by the cathode catalyst. When using a two-cathode fuel cell and a
metal hydride anode, comparable current and power density values were achieved
for similar systems reported in the literature. The outlined directions for future
research with a view to the further development of the technology, which has been

made for the other developed systems, make a pleasant impression.

In Chapter 1.2. studies with fuel cells generating electrical current through
electrooxidation of sulfides are presented. Various oxidizers soluble in the
catholite have been used as terminal electrode acceptors. In the abiotic sulfide-
nitrate fuel cell, the cathode reaction has been found to be mainly related to the
reduction of oxygen. In addition to various carbon-based electrode materials,
studies have been also conducted on potential anode electrocatalysts for sulfide

fuel cells.



The second section of the dissertation is entirely devoted to innovative
bioelectrochemical systems, whose development has seen remarkable growth
only in the last 2 decades. It should be noted that the material presented in this
section is in itself sufficient for such work. Although Professor Mitov is a pioneer
in this new field of science for Bulgaria, beginning his research in 2008, the
dissertation presents only the latest achievements of the last 5 years, which is an

indisputable certificate for the intensity of the complex research carried out.

At the beginning of this section, the principles and types of
bioelectrochemical systems (Chapter 11.1); the parameters describing the behavior
of the BES (Chapter 11.2); the methods for examining the behavior of the BES
(Chapter 11.3); as well as approaches to modeling processes in the BSEC (Chapter
11.4) are presented and discussed. | believe that such a presentation is appropriate
and methodological in view of the fact that these systems are new to the

electrochemical community not only in our country but also in the world.

In most cases, pure biocultures are used as model systems for the analysis
of intracellular processes, the mechanisms of extracellular electron transfer and

the optimal conditions for the flow of current-generating processes.

Chapter 11.5 presents the results obtained with a new exoelectrogenic yeast
strain proven in previous studies. The mitochondrial origin of electrons involved
in extracellular electron transfer has been established. In addition, the higher
values of current and power generated under aerobic conditions overturn the
current dogmas that extracellular electron transfer from the biocatalyst to the

anode occurs only under strict anaerobic conditions.

For the first time, sterilquinolinium redox-active dyes and their effect on
cellular metabolism and extracellular electron transfer have been investigated.
Such a dye has been investigated as a possible exogenous mediator in a yeast

biofuel cell, which has generated a higher current than that of a non-mediated fuel



cell. The author has correctly explained the latter fact with facilitated charge
transfer as a result of lower activation losses across the anolyte-anode boundary.
An interesting opportunity has been found for practical application of these fuel
cells by electrodeposition of a newly synthesized dye, which significantly

improves the kinetics and thermodynamics of the anode half-reaction.

The possibility of synthesizing carbohydrates under polarization conditions
in a yeast biofuel cell has been established. The involvement of the glyoxylate
cycle in the anabolic processes of yeast, as well as in enhanced extracellular

electron transfer under polarization conditions, has been demonstrated.

Microbial fuel cells using mixed bacterial communities as biocatalysts in

the electrochemical system have also been investigated.

In studying sediment microbial fuel cells (Chapter Il. 6), the author used
freshwater sediments and water. This makes his exploration much different from
the most others using marine sediments and seawater because of its high ionic
conductivity. The dissertation presents the results obtained with fuel cells
operating for more than five years. Long-term tests of freshwater sediment
microbial fuel cells have shown that after some adaptation period the individual
fuel cells exhibit identical behavior in changing and stationing their electrical
parameters. During the adaptation period, visual changes were observed, which
the author correctly attributed to the redistribution of bacterial species according

to concentration gradients in the sediment layer.

Irradiation of sediment microbial fuel cells with monochromatic sources
spanning the entire visible light spectrum has been shown to produce a distinct
response of the electrical outputs to specific wavelengths. By metagenomic
analysis of a cathode biofilm sample, a wide variety of bacterial species -
prokaryotes and eukaryotes - were identified. The author also found the presence

of cyanobacteria exhibiting the important ability to carry out oxygen



photosynthesis, which is probably the reason for the detected photoinduced
fluctuations of the electrical current generated by sediment microbial fuel cells.
The dissertation also offers some possibilities for the application of sediment
microbial fuel cells to power external consumers in the field, e.g. for monitoring

environmental parameters.

An interesting achievement is the development of plant biofuel cells, in
which higher aquatic plants are used as anode biocatalysts (Ch. 11.7). For these
studies, an experimental set-up was developed to allow plants to be irradiated with
mono- and polychromatic polarized light. Using electrochemical impedance
spectroscopy, a different mechanism of electron transfer has been established

depending on the type of light irradiation.

Chapter 11.8 presents the results for the recovery of copper combined with
wastewater treatment in microbial fuel cells without the need for additional
concentration of the metal in the solutions. The proposed method allows for the
combined recovery of metals, the treatment of wastewater and the generation of

electrical current in microbial fuel cells.

A very satisfying achievement of the author is the development of new
precious metal-free cathode nanoelectrocatalysts for microbial electrolysis cells
(Ch. 11.9). 27 new materials of different composition were synthesized and their
corrosion resistance and electrocatalytic activity against HER in neutral phosphate
electrolyte were evaluated for potential application in a microbial electrolysis cell.
A several-fold increase in the rate of hydrogen production has been achieved with
elected catalysts compared to similar systems operating with unmodified nickel

foam.

A concise and in my opinion completely correct presentation of the material
was made in a beautifully designed abstract on 66 pages.



IV. Major scientific and applied contributions of the dissertation
| will present my view of the contributions of the dissertation as follows:

7 new electrochemical systems have been developed - 6 for generating
electricity and 1 for producing hydrogen. The five bioelectrochemical systems
presented are extremely innovative, which equates the dissertation's contribution

to the creation of a new scientific field in our country.

Other important fundamental contributions of the dissertation presented are
the demonstration of the mitochondrial origin of electrons involved in
extracellular electron transfer using eukaryotes as biocatalysts, and the
involvement of photosystems of photosynthetic microorganisms and plants in

current-generating processes.

A theoretical contribution is the derived dependence for the cathodic
hydrogen recovery by using different electrode materials in microbial

electrolyzers.

As important scientific contributions, | would like to mention the synthesis
and characterization of many new electrode materials, some of which demonstrate
potential for practical application in the systems studied. In view of the fact that
most electrode materials are usually investigated in highly alkaline or acidic
electrolytes, the characterization of the newly obtained materials in neutral
electrolytes is particularly important, especially suitable for bioelectrochemical

systems.

An indisputable contribution demonstrating another applied aspect of
biofuel cells is their use in the work presented as a unique tool for investigating
changes in cell metabolism of biocatalysts under various external influences -
electrochemical polarization, light irradiation, presence of certain substrates,

addition of specific substances, etc.



Undoubtedly, among the most significant contributions should be
highlighted the construction of various prototypes of fuel cells and electrolysis
cells with the ability to vary components and other experimental conditions. The
automated eco-monitoring system, powered by sedimenta fuel cell operating at

field conditions, has great potential for real practical application.

Many of the complex research methods used can be described as

methodological contributions to a specific scientific field.

The most objective attestation for the significance of the contributions from
the multipurpose studies carried out were the positive citations (> 350) of the 42
publications included in the dissertation, the number of which has increased every
year. The fact that in most of these publications the dissertation is the first, last,
or correspondent author clearly demonstrates his leading role in the research

presented.

V. Critical notes and recommendations

Reading the dissertation, | found some very small gaps that in no way alter

my excellent impression of it, so | will not mention them in the review.

V. Conclusion

Having in mind all mentioned above and my personal impressions of the
work of Mario Mitov, | will be pleased and convinced to vote positively and invite
the distinguished members of the jury to highly evaluate his dissertation presented

for the degree of Doctor of Sciences.

08/16/2019 REVIEWER:
Sofia /Al. Popov/



