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1. Wprowadzenie

Wraz z rosnacg liczbg ludnosci i rozwojem gospodarki, globalne zapotrzebowanie
na energi¢ nieustannie wzrasta. Ostatnie lata pokazuja, ze rozwoj technologiczny w
zakresie elektrochemicznego magazynowania energii, opiera si¢ glbwnie na opracowaniu
nowych materialow o specyficznych wiasciwosciach dostosowanych do wymagan
procesow elektrochemicznych. W szczegodlnosci badania skupiaja si¢ na poszukiwaniu
nowych, efektywnie dzialajacych materiatow elektrodowych, co stanowi dla nas
znaczace wyzwanie technologiczne. Zarowno proces magazynowania, jak i konwersji
energii stanowig kluczowe wyzwania w dzisiejszym s$wiecie, dazacym do pelnej
elektryfikacji. Istnieje wiele réznych systemow i technologii, ktéore pozwalaja na
magazynowanie energii, jednym z najbardziej powszechnych rodzajow ogniw
elektrochemicznych sa baterie. Ogniwa wykorzystuja reakcje elektrochemiczne zaréwno
do magazynowania, jak i uwalniania energii. Innymi réwnie waznymi urzadzeniami do
magazynowania energii, jednak o odmiennych cechach uzytkowych sa
superkondensatory. Magazynowanie energii w superkondensatorach typu EDLC
(ang. Electrochemical Double — Layer Capacitor) opiera si¢ na gromadzeniu
elektrycznego tadunku w warstwie podwojnej oraz wykorzystaniu elektrochemicznych
proceséw zachodzacych na granicy faz pomiedzy elektrodami, a elektrolitem.
Kluczowym elementem mechanizmu fadowania/roztadowania jest adsorpcja i desorpcja
jonow elektrochemicznie aktywnych substancji na powierzchni elektrod, co umozliwia
przechowywanie i uwalnianie tadunku elektrycznego w sposdb znacznie szybszy niz w
tradycyjnych bateriach [1]. W ostatnich latach wcigz rosnace wymagania sg stawiane
magazynom energii, gdyz dzigki nim mozliwe jest racjonalne wykorzystanie
odnawialnych Zrédet energii (OZE), takich jak energia wiatrowa czy stoneczna, ktore
generuja energie w zaleznos$ci od pory dnia i warunkéw atmosferycznych, czyli w sposob
niestabilny 1 nieciagly.

W urzadzeniach do magazynowania 1 konwersji energii takich jak baterie typu
metal-powietrze, ogniwa paliwowe oraz elektrolizery, kluczowa role odgrywa reakcja
redukcji tlenu (ang. oxygen reduction reaction, ORR). Reakcja ORR jest procesem
katalitycznym, w ktorym zachodzi redukcja tlenu czasteczkowego (O2) z powietrza w
obecnos$ci katalizatora do pochodnych tlenu na IV stopniu utleniania [2, 3]. Badania
teoretyczne 1 doswiadczalne odgrywajg istotng role w zrozumieniu tych mechanizméow
zachodzacych na powierzchni katalizatoréw. Mechanizmy zachodzace podczas reakcji
redukcji tlenu na grafenie domieszkowanym azotem moga przebiega¢ wg réznych
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mechanizmow zaleznych od pH, st¢zenia elektrolitu oraz rodzaju uzytego katalizatora [4-
6]. W aktualnie prowadzonych badaniach zrozumienie mechanizmu reakcji ORR stato
si¢ kluczowym wyzwaniem. Reakcja redukcji tlenu moze przebiega¢ na drodze
dwuetapowej (dwu- i dwuelektronowej) lub jednoetapowej (czteroelektronowej)
redukcji. Proces dwuetapowy polega na dwuelektronowej redukcji czasteczki tlenu do
produktu posredniego, czyli nadtlenku wodoru (H202) wykorzystujac dwa elektrony
podczas transferu elektronowego. Nastepnie produkt posredni redukowany jest do dwoch
czasteczek wody. Z kolei mechanizm czteroelektronowy polega na bezposredniej
redukcji tlenu czgsteczkowego do dwoch czasteczek wody lub jonow hydroksylowych za
pomoca przeniesienia czterech elektronow.

W $rodowisku alkalicznym dwuetapowa reakcja redukcji tlenu przebiega nast¢pujaco:

0, + H,0 +2¢e~ - HO;, + OH™ (1a)
HO; + H,0 + 2e™ - 30H™ (1b)

W $rodowisku kwasnym dwuetapowa reakcja redukcji tlenu przebiega nastepujaco:

0, + 2H* + 2e~ - 2H,0, (2a)
H,0, + 2H* + 2e~ - 2H,0 (2b)

Bezposrednia reakcja czteroelektronowej redukcji tlenu w $rodowisku alkalicznym oraz

kwasowym przebiega nastepujaco:
0, + 2H,0 + 4e~ - 40H™ (Srodowisko alkaliczne) 3)

0,+4H" + 4e~ - 2H,0 (Srodowisko kwasowe) 4)

W ostatnim czasie wiele uwagi poswigca si¢ domieszkowaniu grafenu
heteroatomami. Gdy domieszka jest azot niektore atomy wegla sg zastepowane atomami
azotu, a takze pojawiajg si¢ specyficzne defekty, powodujgc znieksztatcenia strukturalne
w grafenie. Z punktu widzenia mechaniki kwantowej, atomy azotu w grafenie moga
dziata¢ jako akceptory elektronéw, tworzac stany akceptorowe w pasmie przewodnictwa.
Prowadzi to do lokalnych zaburzen aromatycznos$ci charakterystycznej dla czystego
grafenu. Zdolno$¢ atoméw azotu do przyjmowania elektronéw powoduje powstawanie
dodatnich tadunkow czastkowych na sasiednich atomach wegla. W konsekwencji,
bezposrednio wplywa to na proces adsorpcji czasteczek OOH i dalsze rozerwanie wigzan
O-0O w czasteczce tlenu. Przeprowadzone obliczenia gestosci spinowej i gestosci tadunku
dla okreslonej struktury grafenu domieszkowanego azotem wykazaly, ze atomami wegla

o znacznej gestosci tadunku dodatniego sg atomy bezposrednio sgsiadujgce z
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wbudowanym atomem azotu [6]. Natomiast atomy o duzej gestosci spinowej to drugi lub
trzeci sgsiadujacy atom wegla [7]. W jednoetapowej reakcji redukcji tlenu podczas gdy,
atom wodoru przytacza si¢ do atomu tlenu, tworzy wigzanie migdzy atomami tlenu i
wodoru, jednocze$nie zrywajac wigzanie O-O. Powoduje to powstawanie grup
wodorotlenkowych OH, wtedy ptaszczyzna grafenu ulega przeksztalceniu. Nastgpuje
dysocjacja czasteczek OH, za§ w reakcji dwuetapowej tworzy si¢ potprodukt HoO2, ktory
redukuje si¢ do wody. W reakcji jednoetapowej biorgce udziat elektrony (4e”) redukuja
atomy tlenu bezposrednio do czgsteczek wody. Na koniec czasteczki wody odlaczajg si¢
od powierzchni grafenu. Grafen powraca do swojego pierwotnego ksztattu i jest gotowy
do kolejnego cyklu redukc;ji tlenu [7].

Odpowiednio dobrane katalizatory moga skutecznie zmniejsza¢ zapotrzebowanie
energetyczne oraz zwigkszy¢ wydajno$¢ samych urzadzen. Rozwoj i opracowywanie
nowych efektywnie dziatajacych, stabilnych oraz trwatych katalizatoréw do zastosowan
elektrochemicznych stanowi istotne wyzwanie w kontek$cie najblizszej przysztosci.
Obecnie komercyjnie stosowanymi materiatami elektrodowymi w bateriach typu
metal-powietrze oraz ogniwach paliwowych sa metale szlachetne (platyna) lub tlenki
metali szlachetnych (tlenek irydu, tlenek rutenu) wykorzystywane jako materiat
katodowy. Poszukiwanie alternatywnych katalizator6w niezawierajacych metali
szlachetnych stato si¢ gtdwnym wyzwaniem aktualnie prowadzonych badan. Ze wzgledu
na wysoka cen¢ oraz ograniczone zasoby tych pierwiastkow, materialy elektrodowe
obecnie badane w laboratoriach zawierajg metale przej$ciowe takie jak mangan [8, 9],
zelazo [10, 11] czy kobalt [12], ktore moga wykazywacé porownywalng aktywno$é
katalityczng do platyny. Materialy zawierajace metale przejSciowe moga dziala¢ na
zasadzie no$nika elektronéw. Inng roOwnie wazna grupe katalizatoréw stanowig materiaty
weglowe domieszkowane heteroatomami niemetalicznymi. Przyktadem tego typu
katalizatorow sg struktury grafenu domieszkowanego azotem [13-15], tlenku grafenu
(GO) [16, 17], czy nanorurki weglowe (CNT) domieszkowane azotem [18-21], a takze
materialy weglowe domieszkowane siarkg [22]. Praca [D1] wlaczona do dysertacji
stanowi aktualny przeglad literaturowy metod otrzymywania materiatow weglowych na
bazie grafenu, nanorurek weglowych, porowatych materiatow weglowych pochodzenia
naturalnego, czy tez nanowtokien weglowych. Dzigki temu przegladowi mozliwe byto
opracowanie schematéw syntez w taki sposob, aby otrzyma¢ materiaty
weglowe/grafenowe do okre$lonych zastosowan elektrochemicznych wg koncepcji

wykraczajacych poza istniejacy stan wiedzy i techniki. Gléwnym zalozeniem byto to, ze
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tego typu katalizatory powinny dziala¢ jako efektywne katalizatory ORR, poniewaz
centra aktywne, ktore mialy by¢ wbudowane w strukture weglowa, miaty ulatwiad
czeroelektronowg redukcje tlenu.

Kolejng grupe katalizatorow stanowia polimery przewodzace, ktore moga
skutecznie przyspieszy¢ transfer elektronéw i wplynaé pozytywnie na redukcje tlenu.
Przyktadem polimerow tego typu sa polipirol [23, 24], polianilina [24-26] oraz
poli(3,4-etyleno-1,4 dioksytiofen) (PEDOT) [27, 28]. Potaczenie struktur weglowych
domieszkowanych jednoczes$nie réznymi heteroatomami N, B [29], N, P [30], B, N, P
[31] oraz zawierajacych tlenki metali przejSciowych [32] moze sprzyja¢ polepszeniu
aktywno$ci katalitycznej, a takze trwatoSci katalizatorow. Wszystkie materiaty
wykazujace poréwnywalne wilasciwosci katalityczne do platyny moga staé si¢
alternatywa jako materiaty elektrodowe do zastosowania w reakcji ORR. Nieustannie
jednak prowadzone sg intensywne badania na temat poprawy wydajnosci, trwatosci, a
takze pelnego zrozumienia mechanizmu reakcji ORR w celu optymalizacji i opracowania
nowych, zrGwnowazonych rozwigzan energetycznych.

Przetomowe osiagnigecia w obszarze badan poswigconym reakcji redukcji tlenu
majg istotne znaczenie dla rozwoju nowych technologicznych rozwigzah powigzanych z
energig, a takze w przyszloSci moga przyczyni¢ si¢ do wyeliminowania
konwencjonalnych Zrédel energii opartych na paliwach kopalnych. Zaproponowane
nowe rozwigzania otrzymywania efektywnych katalizator6w moga przyczyni¢ si¢ takze
si¢ do poprawy efektywno$ci i wydajnosci katalitycznej poprzez lepsze zrozumienie
mechanizmow zachodzacych reakcji. Wowczas bedzie mozliwe przeniesienie badan ze
skali laboratoryjnej na skale produkcyjna.

Zgodnie z ideg magazynowania nadmiarowej energii, superkondensatory nalezace
do kategorii kondensatorow elektrolitycznych (gtownie wykorzystujacych elektrolity
cieklte) oferuja istotne cechy uzytkowe. Superkondensatory mozna podzieli¢ na
kondensatory  dwuwarstwowe lub inaczej superkondensatory EDLC,
pseudosuperkondensatory PC (ang. Pseudo-Capacitor) oraz superkondensatory
hybrydowe HSC (ang. Hybrid Supercapacitor) [33, 34]. Pierwszy typ
superkondensatorow EDLC jest najpopularniejszym rodzajem superkondensatoréw oraz
jest szeroko dostepny komercyjnie. Urzadzenia te wykorzystuja oddzialywanie
elektrostatyczne do gromadzenia energii w warstwie podwdjnej na granicy faz mi¢dzy
powierzchnig elektrody, a elektrolitem. Pojemno$¢ dwuwarstwy zalezy od potencjalu

energii powierzchniowej zmagazynowanej elektrostatycznie na granicy faz. W
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superkondensatorach EDLC nie zachodzi wymiana elektronow w elektrodowej reakcji
redox a energia magazynowana jest w warstwie podwodjnej. Istotnym parametrem do
uzyskania wyjatkowo wysokiej pojemnosci jest rozwiniete pole powierzchni wiasciwe;j
elektrod oraz grubo$¢ warstwy Helmhotza, czyli warstwy podwojnej. O wysokiej
trwatosci §wiadczy ilo$¢ cykli tadowania/roztadowania, ktora dla superkondensatorow
EDLC moze wynosi¢ od kilku tysigcy cykli do nawet kilkunastu tysigcy cykli.

Druga grupa superkondensatorow sg tak zwane pseudosuperkondensatory, ten
rodzaj urzadzen jest stosowany rzadziej niz superkondensatory EDLC. Zasada dziatania
tych superkondensatorow bardziej przypomina zasad¢ dziatania akumulatoréw niz
kondensatorow. Polega to na zjawisku pseudopojemnosci, ktora jest procesem, podczas
ktérego materiaty elektrod posrednicza w przenoszeniu elektronéw 1 zachodza
powierzchniowe reakcje redox. Zjawisko to powstaje na powierzchniach elektrod a
przeplyw pradu nastepuje w wyniku przeniesienia elektronu i zaj$cia reakcji redox.
Podczas tadowania i roztadowania zachodza reakcje utleniania oraz redukcji i zachodzi
transfer energii miedzy elektrolitem a elektroda. Energia nie jest magazynowana w
warstwie dielektrycznej, ale powstaje poprzez energi¢ wigzah odpowiednich molekut. Za
sprawg reakcji redox superkondensatory pseudopojemnosciowe charakteryzuja sig
wigksza gestoScig energii. Wada tych urzadzen jest matla stabilno$¢, zalezna od
mechanizmu dzialania, ktéry powoduje, ze podczas cykli fadowania/roztadowania,
elektrody ulegaja szybszej degradacji chemicznej i mechanicznej w stosunku do
superkondensatorow EDLC, w rezultacie charakteryzujac si¢ krotsza zywotnoscig cyklu.

Trzecim typem superkondensatorow to wymienione wczesniej superkondensatory
hybrydowe, ktore powstaty stosunkowo niedawno i prezentuja bardziej zaawansowany
mechanizm  dziatania aczacy dziatanie superkondensatoréw EDLC oraz
pseudosuperkondensatorow. Gloéwng zaleta jest ich wigksza objetosciowa oraz
grawimetryczna gesto$¢ energii, a takze mozliwo$¢ dostarczenia pradu o duzym
natezeniu. Na  elektrodzie ujemnej, ktora zwykle wykonana jest z
wysokopojemnosciowego materialu elektrodowego na bazie tlenkow metali, wegli
domieszkowanych metalami badZ polimeru przewodzacego, zachodzg reakcje redoks. Na
elektrodzie dodatniej, zwykle wykonanej z wegla aktywnego, zachodzi magazynowanie
energii elektrostatycznej w podwojnej warstwie, dzigki czemu superkondensatory
hybrydowe sg w stanie dostarczy¢ duze gestosci pradowe [35]. Obecnie ten typ
superkondensatorow jest otrzymywany i badany w warunkach laboratoryjnych, dlatego

tez dalsze badania, a takze rozwo6j w dziedzinie magazynowania energii sg niezbedne.
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Kluczowe wyzwanie stanowi poprawa parametréow strukturalnych elektrod, a takze ich
wlasciwosci elektrochemicznych.

Typowy superkondensator EDLC sktada si¢ z elektrod o duzej porowatos$ci i polu
powierzchni wlasciwej, na ktorych jest magazynowana energia. Zazwyczaj materialy
weglowe sa stosowane jako elektrody do urzadzen magazynowania energii, jako
elektrody w superkondensatorach oraz w bateriach typu litowo-jonowego [36].
Aktywacja materialow weglowych jest powszechng metodg do zwickszenia pola
powierzchni wlasciwej. Dziatania te mogg obejmowac fizyczng aktywacje¢ (powietrze,
para wodna, CO:z itp.) oraz chemiczng (H202, H3POs, HNO3, KOH, K2COs, ZnCly) [37-
39]. Aktywacja materiatow weglowych moze przyczynic si¢ nie tylko do wzrostu pola
powierzchni wlasciwej, ale takze mozna roéwnolegle i skutecznie wprowadzi¢
heteroatomy do struktury wegla [40]. Zastosowanie kwasu azotowego moze skutkowac
wprowadzeniem do struktury heteroatomow gtownie tlenu, ale rowniez i azotu [41].
Wykorzystanie H3PO4 jako aktywatora materialow weglowych wptywa korzystnie na
zwigkszenie pola powierzchni BET do okoto 1000-1500 m?g? dla probek
otrzymywanych nawet przy niskich temperaturach 400-600°C, a takze przy
zastosowaniu nizszych stosunkow materiatu weglowego do aktywatora, wynoszacych
1:1-3[42]. Wykorzystanie kwasu ortofosforowego (V) w roli aktywatora utatwia
sieciowanie poprzez kondensacje i tworzenie si¢ wigzan fosforowych takich jak estry
fosforowe czy polifosforanowe, ktére chronig porowatg struktur¢ przed nadmiernym
spaleniem, zapobiegajagc zapadnigciu si¢ struktury [43]. Duze pole powierzchni
wlasciwe] z rozbudowanym systemem pordw, powoduje wzrost adsorpcji jonow, tym
samym zwickszajac pojemnos¢ wiasciwg elektrod. Innym, szeroko stosowanym,
aktywatorem do zwigkszenia pola powierzchni materiatow weglowych jest wodorotlenek
potasu, KOH. Moze on powodowac¢ wzrost pola powierzchni wtasciwej wegli aktywnych
nawet do 3000 m?gt, metoda ta jest znana od roku 1984 [44]. Wptyw na mikroporowata
strukture ma nie tylko stosunek reagentow KOH do materiatu weglowego, ale takze
temperatura i czas aktywacji [45].

Materialty wykorzystywane aktualnie w superkondensatorach to nanomaterialy
weglowe [46, 47], tlenki metali [48], polimery przewodzace [49] oraz ich
nanokompozyty, a takze nowatorskie = materialy takie jak  struktury
metaloorganiczne [50], struktury MXene [51] czy azotki metali [52]. Superkondensatory
oprocz elektrod zawierajg elektrolit petnigcy role ,,magazynu” jondw oraz umozliwia on

swobodny przeptyw jonéw. Elektrolity wykorzystywane w superkondensatorach moga
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by¢ oparte na elektrolitach wodnych, roztworach soli organicznych, a niekiedy spotyka
si¢ rowniez superkondensatory wykorzystujace elektrolity state [53]. Zaleta
superkondensatorow jest ich wysoka moc, co przektada si¢ na dostarczanie energii w
bardzo krotkim czasie, dlatego sprawdzajg si¢ jako urzadzenia wymagajgce intensywnego
poboru mocy, np. w ukladach magazynowania/odzyskiwania energii w trakcie
hamowania samochodow elektrycznych [54].  Superkondensatory — wytrzymuja
wielokrotne cykle tadowania i roztadowywania, rzedu Kilku tysiecy razy bez znacznej
utraty ich pojemnosci [35, 55]. Pomimo wszystkich przytoczonych zalet istnieje jeszcze
wiele wyzwan w celu opracowywania efektywnie dzialajacego superkondensatora,
jednym z nich jest niska gesto$¢ energii (ang. Energy density — Eq) w poréwnaniu do
tradycyjnych baterii [56]. W literaturze pojawiaja si¢ doniesienia na temat
opracowywania nowych materiatow elektrodowych o wigkszej pojemnosci wtasciwej
(Cs), dzigki ktorym mozliwe jest zwigkszenie gestosci energii superkondensatora. Mimo
postepu w ostatnich latach, wcigz glownym wyzwaniem jest wytwarzanie innowacyjnych
superkondensatorow, ktore beda miaty zwiekszong gestos$¢ energii, pojemnos¢ wiasciwa,
a takze zwigkszone okno potencjatu, czy zoptymalizowang strukturg elektrod. Pomimo,
ze wytwarzanie poszczegOlnych sktadowych superkondensatoréw nie jest stosunkowo
skomplikowane, to uzyskanie korelacji mi¢dzy odpowiednig porowatg strukturg
materiatu elektrodowego, a rozmiarem jondéw elektrolitu stanowi istotne wyzwanie.
Elektrolity, a doktadnie ich zakres potencjatu oraz zakres temperatury, w ktorym moga
pracowaé superkondensatory, odgrywajg kluczowa rolg w okresleniu gestosci mocy.
Kolejnymi waznymi kryteriami wyboru elektrolitu sa wysokie stezenia jonow, praca w
szerokim oknie potencjatu, a takze doskonata stabilno$¢ elektrochemiczna potaczona z
niskg rezystancjg szeregowa, mniejsza lotnoscig toksycznoscig i niskim kosztem [57].
Dotychczas najczes$ciej stosowanymi wodnymi elektrolitami  byly: KOH [58],
NaxS04[59], H2SO4[60] oraz elektrolity aprotonowe [35], takie jak sole litu
heksafluorofosforan litu (LiPFs), tetrafluoroboran litu (LiBF4), tetrafluoroboran litu
(LiBF4) czy nadchloran litu (LiClO4), a takze ciecze jonowe [61]. W celu poprawy
wydajnosci superkondensatora, nalezy skupi¢ badania na poznaniu mechanizmu
magazynowania energii odbywajacemu si¢ na granicy faz elektrolit/elektroda. Wciaz
aktualnym wyzwaniem jest zaprojektowanie elektrod w taki sposob, aby tworzyly
porowate mikrostruktury, ktére beda mogly aktywnie uczestniczy¢ w wymianie jonowej,

a takze kontrolowac¢ interakcje miedzyfazowe by zoptymalizowa¢ oddziatywania mi¢dzy
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réznymi fazami (np. elektrody, elektrolitu, separatora) w celu uzyskania struktury o

wysokiej wydajnos$ci elektrochemiczne;.

Opracowywane innowacyjnych katalizatorow i adsorbentéw do magazynowania i

konwersji energii ma istotne znaczenie w przyspieszeniu transformacji energetycznej, a

takze w osiggnigciu bardziej czystego i zrownowazonego srodowiska, poprzez:

Zwigkszenie efektywnosci 1 wydajnosci — innowacyjne katalizatory, projektowane
powinny by¢ w taki sposob, aby stuzyly bardziej wydajniej i efektywniej reakcji
redukcji tlenu. Poprawa wilasciwosci w reakcji ORR sprawia, ze zastosowane
elektrody w ogniwach paliwowych Ilub bateriach typu metal-powictrze bedg
dostarcza¢ wigkszg ilo$¢ energii przy niskim zuzyciu reagentow.

Obnizenie kosztow produkcji — katalizatory, ktore beda oparte na tanich materiatach
elektrodowych 1 beda optymalnie zaprojektowane, skutecznie obniza koszty
produkcji, ponadto moga spowodowaé wdrozenie w przysztosci ich produkcji w skali
przemystowe;.

Otrzymywanie innowacyjnych katalizatorow przyczynia si¢ do trwato$ci 1 stabilnosci
urzadzen, co wptywa na dluzsza zywotnos$¢ ogniw paliwowych czy baterii typu metal-
powietrze, w ktorych sa stosowane.

Wspomaganie odnawialnych zrodel energii — skutecznie dziatajace katalizatory w
reakcji ORR, moga poprawi¢ wiasciwosci elektrolizerow w produkcji czystego
wodoru.

Redukcja emisji gazow cieplarnianych —moze sta¢ si¢ korzyscig podczas wytwarzania
bardziej wydajnych katalizatorow do reakcji ORR w elektrycznych lub hybrydowych
pojazdach. Ponadto, moze skutecznie obnizy¢ emisje gazow cieplarnianych dzieki
zwigkszeniu wydajnosci silnikow elektrycznych, a takze dzigki wydluzeniu czasu
jazdy na jednym pelnym fadowaniu.

Poprawa wydajnosci reakcji redukcji tlenu przyczyni¢ si¢ moze do zwigkszenia
atrakcyjnosci technologii elektromobilnosci. Zwigkszenie zasiegow pojazdoéw
elektrycznych, moze skutecznie zwigkszy¢ popyt na rynku i przyspieszy¢ procesy

przej$cia na bardziej ekologiczny 1 zrbwnowazony system transportu.

Wobec powyzszego, opracowanie, a w dalszej perspektywie wprowadzenie na rynek

nowych materialow katalitycznych dla reakcji ORR np. w bateriach typu metal-

powietrze, a takze materiatow elektrodowych w superkondensatorach ma ogromne

znaczenie globalne, moze przynies¢ wiele korzysci, a takze pozytywnie wptynaé na

rozwoj dziedzin i technologii zwigzanych z magazynowaniem i konwersja energii.
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2. Hipotezy badawcze i cel rozprawy

Rozw¢j prac nad projektowaniem i otrzymywaniem nowych, wydajnych
katalizatorow ORR moze prowadzi¢ do poprawy ich aktywnosci katalitycznej oraz
stabilnos$ci. Badania skupiajg si¢ na poszukiwaniu alternatywnych katalizatorow, ktore
beda mogly skutecznie zastapi¢ platyne np. w reakcji ORR. Przystepujac do realizacji
badan, postawitam kluczowa hipoteze, ze nadanie materialom weglowym unikalnej
struktury porowatej i modyfikacja ich powierzchni poprzez zmiane sktadu chemicznego
bedzie mialo korzystny wplyw na przebieg reakcji ORR. Odpowiednia struktura
katalizatora 1 obecno$¢ heteroatomoéw moga miec istotne znaczenie dla aktywnosci
katalitycznej w reakcji ORR, a w szczegdlnosci spodziewatam sig, iz zdefektowana
struktura ma istotny wptyw na te reakcje w $srodowisku alkalicznym. Zakladatam, ze
odpowiednie heterostruktury powierzchniowe bgda wptywaé na zwigkszong adsorpcje
tlenu, transport elektronow i redukcje¢ czagsteczek tlenu w $rodowisku alkalicznym.
Zazwyczaj do wytwarzania materialow elektrodowych wykorzystywane sa materiaty
nanostrukturalne, takie jak nanorurki weglowe, grafen o nanometrycznych rozmiarach
platkow, kropki kwantowe lub nanokompozyty. Nanostrukturyzowana powierzchnia
zapewnia wigksze pole powierzchni wilasciwej, a co za tym idzie, zwigkszong liczbg
miejsc aktywnych. Liczne w takim przypadku defekty powierzchniowe moga
przyczynia¢ si¢ do powstania unikatowej struktury elektronicznej 1 sprzyjac¢ zwigkszeniu
przewodnosci elektrycznej. Zaktadatam, ze zoptymalizowana metoda syntezy pozwoli na
uzyskanie materiatu elektrodowego o korzystnej morfologii oraz optymalnej porowatosci
pozwalajacej na nieustanny kontakt elektrolitu z centrami katalitycznymi, odpowiednig
dyfuzje jonow czy szybki transfer elektronéw/jondow, a takze odpowiedni stopien
dyspersji miejsc aktywnych. Wymienione wyzej parametry maja istotny wplyw na
poprawe wlasciwosci katalitycznych czy przewodzacych a w konsekwencji przyczyniaja
si¢ do poprawy efektywnosci urzadzen, w ktorych sg wykorzystywane.

Kluczowa hipoteza jest zalozenie, ze =zastosowanie domieszek W postaci
heteroatomow w strukturze katalizatora, moze pozytywnie wptynac na jego aktywno$¢
m.in. w reakcji ORR. Zatozylam, ze wprowadzenie odpowiednich grup funkcyjnych
doprowadzi do zmian struktury elektronowej matrycy weglowej majacej wpltyw na
wlasciwosci chemiczne i katalityczne. Heteroatomy azotu stworzg centra aktywne, ktore
korzystnie wptyng na adsorpcje i1 redukcje czasteczek tlenu. Zaktadatam, ze zglebianie
wiedzy na temat mechanizmu reakcji elektrochemicznych w powigzaniu z
otrzymywaniem materialu elektrodowego, moze dostarczy¢ bardzo istotnych informacji
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na temat zoptymalizowanej strategii syntezy katalizatorow, a takze przyczyni¢ si¢ do
opracowania odpowiedniego sktadu i struktury materiatow katalitycznych. Weryfikacja
tego zatozenia to praca [D1], ktora stanowi aktualny przeglad literaturowy dotyczacy
metod otrzymywania materiatow weglowych domieszkowanych heteroatomami azotu na
bazie grafenu, nanorurek weglowych, porowatych materiatéw weglowych pochodzenia
naturalnego, czy tez nanowtokien weglowych do zastosowan w reakcji redukceji tlenu.

Wszystkie postawione hipotezy badawcze stuza rozwinigciu wiedzy na temat
otrzymywania nowych i innowacyjnych katalizatoréw elektrodowych, a takze poprawie
ich wlasciwosci oraz efektywnosci 1 wydajnosci w reakcji redukcji tlenu.
Przeprowadzone przeze mnie przeglad literaturowy oraz szczegétowe badania
fizykochemiczne i elektrochemiczne moga przyczyni¢ si¢ do lepszego zrozumienia
mechanizmu procesu redukcji tlenu.

Powyzsza kluczowa hipoteza stata si¢ podstawa do sformutowana gtéwnego celu
niniejszej rozprawy doktorskiej, ktorym jest opracowanie metod otrzymywania
materialow katalitycznych, domieszkowanych heteroatomami azotu oraz posiadajacych
zréznicowane wlasciwosci strukturalne 1 powierzchniowe. Istotng nowoscia jest
konstrukcja 1 testowanie otrzymanych Kkatalizatorow w prototypowych uktadach

superkondensatorow i1 badanie reakcji redukcji tlenu w roztworach alkalicznych.

W celu realizacji nadrzednego celu badawczego sformutowano nastgpujace cele

szczegotowe:

I.  Modyfikacja struktury grafenowej/grafitowej moze wptynagé na sterowanie
porowato$cig oraz zmian¢ morfologii materiatow, poprzez zastosowanie
odpowiednich metod:

a. zastosowanie promieniowania mikrofalowego przyczyniajacego si¢ do utworzenia
eksfoliowanej struktury grafitowej [D2];

b. wykorzystanie templatow twardych (CaCOz [D3] i Na2COsz [D4]) w celu rozwinigcia
struktury materiatow weglowych;

c. wykorzystanie kwasu ortofosforowego (V) do aktywacji materiatow grafenowych

oraz rozwoju porowatosci [D5].

Il. Wzbogacenie struktury grafenowej heteroatomami wykorzystujac naturalne oraz

organiczne nosniki azotu:
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zastosowanie naturalnych nosnikow (zielone algi morskie [D2]; Chlorella vurgalis,
zelatyna, chitozan [D4]);

zastosowanie organicznego materialu chemicznego azodikarbonamidu (ADC)

[D3].

Elektrochemiczna weryfikacja otrzymanych materiatow do zastosowania jako

elektrody w:

bateriach typu metal-powietrze, dla ktorych kluczowa jest reakcja redukcji tlenu
[D2], [D3], [D4].

superkondensatorach, w celu sprawdzenia pojemnosci elektrochemicznej [D5].
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3. Cze$¢ eksperymentalna
3.1. Wyniki badan i dyskusja

3.1.1. Materialy katalityczne na bazie grafitu ekspandowanego — badanie wplywu
réznych rozpuszczalnikow i promieniowania mikrofalowego na whasciwosci

katalityczne w reakcji redukcji tlenu

Do tej pory technika oparta na zastosowaniu promieniowania mikrofalowego byta
wykorzystywana w celu uzyskania niezdefektowanej monowarstwy grafenu [62] lub
zredukowanego tlenku grafenu [63]. Brak doniesien literaturowych o jednoetapowym
otrzymywaniu  eksfoliowanych  struktur  grafenowych przy jednoczesnym
domieszkowaniu heteroatomami azotu przyczynit si¢ do podj¢cia prac badawczych
zmierzajacych do otrzymania tag metoda nowych materiatow. Postawiono zatem dwie
hipotezy badawcze. Jedna z nich dotyczy zastosowania promieniowania mikrofalowego
jako skutecznego procesu przyczyniajacego si¢ do utworzenia eksfoliowanej struktury
grafitowej. Druga z kolei odnosi si¢ do wzbogacenia otrzymanej struktury grafenowej
heteroatomami wykorzystujac naturalne, zielone algi morskie (Chlorella vulgaris),
ktorych obecnos$¢ przyczynia si¢ do poprawy aktywnosci katalitycznej w reakcji redukeji
tlenu. W celu poparcia tych tez, zastosowano szereg fizyko-chemicznych oraz
elektrochemicznych technik badawczych.

Zaproponowana synteza opierata si¢ na jednoetapowym procesie wykorzystujacym
promieniowanie mikrofalowe. Proces prowadzono w dwoch roznych rozpuszczalnikach
alkoholu etylowym (EtOH) lub dimetyloformamidzie (DMF). Jako materiaty wyjsciowe
zastosowano ekspandowany handlowo dostgpny grafit (EG, Sinograf, Torun, Polska)
oraz zielone algi morskie (Chlorella vulgaris), bedace zrodtem wegla oraz jednoczesnie
azotu. Pogladowy schemat przeprowadzonej syntezy przedstawiono na rysunku 1,
natomiast szczegolowy opis otrzymywania materialdow elektrodowych ta metoda

zamieszczony jest w opublikowanej pracy wchodzacy w sktad dysertacji [D2].
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Rys. 1. Schemat syntezy otrzymywania struktur grafenowych za pomoca metody

mikrofalowej.

Podstawowym zalozeniem opracowanej metody modyfikacji 1 eksfoliacji struktur
grafitowych jest wykorzystanie promieniowania mikrofalowego, nastepnie karbonizacja
w wysokich temperaturach. Zaproponowang metod¢ wykorzystano w celu
przeksztatcenia naturalnych zielonych alg morskich (Chlorelli vulgaris) w struktury
weglowe zawierajace dodatkowo azotowe grupy funkcyjne. Zielone algi morskie sa
prekursorem amorficznej, zawierajacej atomy azotu, materii weglowej przylegajacej do
ptatkéw grafenu. Wybrano ten naturalny nosnik azotu ze wzgledu na uzyteczne cechy,
takie jak tatwo$¢ mieszania z platkami grafenu w EtOH lub DMF oraz wysoka zawarto$¢
azotu w jego strukturze. W otrzymanych materiatach faza weglowa pochodzaca z alg
morskich wyst¢puje w postaci zawierajacych azot mostkéw miedzy ptatkami grafenu,
ktore beda miaty kluczowe znaczenie dla ich potencjalnych zastosowan.

Obrazy uzyskane za pomoca skaningowego mikroskopu elektronowego (SEM)
pozwolity na okreslenie wptywu procesu mikrofalowego oraz rodzaju rozpuszczalnika na
strukturg otrzymanych materiatow grafenowych. Na rysunku 2 przedstawiono strukture
materiatdéw otrzymanych w roztworze EtOH dla probek 0A-10 i 1A-10 oraz w roztworze
DMEF dla probek 0B-10 i 1B-10. Struktura materialu otrzymanego bez stosowania procesu
karbonizacji jest zblizona do czystego grafitu, gdzie warstwy grafenowe nakladajg si¢

wzajemnie. Struktura materiatdéw po procesie karbonizacji zawiera eksfoliowane ptatki
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grafenowe, co potwierdzajg obrazy otrzymane za pomocg skaningowego mikroskopu

elektronowego.

Rys. 2. Obrazy SEM dla probek: (a) 0A-10, (b) 1A-10, (c) 0B-10, (d) 1B-10.

Przeprowadzono rowniez analiz¢ z wykorzystaniem mikroskopii sit atomowych
(AFM), ktéra pozwolita na okreslenie grubosci i rozmiarow arkuszy grafenowych. W
pracy dotagczonej do dysertacji [D2] przedstawiono profile wysokosci dla probek 1A-30
oraz 1B-30 otrzymanych po 30 minutach przebywania w reaktorze mikrofalowym.
Wyniki analizy AFM wskazuja, ze grubos¢ arkuszy grafenu dla serii 1A-T miesci si¢ w
zakresie 3.6-6.8 nm, natomiast dla serii 1B-T miesci si¢ w zakresie 5.6-16.5 nm. Warto
zaznaczy¢, ze wyniki analizy sg zgodne z wynikami badan spektroskopii Ramana, ktore
pozwolily na sformulowanie stwierdzenia, ze prowadzenie procesu w reaktorze
mikrofalowym wptyngto na otrzymanie grafenu wielowarstwowego, niezaleznie od
rodzaju uzytego rozpuszczalnika. Analiza morfologii i struktury prébek wskazuje, iz
zastosowanie reaktora mikrofalowego pozwala na kontrole grubosci oraz wtasciwosci
strukturalnych materiatbw poprzez zastosowanie odpowiednich rozpuszczalnikow i

dobranie odpowiedniego czasu prowadzonego procesu.
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Zbadano rowniez wptyw rodzaju uzytego rozpuszczalnika (EtOH i DMF) oraz
czasu przebywania w reaktorze mikrofalowym na zawarto$¢ procentowa atomow wegla,
wodoru i azotu. Stwierdzono, ze zarowno rodzaj rozpuszczalnika, jak i czas przebywania
w reaktorze majg wptyw na sktad pierwiastkowy otrzymanych materiatow. Kluczowa dla
badan analiza zawartosci azotu, dla probek OA-T oraz OB-T potwierdzita, iz probki
przygotowane bez dodatku nos$nika azotu mialy znacznie nizszg zawarto$¢ procentowa
tego pierwiastka niz probki z dodatkiem Chlorelli vulgaris. Zatem, azot zostat skutecznie
wprowadzony do struktur z udziatem eksfoliowanego grafenu przy uzyciu naturalnego
no$nika azotu. Dla prébki 1A-10, ktéra zostata traktowana przez 10 minut promieniami
mikrofalowymi, zawarto$¢ procentowa azotu wynosita 2.44% wag., jest to najwyzsza
zawarto$¢ azotu dla serii wykorzystujacej EtOH jako medium dyspergujace. Wraz z
wydtuzajacym si¢ czasem reakcji dla serii wykorzystujacej EtOH odnotowano, znaczny
spadek zawartosci azotu w otrzymanych probkach. Po 90 minutach traktowania tacznie
materiatlu weglowego oraz nosnika azotu promieniowaniem mikrofalowym zawartos$¢
azotu wynosita 0.65% wag. (probka 1A-90), co wskazuje, ze wydtuzenie czasu dziatania
promieniowania mikrofalowego powoduje spadek zawarto$ci azotu w otrzymanych
materialach.

Dla serii 1B-T, w ktorej jako rozpuszczalnika uzyto DMF, zauwazono wzrost
zawartosci azotu w probkach wraz ze wzrostem czasu przebywania w reaktorze
mikrofalowym. Najwyzsza zawarto§¢ azotu, wynoszaca 0.89% wag., odnotowano dla
probki 1B-90 traktowanej promieniowaniem mikrofalowym przez okres 90 minut.
Pomimo wzrostu procentowej zawartosci azotu, wartosci te nadal byly nizsze niz dla
probki z serii 1A-10 traktowanej przez 10 minut promieniowaniem mikrofalowym.
Otrzymane wyniki wskazuja, iz przy niewielkim naktadzie energii i krotkim czasie
prowadzenia reakcji oraz odpowiednio dobranym rozpuszczalniku, mozna osiagnac
wyzsze zawarto$ci procentowe atomow azotu, ktére beda mialty kluczowe znaczenie dla
pozniejszych zastosowan.

Analiza XPS potwierdzita obecnos¢ azotu w badanych materiatach, wskazujac na
dominacj¢ dwoch charakterystycznych typéw wiagzan azotu: azotu pirolowego
zidentyfikowanego przy warto$ci energii wigzania 399.1 eV i azotu czwartorzgdowego
przy wartosci energii wigzania 400.8 eV. Ogolna zawarto$¢ atomow azotu dla wszystkich
probek z serii 1A-T miescita si¢ w zakresie 0.6 do 2.7% at., co wskazuje, iz
domieszkowanie azotem struktur na bazie grafenu za pomoca zielonych alg morskich jest

skuteczng i efektywna metodg wprowadzenia azotowych grup funkcyjnych.

20



Elektrochemiczna weryfikacja

Charakter aplikacyjny otrzymanych materialow potwierdzono, przeprowadzajac
testy elektrochemiczne. Materialy poddano testom elektrochemicznym w
trojelektrodowym uktadzie pomiarowym, skladajagcym sie z elektrody odniesienia
Ag/AgCl w 3 M KClI, przeciwelektrody — blaszki platynowej, natomiast jako elektrodg
roboczg wykorzystano otrzymane katalizatory naniesione na elektrod¢ z wegla szklistego
(ang. glassy carbon, GC). Dla poréwnania przeprowadzono rowniez badania
elektrochemiczne dla komercyjnego katalizatora firmy Sigma Aldrich, wegla z 20% wag.
zawartoscig platyny (Pt/C). Przygotowany tusz dyspergowano w tazni ultradzwigkowe;j
przez 30 min, nastgpnie naniesiono na elektrod¢ GC o srednicy 3 mm. Masa katalizatora
naniesionego na powierzchnie elektrody GC wynosita okoto 0.4 mgcm?2. Przed
przystagpieniem do badan elektrochemicznych roztwor elektrolitu nasycano Oz nastgpnie
N2 przez okres 20 minut. Aktywno$¢ probek w reakcji redukcji tlenu oceniano w
roztworze  0.1mol L?KOH w  temperaturze  pokojowej,  wykorzystujac
woltamperometri¢ cykliczng (CV). Pomiary wykonano przy szybkosci skanowania
10 mV s, Wykorzystano réwniez woltamperometrie liniowa (LSV) dla ktérej pomiary
wykonano przy szybko$ci skanowania 5 mV s? i predkosci obrotow w zakresie 800
2800 obr./min. Liczbe elektronéow (n) bezposrednio uczestniczacych w reakcji ORR
obliczono za pomoca rownania (1) i (2) Koutecky'ego-Levicha (K-L):

JP=3+ k= (Bo) T+ ! 1)
B = 0.62nFCo(Do)?3v /6 2)

Na rysunku 3a przedstawiono krzywe woltamperometrii cyklicznej (CV) dla
probek z serii 1A-T w roztworze alkalicznym. Dla probek otrzymanych w EtOH
zaobserwowano wyrazne piki katodowe, ktére wskazuja na istniejaca aktywnos¢
katalityczng w reakcji redukcji tlenu. Dla probek 1A-10, 1A-30, 1A-60 i 1A-90, piki
katodowe wystepowaly przy réznych potencjatach, tj. odpowiednio 0.75 V, 0.74 V,
0.81V i 0.76 V vs RHE, co potwierdza, ze materialy z serii 1A-T posiadajg dobre
wlasciwosci elektrokatalityczne i moga by¢ obiecujacymi katalizatorami dla reakcji
redukcji tlenu. Natomiast w przypadku probek z serii 1B-T, otrzymanych w DMF,

zaobserwowano mniejszg aktywnos¢ katalityczng w poréwnaniu z probkami z serii 1A-T.
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Wszystkie otrzymane wyniki elektrochemiczne dla probek z serii 1B-T zamieszczone sa

w pracy [D2] dotaczonej do dysertacji.
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Rys. 3. Wyniki dla serii 1A-T poréwnane z Katalizatorem Pt/C: (a) krzywe CV zmierzone
z predkoscia skanowania 100 mV s w elektrolicie nasyconym O, (b) krzywe LSV
zmierzone z predkoscia skanowania 5V s, z predkoscia obrotow 1600 obr./min,

(c) potencjatl poczatkowy, (d) krzywe K-L dla probek przy 0.45 V.

Krzywe CV dla probek z serii 1B-T wykazywaly mniejszg gestos¢ pradu oraz
niewyrazny pik katodowy. To sugeruje, ze materialy z serii 1B-T posiadajg mniejszg
aktywno$¢ katalityczng w badanej reakcji, co moze by¢ zwigzane z wptywem rodzaju
rozpuszczalnika (DMF) na proces otrzymywania tych materiatow.

Krzywe woltamperometrii liniowej LSV zostaly zmierzone dla probek z dwoch
serii (LA-T i 1B-T) oraz dla komercyjnego materiatu elektrodowego Pt/C. Na rysunku 3b
przedstawiono krzywe LSV dla probek z serii 1A-T przy predkosci obrotowej 1600 rpm.
Probka 1A-60 wykazata najwyzsza gesto$¢ pradu granicznego sposrod probek z serii
1A-T. Wyniki wskazuja, ze probka 1A-60, mimo niskiej zawartosci azotu (0.65% wag.),
posiada dobre wilasciwosci katalityczne w reakcji ORR. Warto$¢ potencjatu
poczatkowego (rys. 3c) dla tej probki wynosi 0.91 V, §wiadczy to o zajsciu redukcji tlenu
na katalizatorze. Krzywe LSV dla probek z serii 1B-T, ze wzgledu na niskg gestosé

graniczng probki, w ktorych wykorzystano DMF wykazujg typowa dwuelektronowg
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sciezke redukc;ji tlenu podobnie jak materialy weglowe. Wyliczona liczba przenoszonych
elektrondw podczas reakcji redukcji tlenu pozwolita na okreslenie mechanizmu.
Wykazano, ze probki 1A-30 oraz 1A-60 charakteryzowaty si¢ zblizonym
mechanizmem, gdzie wyznaczona liczba elektronéw (n) wynosi odpowiednio 3.46 oraz
3.10, podczas, gdy pozostate materialty otrzymane w serii 1B-T wykazuja
dwuelektronowg Sciezke redukcji tlenu (Tabela 1). Przedstawione wyniki pozwalaja na
stwierdzenie, ze otrzymane materialy posiadaja bardzo obiecujace wilasciwosci
katalityczne. Ponadto elektrokatalizatory domieszkowane heteroatomami azotu, w
szczegolnosci, odpowiednimi azotowymi grupami funkcyjnymi w strukturze grafenu, sg

odpowiedzialne za katalizowanie reakcji ORR.

Tabela 1. Liczba przeniesionych elektronéw w reakcji ORR w 0.1 mol L KOH dla

probek z serii 1A-T oraz 1B-T w porownaniu do komercyjnego katalizatora Pt/C.

Liczba przenoszonych elektronow

Katalizator
w reakcji ORR (n)

Pt/C 4.00
1A-10 2.55
1A-30 3.46
1A-60 3.10
1A-90 2.90
1B-10 2.55
1B-30 2.42
1B-60 2.49
1B-90 2.57

Podsumowanie

W odpowiedzi na postawione hipotezy, iz mozliwa jest modyfikacja struktury
grafenowej za pomocg promieniowania mikrofalowego, odnotowano tworzenie si¢ 3D
struktur zbudowanych z eksfoliowanych ptatkéw grafenowych z jednoczesnym

wzbogaceniem w atomy azotu, wykorzystujac naturalne, zielone algi morskie (Chlorella
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vurgalis). Otrzymane struktury sa W wickszosci efektywnie dziatajacymi katalizatorami

w reakcji ORR. W szczegolnosci ustalono, ze:

— zoptymalizowana metoda syntezy materiatow Kkatalitycznych do zastosowania w
reakcji redukcji tlenu, wykorzystujagca metode mikrofalowa, jest skuteczng technika
do modyfikacji struktury ekspandowanego grafitu. W badaniach przeprowadzonych
na ekspandowanym graficie, ktory poddano promieniowaniu mikrofalowemu przez
okres 30 minut w rozpuszczalniku EtOH, odnotowano najlepsze wiasciwosci
elektrochemiczne.

— proces syntezy opierajacy si¢ na zastosowaniu zielonych alg morskich (Chlorella
vulgaris), jako nosnika azotu jest skutecznym podejsciem. Analiza XPS wykazata, ze
zawarto$¢ procentowa azotu w probce 1A-10 wyniosta 1.7% at., w strukturze
materiatu zidentyfikowano pirolowe grupy funkcyjne oraz azot czwartorzedowy, co
miato istotny wptyw na jego dziatanie katalityczne.

— przeprowadzone badania pozwolity na wytypowanie najlepiej dziatajacych w reakcji
redukcji tlenu materiatdéw. Otrzymane materiaty wykorzystujace w metodzie syntezy
EtOH, charakteryzuja si¢ czteroelektronowsa Sciezkg redukcji, co w konsekwencji
sugeruje, ze s3 one wysoce wydajne i1 selektywne w tej reakcji w Srodowisku

zasadowym.
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3.1.2. Materialy katalityczne na bazie grafenu — badanie wplywu CaCQOs oraz ADC
na modyfikacje¢ struktury oraz wlasciwosci katalityczne w reakcji redukcji

tlenu

Zgodnie z hipotezg badawczg, iz wykorzystanie templatow twardych np. CaCO3
skutecznie przyczyni si¢ do rozwinigcia struktury porowatej materialow weglowych z
jednoczesnym zachowaniem mozliwos¢ wzbogacania heteroatomami np. wykorzystujac
azodikarbonamid (ADC) w charakterze nosnika azotu, zaproponowano rozwigzanie,
pozwalajace na wykorzystanie otrzymanych materiatlow jako katalizatorow reakcji ORR.
Zgodnie z powyzsza hipoteza, nadrzednym celem prowadzonych badan byto zwigkszenie
porowatosci oraz odlegtosci pomiedzy arkuszami grafenowymi. Zaproponowana metoda
polegata na mechanicznym zmieszaniu badz zawieszeniu wszystkich substratow
(grafenu, CaCOs oraz ADC w odpowiednich stosunku reagentow) w wodnej mieszaninie
karagenu. Dodatkowo, wykorzystano proces liofilizacji w celu usuni¢cia wody z probek.
Otrzymang mas¢ poddano procesowi karbonizacji w temperaturach 700°C, 800°C oraz
900°C. Schemat syntezy przedstawiono na rysunku 4, natomiast szczegotowy opis

syntezy znajduje si¢ w artykule naukowym [D3] dotaczonym do dysertacji.

Liofilizacja

-
R

Odmywanie
®) HCI
g 2 \/‘
Zo Karbonizacja
g, 700°C
4 = 2-NGF-9 8000C
01 20 30 400 sk 900°C

Lenght (nm)

Rys. 4. Schemat syntezy otrzymywania grafenu modyfikowanego za pomocg twardego

templatu CaCOs3 oraz ADC.
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Otrzymane materiaty oznaczono 1-NGF-T i 2-NGF-T, gdzie: 1 i 2 wskazuja na stosunek
masowy odczynnikéw CaCO3:ADC wynoszacy odpowiednio 2:1 i 1:2; NGF oznacza
pianke grafenowg domieszkowang azotem; T jest zastosowang temperatura karbonizacji
700°C, 800°C i 900°C, ktdorg oznaczono odpowiednio jako 7,81 9.

W celu zbadania wptywu zastosowanych modyfikacji na strukturg otrzymanych
materiatbw  wykorzystano transmisyjny mikroskop elektronowy 0 wysokiej
rozdzielczosci (HRTEM). Struktura widoczna na obrazach HRTEM (rys. 5) $wiadczy o
tendencji do naktadania si¢ warstw grafenowych pomimo zastosowania templatu
(CaCOg).

Rys. 5. Obrazy HRTEM dla probek: (@) 1-NGF-8, (b) 2-NGF-8, (C) 1-NGF-9,
(d) 2-NGF-9.

Ponadto zastosowany proces liofilizacji miat na celu zachowanie stanu separacji ptatkow
grafenowych i utworzonej z nich struktury 3D. Jednak wigzania podtrzymujace strukture
3D okazaly si¢ na tyle nietrwale, ze podczas przemywania probek kwasem

chlorowodorowym (usuwanie templatu weglanowego) ma miejsce zapadanie si¢
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struktury 3D, co widoczne jest na rys. 5a i 5¢ dla probek 1-NGF-8 i 1-NGF-9 (stosowano
wyzsze ilosci CaCOs). Struktura 3D oparta na elementach sktadajacych si¢ z mniejszej
ilosci zlepionych arkuszy grafenowych, wystepuje dla probek 2-NGF-8 i 2-NGF-9 z
mniejszg zawartoscig weglanu wapnia (rys. 5b, 5d). Porowato$¢ i wielko$¢ pola
powierzchni wlasciwej okreslono na podstawie wynikéw otrzymanych metoda
niskotemperaturowej sorpcji azotu. Potwierdzono, ze zastosowanie templatu weglanu
wapnia nie wptyneto znaczaco na zwigkszenie pola powierzchni wilasciwe] Sget
(Tabela 2).

Wyniki analizy elementarnej (zawartos¢ wegla, azotu i wodoru) dla serii
1-NGF-T, 2-NGF-T oraz wyjsciowego materiatu (GNPs) umieszczono w Tabeli 2. Dla
serii 2-NGF-T wzrost temperatury karbonizacji prowadzi do wzrostu zawartosci wegla w

otrzymanych materiatach weglowych.

Tabela 2. Zawarto$¢ pierwiastkow C, H i N okre§lona za pomocg analizy elementarnej
oraz pole powierzchni wtasciwej Sget dla probek z serii 1-NGF-T, 2-NGF-T oraz GNPs.

Probka Zawartos$¢ procentowa pierwiastkow (% wag.) SBeT
C g N (m*g™)
GNPs 87.32 0.90 0.72 750
1-NGF-7 86.25 1.77 1.83 635
1-NGF-8 83.71 0.94 2.35 620
1-NGF-9 92.94 0.72 1.02 657
2-NGF-7 82.31 1.86 3.01 640
2-NGF-8 87.60 0.95 3.18 533
2-NGF-9 93.09 0.67 0.95 562

Dla serii 1-NGF-T i 2-NGF-T najwickszg zawarto$¢ azotu odnotowano dla probek
karbonizowanych w temperaturze 800°C. Wykazano, ze dla probki 1-NGF-8 zawartos¢
procentowa azotu wynosita 2.35% wag. z kolei dla probki 2-NGF-8 wynosita 3.18% wag.
Dlatego tez mozna stwierdzi¢, ze na zawarto$¢ procentowg azotu ma wptyw nie tylko
rodzaj zastosowanego nosnika azotu (ADC), ale rowniez temperatura karbonizacji. Wraz
z rosnacy temperatura karbonizacji ro$nie zawarto$¢ azotu, niemniej jednak probki
karbonizowane w 900°C wykazuj¢ przeciwng tendencj¢ i wykazuja najnizszg zawarto$¢

procentowg azotu.
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Pomiary XPS wykonano w celu okreslenia jakosciowej i ilosciowej zawartosci
grup funkcyjnych obecnych na powierzchni otrzymanych struktur grafenowych. Sktad
pierwiastkowy poszczegdlnych grup funkcyjnych przedstawiono w Tabeli 3.
Szczegdtowa analiza widm Nl1s pozwolita na zidentyfikowanie grup azotowych
obecnych w analizowanych materialach. Czynnikiem determinujagcym aktywno$¢
katalityczng w reakcji ORR nie jest catkowita zawarto$¢ azotu, lecz zawarto$¢
poszczegdlnych azotowych grup funkcyjnych wbudowanych w strukture grafenowsg. Na
podstawie dekonwolucji widma N1s zidentyfikowano cztery pasma, charakteryzujace si¢
energiami wigzan przy wartosciach 398.5 eV, 400.2 eV i 402.3 eV oraz 404.5 eV
odpowiadajgce azotowi pirydynowemu (N-6), azotowi pirolowemu (N-5), azotowi

czwartorzedowemu (N-Q) oraz pirydynowemu N-tlenkowi (N-X).

Tabela 3. Sklad pierwiastkowy pianek grafenowych domieszkowanych azotem
okreslony za pomocg analizy XPS dla probek z serii 1-NGF-T oraz 2-NGF-T.

c o N Azotowa grupa (N-5) i (N-6)
Préobka funkcyjna (% at.) (% w stosunku
(at. %) (at. %) (at. %)
N-5 N-6 N-Q N-X do calkowitego N)
1-NGF-7 94.1 3.9 2.1 1.3 02 03 03 71%
1-NGF-8 93.5 4.1 2.2 15 04 02 01 86%
1-NGF-9 95.0 3.7 1.0 08 01 00 01 90%
2-NGF-7 93.4 3.9 2.7 15 07 03 02 81%
2-NGF-8 94.6 3.1 1.9 1.2 05 01 01 89%
2-NGF-9 94.7 4.2 0.7 05 02 00 00 100%

Powstanie odpowiednich grup funkcyjnych azotu byto mozliwe dzigki zastosowaniu w
zaproponowanej metodzie azodikarbonamidu, ktéry jest organicznym zwigzkiem
chemicznym posiadajagcym grupy aminowe oraz podwdjne wigzanie azotu N=N, ktore
ulegty przeksztatceniu w wysokich temperaturach prowadzonych proceséow karbonizacji.
W niniejszych badaniach wykazano, ze temperatura karbonizacji ma istotny wptyw na

zawartos¢ azotu.

Elektrochemiczna weryfikacja

W celu potwierdzenia hipotezy badawczej dotyczacej aplikacyjnosci otrzymanych

materiatow, zbadano aktywnos$¢ Katalityczng w reakcji ORR wykonujac testy
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elektrochemiczne w trojelektrodowym uktadzie zgodnie z procedura przygotowania
katalizatorow opisang w pracy [D3]. Wszystkie otrzymane materialty wykazywaty
zwickszong aktywno$¢ katalityczng w reakcji ORR, co mozna zaobserwowaé na
woltamperogramach CV oraz krzywych LSV (rys. 6) dla probek z serii 1-NGF-T.
Pozostate wyniki dla serii 2-NGF-T sg zamieszczone w pracy [D3]. Sprawdzono wplyw
temperatury karbonizacji na modyfikacje struktury i wlasciwosci elektrochemiczne
otrzymanych nowych materiatow. Analiza wynikow dla serii 1-NGF-T wskazuje, ze
probka karbonizowana w temperaturze 900°C (1-NGF-9), najlepiej katalizuje reakcje
ORR w s$rodowisku zasadowym. Pik katodowy wyraznie widoczny na rysunku 6a
przesuniety jest w strong dodatnich wartosci i wynosi 0.83 V vs RHE. Potencjat
poczatkowy (rys. 6b, 6d) dla probki 1-NGF-9 wynosi 0.89 V vs RHE, wartos¢ ta
Swiadczy o szybkosci zaj$cia reakcji redukceji tlenu. Ksztalt krzywej LSV dla probki
1-NGF-9 jest bardzo zblizony do ksztaltu komercyjnego katalizatora Pt/C i wykazuje
duzy prad ograniczajacy dyfuzje wynoszacy 5.30 mA cm™. Pozostale materialy z serii
1-NGF-T charakteryzowaty si¢ nizsza aktywnoscig katalityczng w porownaniu z probka
1-NGF-9, ktora wykazywata czteroelektronowa reakcje redukcji tlenu. Najwyzsza
aktywnos¢ katalityczna dla probki 1-NGF-9 jest wynikiem wptywu rozbudowanej
struktury porowatej skorelowanej z odpowiednim rodzajem azotowych grup
funkcyjnych. Probka o najwyzszej aktywno$ci Kkatalitycznej posiada najwigksza
zawarto§¢ mezoporow, co wplywa korzystnie na fatwo$§¢ wzbogacenia struktury w
heteroatomy azotu, dostepno$¢ dla elektrolitu oraz utatwia przenoszenie elektronéw w
srodowisku zasadowym. Ponadto karbonizowanie probek w temperaturze 900°C
wptyneto korzystnie na wyzszy procentowy udziat grup N-5 i N-6 w stosunku do ogolne;j
zawarto$ci azotu. Liczbe przenoszonych elektronow dla serii 1-NGF-T oraz 2-NGF-T w
reakcji ORR zbadane podczas weryfikacji elektrochemicznej przedstawiono w Tabeli 4.
Liczba przeniesionych elektronow dla probek 1-NGF-7 i 1-NGF-8 wynosita odpowiednio
3.04 i 3.43. Pirydynowe i pirolowe grupy funkcyjne, zlokalizowane na krawegdziach
arkuszy grafenonwych, reagujace z grupami hydroksylowymi pochodzacymi z
alkalicznych form elektrolitu tworza jednoczesnie centra aktywne, co w konsekwencji
korzystnie wptywa na wlasciwosci elektrochemiczne analizowanych materiatow. Seria
2-NGF-T wykazata roéwniez zwickszong aktywnos$¢ Katalityczng w reakcji ORR, co
potwierdza obecnos$¢ pikéw katodowych na krzywych CV. Materiat karbonizowany w
temperaturze 900°C wykazat bardzo wysoka gestos¢ pradu widoczng na krzywych LSV

w porownaniu do probek otrzymanych w temperaturze 700°C lub 800°C.
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Rys. 6. Wyniki wydajnosci elektrochemicznej dla probek z serii 1-NGF-T i Pt/C
mierzone w nasyconym Oz 0.1 mol L' KOH: (a) krzywe CV otrzymane z szybkoscia
skanowania 10 mV s, (b) krzywe LSV otrzymane z szybkoscig skanowania 5 mV st i
predkoscig obrotowg 1600 obr./min, (c) krzywe K—L przy 0.5 V vs RHE, (d) potencjat
poczatkowy.

Tabela 4. Liczba przeniesionych elektronéw w reakcji ORR w 0.1 mol LT KOH dla
probek z serii 1-NGF-T oraz 2-NGF-T oraz komercyjnego katalizatora Pt/C.

Katalizator Liczba przenoszonych elektronéw w reakcji ORR (n)

Pt/C 4.00
1-NGF-7 3.04
1-NGF-8 3.43
1-NGF-9 4.00
2-NGF-7 3.32
2-NGF-8 3.35
2-NGF-9 3.82

Podobne wartosci potencjatu poczatkowego i1 pradu ograniczajacego dyfuzje wskazujg na

niewielkie zroznicowanie materiatu, jednak wykazuja aktywno$¢ katalityczng w stosunku

do GNPs. Liczby elektronow przeniesionych dla probek 2-NGF-7, 2-NGF-8 i 2-NGF-9
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wynosity odpowiednio 3.32, 3.35 i 3.82, co zbliza procesy elektrodowe do
czteroelektronowej redukcji tlenu.

Wysoki wzrost aktywnosci katalitycznej otrzymanych materiatéw w poréwnaniu
do wyjsciowych ptatkow grafenowych (GNPs) wynika z obecnosci aktywnych
elektrochemicznie grup funkcyjnych zawierajacych azot. Tego typu grupy azotowe silnie
wplywaja na mechanizm reakcji redukcji tlenu. Aktywnos¢ katalityczng probek 1-NGF-9
i 2-NGF-9 mozna przypisaé obecnosci azotu pirydynowego, ktory determinuje
aktywnos$¢ elektrokatalityczng. W polaczeniu z sgsiednim atomem wegla znacznie
zwigksza efektywnosc reakcji ORR. Jako, ze wegiel jest bardziej elektroujemnym
pierwiastkem niz azot, moze to prowadzi¢ do oddania pary elektronowej do sasiadujgcych
atoméw prowadzagc do utworzenia si¢ centrow aktywnych z dodatnimi tadunkami.
Ponadto, pirolowe grupy azotowe sa odpowiedzialne za wydajno$¢ ORR w srodowisku
alkalicznym. Dlatego tez potaczony efekt tych dwoch grup (azotu pirydynowego i azotu
pirolowego) w probkach 1-NGF-9 i 2-NGF-9, o najwyzszej tacznej zawartosci grup N-6
i N-5 wynoszacej 90% i 100% w catkowitej zawartosci azotu, jest zwigzany z najwigksza
liczba przeniesionych elektronéw. Wszystkie materiaty otrzymane proponowang metoda
wykazaty znaczacg aktywnos¢ katalityczng w reakcji ORR. Z badan wynika, ze przebieg
reakcji ORR wg mechanizmu czteroelektronowego przede wszystkim zalezy od
obecnosci odpowiednich grup azotowych, a w mniejszym stopniu od catkowitej
procentowej zawartosci azotu. Obecno$¢ pirolowych i pirydynowych grup funkcyjnych
wptywa na szybka kinetyke reakcji na krawedziach grafenu wielowarstwowego.
Otrzymane wyniki potwierdzajg tezg, ze aktywnos$¢ Kkatalityczna nie jest wprost
proporcjonalna do catkowitej zawarto$ci azotu, a otrzymane materialy sg obiecujacymi

potencjalnymi elektrokatalizatorami dla baterii cynkowo-powietrznej.

Podsumowanie

W odpowiedzi na postawiong hipoteze badawcza, wykorzystanie templatow
twardych CaCOs skutecznie przyczyni si¢ do rozwinigcia struktury materialow
weglowych oraz wzbogacenie struktury grafenowej heteroatomami wykorzystujac
organiczny material chemiczny azodikarbonamid (ADC), pozwoli na wykorzystanie
otrzymanych materialow jako materiaty katalityczne dla reakcji ORR, ustalono, ze:

— wykorzystanic weglanu wapnia prowadzi do jego czg¢sciowego rozktadu pod

wplywem wysokich temperatur karbonizacji (900°C), powodujgc powstanie struktury
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porowatej o okreslonej wielkosci porow. Ostatecznie nie wptyneto to znaczaco na
zwigkszenie pola powierzchni wlasciwej Sger otrzymanych materiatow (zestawienie
wynikow w pracy [D3]).

ADC zastosowany jako modyfikator i no$nik azotu przyczynit si¢ do skutecznego
wprowadzenia atoméw azotu w zakresie od 0.7% do 2.7% zawarto$ci atomowe;.
Zaobserwowano powstawanie grup azotowych typu pirydynowego (N-6), pirolowego
(N-5), czwartorzgdowego (N-Q) oraz pirydynowego N-tlenku (N-X). Odpowiedni
rozmiar poro6w 1 obecnos¢ azotowych grup funkcyjnych pozwolity na dobor
wlasciwosci otrzymywanych materiatow w taki sposob, aby wykazywaty potencjalne
zastosowanie elektrokatalityczne.

przeprowadzone modyfikacje korzystnie wplyngly na polepszenie aktywnosci
katalitycznej w reakcji ORR w poroéwnaniu do czystego grafenu. Otrzymane wyniki
elektrochemiczne potwierdzity, ze modyfikacja struktury grafenowej poprzez
wprowadzenie azotowych grup funkcyjnych znaczaco poprawita jego zdolnos$ci
katalityczne w reakcji ORR. Za pomocg testow elektrochemicznych potwierdzono
aktywno$¢ otrzymanych materiatow w reakcji redukcji tlenu, co $wiadczy o
mozliwo$ci potencjalnego wykorzystania nowych materiatow elektrodowych w

urzadzeniach do magazynowania i konwersji energii.
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3.1.3. Materialy katalityczne na bazie grafenu — badanie wplywu naturalnych
nosnikow azotu, zelatyny i chitozanu na modyfikacj¢ struktury oraz

wlasciwosci katalityczne w reakcji redukcji tlenu

W celu zweryfikowania hipotezy badawczej, iz wykorzystanie templatu twardego
(Na2CO3) powoduje rozwinigcie struktury materiatdw weglowych z zachowaniem
mozliwosci wzbogacenia struktury grafenowej atomami azotu przez wykorzystanie
naturalnych nosnikow azotu (zelatyny i chitozanu), przeprowadzono badania opisane w
pracy [D4]. Dziatania te jednoczesnie przyczynia si¢ do poprawy wlasciwosci
katalitycznych w stosunku do reakcji ORR. Dla weryfikacji tej hipotezy zaproponowano

metode syntezy materiatdéw grafenowych przedstawiong na rysunku 7.

Stirring

Heating

Carbonization Freeze-drying

Washing
with HCI

N-doped graphene foam
Rys. 7. Schemat syntezy pianek grafenowych prowadzonych z uzyciem naturalnych

polimerow Zelatyny i chitozanu.

Komercyjne nanoptatki grafenowe (GNPs) zostaly uzyte jako zrodio wegla, a zelatyna
lub chitozan jako Zrédlo azotu i medium do tworzenia hydrozelu. W pierwszej serii (1F)
zelatyne 1 Na,COs (16.9% w/v) rozpuszczono w wodzie destylowanej, podgrzano do
temperatury 90°C, nastgpnie mieszano do momentu rozpuszczenia zelatyny, po czym
dodano GNPs. Stosunek zelatyny do GNPs wynosit 2.5:1. Nastepnie do mieszaniny

dodano drozdze i mieszano, w kolejnym kroku dodano perhydrol (30%). Drozdze i
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perhydrol zostaly uzyte w celu utworzenia spienionej struktury. Drozdze dziataty jako
katalizator rozktadu perhydrolu na wode i tlen, przyspieszajac w ten sposdb proces
rozktadu i utrzymujgc czgsteczki tlenu w matrycy zelatyny lub chitozanu. W drugiej serii
(2F) chitozan zostat przygotowany w taki sam sposob jak w serii 1F, z tym wyjatkiem,
ze do zelowania chitozanu dodano roztwor sktadajacy si¢ z mieszaniny HoO/HCI. W obu
seriach 1F i 2F probki byly poddane procesowi liofilizacji w celu usunigcia wody |
Utrzymaniu struktury tréjwymiarowej. Material grafenowy po procesie liofilizacji
przypominat piane¢ grafenowa z widocznymi makroporami. Po procesie liofilizacji probki
poddano procesowi karbonizacji prowadzonemu w atmosferze N2> w temperaturze 600°C,
700°C, 800°C lub 900°C. Do otrzymanych probek dodano kwas chlorowodorowy w celu
usunigcia wszystkich nieprzereagowanych substratdéw, nastgpnie odmyto woda
destylowana do uzyskania neutralnego pH, nast¢pnie suszono w suszarce elektrycznej az
do catkowitego odparowania wody. Materiaty grafenowe domieszkowane azotem
otrzymane z uzyciem zelatyny oznaczono jako 1F T, gdzie T oznacza temperature
prowadzonego procesu karbonizacji wynoszacg 600°C, 700°C, 800°C lub 900°C. Druga
seria  materiatlow  grafenowych domieszkowanych azotem otrzymanych z
wykorzystaniem chitozanu zostata oznaczona jako 2F T.

Dla probek 1F 800 i 2F_800 (rys. 8) widoczne sa stosy sktadajace si¢ z kilku
naktadajacych si¢ na siebie warstw grafenowych, odlegto$¢ migdzy poszczegdlnymi
warstwami grafenu wynosi 0.35 nm, co odpowiada warto$ci odlegtos$ci opisywanej w
literaturze dla aglomeratow grafenowych.

Pole powierzchni wtasciwej BET dla otrzymanych materiatéw poréwnano z Sger
dla wyjsciowego materiatu GNPs (Tabela 5). W serii 1F_T probka karbonizowana w
temperaturze 800°C ma najwyzsze pole powierzchni wiasciwej, wynoszace 861 m? g,
Powierzchnia wtasciwa pozostatych probek 1F 600, 1F 700 i 1F 900 wynosita
odpowiednio 453 m?g?, 768 m?g?t i 795 m?g?. Dla serii 2F_T wraz ze wzrostem
temperatury karbonizacji obserwowany jest wzrost pola powierzchni wtasciwej. Materiat
2F_600 otrzymany w temperaturze 600°C wykazuje najnizsze pole powierzchni
wlasciwej wynoszace 287 m? g !, za§ probka 2F 900 karbonizowana w temperaturze
900°C ma najwyzsze pole powierzchni wilasciwej rowne 941 m?g?l. Wartosé
otrzymanego pola powierzchni dla probki 2F 900 jest wyzsza, niz dla GNPs, o
191 m2 g,
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Rys. 8. Obrazy HRTEM dla probek: (a—c) 1F-800 i (d—f) 2F-800, otrzymane przy réoznych
powiekszeniach.
W celu zweryfikowania zakladanego celu, ktéorego wynikiem miato by¢

domieszkowanie azotem materialtdbw weglowych za pomoca zelatyny i chitozanu

wykorzystano analize elementarng, ktorej wyniki zamieszczono w Tabeli 5.

Tabela 5. Sktad pierwiastkowy atomow wegla, wodoru i azotu oraz pole powierzchni
wilasciwej BET dla probek z serii 1F_T i 2F_T oraz GNPs.

Zawarto$¢ procentowa pierwiastkow (% wag.) SBET
Probka
C H N (m*g~)

GNPs 87.32 0.90 0.72 750
1F_600 79.61 1.84 6.39 453
1F 700 83.54 1.63 3.93 768
1F 800 88.75 1.33 2.86 861
1F 900 96.07 0.97 2.39 795
2F_600 76.91 2.32 5.72 287
2F_700 78.74 141 5.16 648
2F_800 81.88 1.97 3.39 769
2F 900 93.65 0.93 2.43 941
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W serii 1F_T procentowa zawarto$¢ azotu spada z 6.39% wag. do 2.39% wag. wraz ze
wzrostem temperatury karbonizacji odpowiednio z 600°C do 900°C. Dla drugiej serii
materiatow grafenowych 2F T domieszkowanych azotem za pomoca chitozanu
obserwowana jest analogiczna tendencja spadku zawarto$ci azotu wraz ze wzrostem
temperatury z 5.72% wag. do 2.43% wag. Obserwowana zmiana zawarto$ci azotu jest
wynikiem rozktadu nietrwatych grup azotowych, ktora nastgpuje w wyzszych
temperaturach, co w konsekwencji skutkuje spadkiem catkowitej zawartoSci azotu w
otrzymanych materiatach.

Analize XPS przeprowadzono dla probki 1F_800 (rys. 9a), a otrzymane wyniKi
pozwolity na okreslenie rodzaju obecnych na powierzchni grup funkcyjnych.
Szczegotowa analiza wysokorozdzielczych widm XPS C1s (rys. 9b) oraz O1s (rys. 9c)

zostala przedstawiona w pracy [D4].
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1F_800 _0-C
- €-0-C C=C sp*
—_ _ C-OH
) - 3 C=0  ¢NH
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Rys. 9. (a) Widmo pogladowe XPS oraz widma wysokiej rozdzielczosci: (b) C1s, (c)
Ols, (d) N1s dla probki 1F_800.

Dekonwolucja widma N1s (rys.9d) pozwolita na identyfikacje czterech pasm
odpowiadajacych energii wigzania 398.5 eV, 400.2 eV, 402.3 eV 1404.5 eV, ktére mozna
przypisa¢ obecno$ci azotu pirydynowego (N-6), pirolowego (N-5), czwartorzedowego
(N-Q) oraz pirydynowego N-tlenku (N-X). W przypadku probki 2F 800 pasmo
zlokalizowane przy warto$ci energii wigzania 404.5 eV nie jest widoczne, co oznacza, ze

tego typu wigzania N-X nie wystgpuja w tej probee. Szczegotowa analiza zawartosci
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odpowiednich pierwiastkow zidentyfikowanych dla otrzymanych materialow zostata
przedstawiona w Tabeli 6. Najwyzsza taczna procentowa zawartos¢ grup N-5 oraz N-6
przeliczona w stosunku do catkowitej zawartosci azotu wynosi 92.11% dla probki 2F 800

otrzymanej z wykorzystaniem chitozanu.

Tabela 6. Sktad pierwiastkowy materiatow grafenowych domieszkowanych azotem

okreslony za pomocg analizy XPS dla prébek 1F_800 oraz 2F_800.

Azotowa grupa funkcyjna (N-5) i (N-6)
C O N o o
Prébka (at. %) (% w stosunku
0, 0, 0, itei
(at. %) (at. %) (at. %) N5 N-6 N-Q  N-X do calkowitej
zawartosci azotu)
1F 800  93.9 3.5 2.8 1.6 0.7 0.3 0.2 82.14
2F 800  89.9 6.3 3.8 2.3 1.2 0.3 0.0 92.11

Elektrochemiczna weryfikacja

Potencjalne  zastosowanie  otrzymanych  materialow  grafenowych z
wykorzystaniem naturalnych no$nikow azotu zelatyny i chitozanu zostato zweryfikowane
z wykorzystaniem testow elektrochemicznych. Potwierdzona zostata hipoteza, ze
zastosowanie naturalnych no$nikéw azotu sprzyja poprawie aktywnosci katalitycznej w
reakcji ORR. Otrzymane materiaty zostaty przetestowane w celu okreslenia mechanizmu
reakcji  redukcji  tlenu prowadzonej w roztworze alkalicznym. Krzywe
woltamperometryczne (rys. 10a) otrzymane dla serii 1F_T posiadaja charakterystyczne
piki katodowe, co wskazuje na aktywnos$¢ katalityczng otrzymanych materiatow. W
przypadku probek w serii 2F T wyniki testow elektrochemicznyych zestawiono w pracy
dotaczonej do dysertacji [D4]. Pik katodowy dla probek z serii 1F T znajdowat si¢ w
zakresie potencjatow od 0.77 do 0.80 V wzgledem odwracalnej elektrody wodorowej
(RHE). W serii 1F_T gestos$¢ pradu na woltamperogramach CV dla probki 1F_800 jest
najwicksza, w odnieieniu do pozostatych probek z tej serii. W przypadku serii 2F T
widoczne jest przesunigcie piku katodowego w kierunku dodatnich wartosci potencjatu.
Szczytowy zakres, w ktérym zachodzi redukcja tlenu dla probek z serii 2F T wynosi od
0.75 do 0.81 V vs RHE. W serii 2F probka 2F 900 wykazuje kwadratowy ksztatt
krzywych CV, a gesto$¢ pradu jest najwigksza dla tej probki.
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Rys. 10. Wyniki wydajnosci elektrochemicznej dla probek z serii 1IF_T i P/C w
0.1 mol L't KOH nasyconym O, (a) krzywe CV mierzone z szybkosciag skanowania
10 mV s?, (b) krzywe LSV mierzone z szybkoscia skanowania 5 mV s i predkoscig
obrotowa 1600 obr./min, (c) krzywe K-L przy 0.5 V vs RHE, (d) potencjat poczatkowy
dla probek z serii 1F_T.

Analizujagc woltamperogramy LSV (rys. 10b) przy szybkosci skanowania 5 mV s? i
szybko$ci przemiatania 1600 rpm, mozna wyselekcjonowa¢ najbardziej efektywne
katalizatory reakcji ORR. Podobny ksztalt i zblizong warto$¢ pradu granicznego do
komercyjnego materiatu Pt/C wykazuje probka 1F 800. Dla drugiej serii 2F_ T
kwadratowy ksztalt z najwyzsza gestoscig pradu wykazujg probki karbonizowane w
800°C1900°C (2F 8001 2F 900). Biorac pod uwage wszystkie otrzymane materiaty, dla
probek w serii 2F_T reakcja redukcji tlenu zachodzi szybciej i jest bardziej wydajna, co
moze by¢ zwigzane z wystgpowaniem odpowiednich grup azotowych. Laczna zawartos¢
procentowa grup N-5 i N-6 w stosunku do catkowitej zawartosci azotu dla probki 2F 800
jest bardzo wysoka i wynosi 92.11%. Dla serii 1F_T otrzymanej z wykorzystaniem

zelatyny, wartosci potencjalu poczatkowego mieszczg si¢ w zakresie od 0.83 do
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0.87 V vs RHE. Najwyzsza wartos¢ potencjatu poczatkowego, réwng 0.87 V vs RHE ma
probka 1F 800. Wartosci potencjalu poczatkowego dla drugiej serii otrzymanej z
udziatem chitozanu (2F _T) mieszczg si¢ w zakresie od 0.81 do 0.90 V vs RHE, a
najwyzszg wartos¢ odnotowano dla probki 2F 900, ktéora wynosi 0.9 V vs RHE. Na
podstawie analizy krzywych LSV zmierzonych przy réznych predkosciach w zakresie od
800 do 2800 obr./min oraz wykorzystujac rownania i krzywe K-L, okreslono liczbe
elektronéw zaangazowanych w reakcj¢ ORR i przedstawino w Tabeli 7. Obecno$¢
czwartorzedowych grup azotowych oraz przewaga grup pirydynowych wplyneta na
aktywno$¢ katalityczng otrzymanych materiatow w reakcji redukcji tlenu w roztworze
alkalicznym. Nalezy podkresli¢, ze uzyskano materiaty elektrodowe o bardzo wysokich

wartosciach i potwierdzajacych czteroelektronowsg redukcje¢ tlenu w reakcji ORR.

Tabela 7. Liczba przeniesionych elektronéw w reakcji ORR w 0.1 mol L KOH dla
probek z serii 1F_T oraz 2F_T oraz Pt/C.

Liczba przeniesionych elektronéow w

Katalizator
reakcji ORR (n)

Pt/C 4.00
1F_600 3.16
1F_700 3.88
1F_800 3.84
1F_900 3.44
2F_600 3.19
2F 700 3.45
2F 800 3.99
2F 900 3.43

Podsumowanie

W odpowiedzi na postawiong hipoteze badawczg, iz zastosowanie modyfikacji
struktury grafenowej poprzez wykorzystanie templatu twardego (Na2COz) powoduje
rozwinigcie struktury materiatow weglowych, w potaczeniu ze wzbogaceniem struktury
grafenowej atomami azotu (naturalne nosniki zelatyna i chitozan), przyczynia si¢ do

poprawy witasciwosci katalitycznych otrzymanych materiatow weglowych. Mozliwe jest
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ich zastosowanie jako materiatow elektrodowych dla reakcji ORR. W szczegdlnosci

ustalono, ze:

— w zaproponowanej metodzie modyfikacji grafenu istotng role odgrywato dodatkowe
wykorzystanie drozdzy oraz H20., ktére ostatecznie wptyneto na utworzenie
piankowych struktur grafenowych;

— wprowadzono skutecznie atomy azotu za pomocg haturalnych no$nikow (zelatyny i
chitozanu) na poziomie 2.8 — 3.8% at. Biorgc pod uwagg rowniez aspekt ekonomiczny,
materiaty weglowe bez metali cigzkich w strukturze, skutecznie eliminujg koniecznos¢
wprowadzenia dodatkowych etapow utylizacji,

— wyniki testow elektrochemicznych wskazuja na czteroelektronowy mechanizm
redukcji czgsteczki tlenu (w roztworze alkalicznym). Wprowadzone azotowe grupy
funkcyjne znaczaco wpltywaja na wlasciwosci elektrochemiczne zblizajac dziatanie

otrzymanych elektrokatalizatorow do elektrod na bazie platyny.
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3.1.4. Materialy elektrodowe na bazie sacharozy — badanie wplywu aktywatora
H3POs4 oraz chitozanu na modyfikacje struktury oraz wlasciwosci

elektrodowe w superkondensatorach symetrycznych

Praca [D5] jest elementem weryfikacji omawianych juz wyzej hipotez badawczych.
W pracy tej zalozono, ze zwigkszenie porowatosci materiatu elektrodowego i
ukierunkowanie jego zdolnosci do magazynowania jondéw, mozliwe jest dzigki
zastosowaniu kwasu H3zPOs oraz chitozanu jako no$nika azotu. W zalozeniach
zaplanowana metoda bedzie miala korzystny wplyw na takie wlasciwosci jak
przewodnictwo elektryczne oraz pojemno$¢, szczegolnie istotne dla zastosowania W
superkondensatorach. Kwas ortofosforowy (V) znany jest jako tzw. aktywator
sprzyjajacy rozwojowi struktury porowatej w materiatach weglowych ze znacznym
udziatem mezoporow, ktore utatwiaja dyfuzje elektrolitu. Ogolny przebieg syntezy wraz
z nazwami probek przedstawiono na rysunku 11, synteze porowatych materiatow
weglowych przeprowadzono dla dwoch serii. W pierwszej serii do sacharozy dodano
nanoptatki grafenu i dobrze wymieszano. W drugiej serii do sacharozy dodawano
chitozan, uprzednio rozpuszczony w 1% roztworze CHzCOOH, a nast¢pnie Wymieszano.
Stosunek masowy reagentow sacharozy do chitozanu oraz sacharozy do grafenu wynosit
3:1 oraz 5:3, w nastepnym etapie dodano 3 lub 4.5 cm® H3POa. Otrzymane materialy

poddano procesowi karbonizacji prowadzonemu w temperaturze 900°C w atmosferze Na.

«(3:1) SGF-3:1
CICIEUR AN, (5:3) SGF-5:3

sacharoza

4
/

Podgrzewanie Karbonizacja
+H,PO, 3
y 7 (100-400°C) (900°C)

(@ sYivey<- oMl *(3:1) SCS-3:1
+ ¢(5:3) SCS-5:3

sacharoza

¢ = Chitozan rozpuszczony w 10ml,
1% CH,COOH

Rys. 11. Schemat syntezy struktur grafenowych otrzymanych z wykorzystaniem
sacharozy, chitozanu oraz grafenu.
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Nazwy probek odpowiadaly symbolom dla poszczegoélnych substratéw uzytych podczas
syntezy: mieszaning sacharozy (S) i chitozanu (CS) tacznie w nazwie oznaczono SCS,
mieszaning sacharozy (S) i grafenu (GF) tgcznie w nazwie oznaczono SGF. Stosunek
masowy (R) uzytych odczynnikow, S:CS i S:GF, wynosit 3:1 lub 5:3. Wobec
powyzszego otrzymane probki oznaczono SCS-R (SCS-3:1, SCS-5:3) i SGF-R (SGF-3:1,
SGF-5:3).

Na rysunku 12 przedstawiono obrazy SEM dla probek otrzymanych z sacharozy
z dwoma r6éznymi modyfikacjami, chitozanem (SCS-R) i grafenem (SGF-R). Obrazy dla
probek z serii SGF-R (rys. 12a, 12c) i probek z serii SCS-R (rys. 12b, 12d) wskazuja na
réznice w morfologii. Probki zawierajace w strukturze komercyjny grafen majg nieréwna,
chropowatg strukture, natomiast probki otrzymane z udzialem chitozanu maja gladka
strukturg. Dla probek posiadajacych bardziej gladkg powierzchnie odnotowano
nieznacznie nizsze pola powierzchni wiasciwej tj. poroéwnujac odpowiednio probki
SGF-3:1 (1111 m? g'Y) i SGF-5:3 (771 m? g!) z probkami SCS-3:1 (1313 m?g™?)
i SCS-5:3 (841 m? g1). Pole powierzchni wiasciwej (Sget) probek otrzymanych przy
stosunku wagowym reagentow 5:3 jest nizsze niz dla probek otrzymanych dla stosunku
reagentow 3:1 (Tabela 8). Wobec powyzszego stwierdzono, ze odpowiedni stosunek
reagentow (3:1) oraz odpowiednia zawartosci aktywatora (3 cm®) wplywaja korzystnie

na wzrost Sget otrzymanych materiatow weglowych.

Tabela 8. Sktad pierwiastkowy wegla, wodoru i azotu oraz pole powierzchni wlasciwe;j

Sget dla probek z serii SGF-R i SCS-R.

4 SeeT

Probka Zawartos¢ procentowa (% wag.) (M2 g

C H N

GR 87.32 0.90 0.72 750
SGF-3:1 90.18 0.71 0.60 1111
SCS-3:11  67.79 1.54 1.97 1313
SGF-5:3 79.72 1.13 0.30 771
SCS-5:3  62.49 1.97 2.13 841
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Rys. 12. Obrazy SEM dla probek: (a) SGF-3:1, (b) SCS-3:1, (c) SGF-5:3 oraz (d)
SCS-5:3.

Zastosowanie chitozanu przyczynito si¢ do otrzymania struktury weglowej
domieszkowanej atomami azotu, co potwierdzaja wyniki analizy elementarnej.
Zawarto$¢ procentowa azotu dla probek otrzymanych z wykorzystaniem chitozanu
wynosi 1.97% wag. dla probki SCS-3:1 1 2.13% wag. dla probki SCS-5:3, podczas gdy
zawarto$¢ azotu dla probek otrzymanych z grafenem znacznie spadta i wynosi zaledwie
0.6% wag. dla probki SGF-3:1 1 0.3% wag. dla probki SGF-5:3. Przyczyna niskiej
zawarto$ci azotu dla probek zawierajagcych grafen jest brak wykorzystania podczas
syntezy chitozanu. W celu ustalenia doktadnego sktadu pierwiastkowego oraz stanow
chemicznych atomow obecnych na powierzchni materiatéw weglowych wykorzystano
technik¢ XPS. Analizie poddano probki SGF-3:1 oraz SCS-3:1, a widma XPS
przedstawiono na rysunku 13 dla probki SCS-3:1, otrzymane wyniki potwierdzity
obecno$¢ azotowych grup funkcyjnych. Probka SGF-3:1 zawierala 0.9% at. azotu,
podczas gdy probka SCS-3:1 wykazuje wyzsza zawarto§¢ wynoszaca 2.1% at. Zatem,
potwierdzono, ze domieszkowanie prekursora fazy weglowej (sacharozy) chitozanem
(lub innym no$nikiem azotu) jest skutecznym sposobem regulacji zawartosci azotu w
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otrzymywanych materiatach weglowych. Widmo N1s dla probki domieszkowanej
azotem tj. SCS-3:1, zawiera jedno pasmo przy wartosci energii wigzania 400.7 eV
pochodzace od azotu czwartorzedowego (N-Q). Ponadto w otrzymanych probkach
zidentyfikowano obecnos$¢ niewielkiej ilosci fosforu. Widmo P2p (rys. 13d) potwierdza
obecno$¢ fosforu w grupach P—C i P—O, co odpowiada pasmom przy wartosciach energii
wigzania 133.5 eV i 134.3 eV. Otrzymane wyniki potwierdzajg, iz wykorzystanie kwasu
ortofosforowego (V) jako aktywatora, powoduje efekt uboczny w postaci tworzenia

wigzan fosforowych w formie grup estrowych czy polifosforanowych.

() (b)
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- C-0-C I 0-C=0
= C=C sp’ =
& c=0 = coc
> >
= =
g 0-C=0 E
T T T T T T T T
294 292 290 288 286 284 282 534 532 530 528
Binding energy (eV) Binding energy (eV)
(c) (d)
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& &
= =
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| |
U U
N N
= =
=] =]
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Rys. 13. Widma XPS o wysokiej rozdzielczosci: (a) Cls; (b) Ols, (c) N1s i (d) P2p dla
probki SCS-3:1.

Elektrochemiczna weryfikacja

Zbudowano laboratoryjny model symetrycznego superkondensatora do badania

otrzymywanych materiatoéw weglowych, ktérego schemat przedstawiono na rysunku 14.
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Rys. 14. Uktad do badan dla superkondensatora dwuelektrodowego.

Wiasciwosci  elektrochemiczne probek weglowych okre§lono na podstawie
przeprowadzonych badan elektrochemicznych. W tym celu przeprowadzono
szczegotowa charakteryzacj¢ otrzymanych materialdw za pomoca woltamperometrii
cyklicznej (CV), cykli galwanostatycznego tadowania i roztadowania (GCD) oraz
spektroskopii impedancyjnej (EIS) dla uktadu dwuelektrodowego. Szczegdtowy opis
przygotowania elektrod do pomiaréw elektrochemicznych zamieszczony jest w
pracy [D5]. Badania elektrochemiczne przeprowadzono w wodnym roztworze elektrolitu
6 mol L' KOH. Ladowanie/roztadowanie przeprowadzono przy réznych gestosciach
pradu z zakresu od 0.1 do 1 mA g ~*. Impedancje elektrochemiczng mierzono w zakresie
czestotliwosci od 107 do 10° Hz, amplituda wynosita 10 mV. Pojemno$¢ wiasciwa Cs
(Fg!) (Réwnanie 1), gestosé energii E (Wh kg ) (Réwnanie 2) i gestos¢ mocy P

(W kg 1) (Réwnanie 3) zostaty obliczone na podstawie nastepujacych rownan:

Cs =1x At/(m x AV) (1)
E = (C x AV2)/(8*3.6) )
P = (E x 3600)/At 3)

gdzie: | to prad tadowania i roztadowania (A), 4t to czas roztadowania (s), 47 to zmiana
potencjatu w czasie roztadowania (V), m to Srednia catkowita masa materialéw
aktywnych w obu elektrodach.

Prostokatny ksztatt krzywej CV widoczny na rysunku 15 sugeruje szybka
reorganizacj¢ podwojne] warstwy elektrycznej przy przetaczanych potencjatach i
swiadczy o szybkim transporcie jonow, zapewniany przez idealny mechanizm
magazynowania tadunku dla elektrostatycznych superkondensatorow dwuwarstwowych,
EDLC.
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Rys. 15. Testy wydajnosci elektrochemicznej przeprowadzone dla probek SCS-3:1 i
SGF-3:1: (a, b) krzywe CV zmierzone przy réznych szybkosciach skanowania w zakresie
od 5 do 100 mV s?; (c, d) krzywe galwanostatyczne tadowania/roztadowania (GCD)

zmierzone przy réznym obcigzeniu pradowym z zakresu od 0.1 mA gt do 1 mA gt

Prostokatny ksztalt krzywych zaobserwowano zarowno dla elektrody SCS-3:1, jak i
SGF-3:1, co sugeruje idealne zachowanie pojemnosciowe (rys. 15a, 15b). Dla probki
SCS-3:1 ksztalt krzywych CV otrzymanych przy réznych szybko$ciach skanowania
mierzonych w uktadzie dwuelektrodowym jest prostokatny. Kluczowsa rolg w okreslaniu
pojemno$ci wilasciwej odgrywa powierzchnia wilasciwa i porowatos¢ otrzymanych
materiatdw w szczegdlnosci wielko$¢ porow powinna by¢ wigksza niz jony elektrolitu.
Probki o najwyzszym polu powierzchni posiadaja najwyzsza obje¢to$¢ mikropordw,
réwnoczesnie probki te powinny charakteryzowac si¢ najwigksza pojemnoscia wtasciwag
1 najnizsza rezystancja, co zostato potwierdzone na podstawie otrzymanych wynikow.

Pojemnos¢ wilasciwg (Cs) obliczono przy wuzyciu krzywych roztadowania
galwanostatycznego (rys. 15c, 15d). Patrzac na krzywe tadowania i roztadowania probek
SCS-3:1 1 SGF-3:1, elektroda SCS-3:1 wykazuje najwigcksza pojemnos¢ wlasciwa. Przy
gestosci pradu 1 A g%, pojemnosé whasciwa wynosita 143 F gt dla elektrody SCS-3:1,
za$ przy gestosci pradu 2 A g%, pojemnosé whasciwa wynosita 107 F gt dla probki
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SGF-3:1 (rys. 16a, 16b). Zastosowany stosunek reagentow w probce SCS-3:1 korzystnie
wptynat na poprawe pojemnosci wtasciwej, poprzez interakcje otrzymanego materiatu z
anionami w elektrolicie alkalicznym. Porowata struktura otrzymanych materiatow
zapewnia wystarczajacg przestrzen dla elektrolitu 1 umozliwia transport jonow, a tym

samym poprawia wydajnos¢ superkondensatorow.
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Rys. 16. Testy wydajnosci elektrochemicznej prowadzone dla probek SCS-3:1 i SGF-
3:1: (a) pojemnos¢ wlasciwa w funkcji gestosci pradu, (b) pojemnos¢ wiasciwa w funkcji

liczby cykli, () pojemnos¢ wlasciwa w funkcji gestosci mocy, (d) krzywe Nyquista.

Pojemno$¢ wilasciwa podczas dlugotrwalych cykli tadowania/rozladowania
elektrody SGF-3:1 wzrasta od wartoéci poczatkowej do 104 F g~ w wyniku samoczynnej
aktywacji. Po 200 cyklach roztadowania obserwuje si¢ powolny spadek warto$ci
pojemnosci wlasciwej, niemniej jednak po 1000 cyklach pojemnos¢ wlasciwa pozostaje
na poziomie 97% (102%) retencji. Elektroda SCS-3:1 wykazuje pojemnos¢ wlasciwa,
ktora wraz ze zwiekszajaca sie iloscia cykli powoli wzrasta do 132 F g po 100 cyklach,
po czym nastepuje spadek wartoSci pojemnosci wilasciwej, rowniez do 97% (101%)
retencji po 1000 cyklach (rys. 16b). Na podstawie powyzszych danych wskazano, ze
mikroporowate elektrody weglowe na bazie sacharozy stosowane w superkondensatorach

majg dobrg stabilno$¢ i retencje pojemnosci. Na rysunku 16¢ przedstawiono wykres
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zaleznos$ci miedzy gestosciami energii, a gestosciami mocy, obliczone na podstawie

pomiaréw tadowania i roztadowania. Materialy otrzymane proponowang metoda

wykazuja przy gestosci mocy 2.8 KW kg™ dla probek SGF-3:1 oraz SCS-3:1, gestosé

energii wynoszaca odpowiednio 4.7 Wh kg i 6.2 Wh kg™.

Podsumowanie

W odpowiedzi na postawiong hipoteze badawcza, iz modyfikacja struktury poprzez

zwigkszenie porowatosci i aktywacja z zastosowaniem kwasu HsPO4 0raz chitozanu jako

no$nika azotowych grup funkcyjnych wptywa pozytywnie na wlasciwosci przewodzace

i pojemnos$ciowe do wykorzystania otrzymanych materialtow jako elektrod w

superkondensatorach, ustalono, ze:

kwas HsPOgs, jako aktywator skutecznie modyfikuje porowatg struktur¢ materiatow
weglowych. Najwyzsze pole powierzchni whasciwej odnotowano dla probek SGF-3:1
oraz SCS-3:1, dla ktorych Sger wynosi odpowiednio 1111 m?g? oraz 1313 m?g™.
Wszystkie otrzymane materialy posiadajg porowata strukture, a zastosowanie
chitozanu wplyneto korzystnie na polepszenie wlasciwosci elektrodowych.
zaproponowane modyfikacje poprzez zastosowanie chitozanu jako nosnika azotu,
pozwolity na osiaggnig¢cie wysokiej zawartosci azotu rownej 2.1% at. dla probki SCS-
3:1, ponadto wykazano obecno$¢ azotu czwartorzgdowego (N-Q).

poprzez testy elektrochemiczne okreslono parametry pojemnosci wilasciwej, ktore
byly zadowalajgce dla tego typu materiatdow. Dla elektrody otrzymanej z
wykorzystaniem chitozanu SCS-3:1, pojemno$¢ wlasciwa wynosita 143 F g%, przy
gestosci pradu 1 A gt za$ dla probki otrzymanej z wykorzystaniem grafenu SGF-3:1,
pojemnos¢ wlasciwa wynosita 107 F g% przy gestosci pradu rownej 2 A g,

wyniki przeprowadzonych testow elektrochemicznych pozwolity na wytypowanie
najkorzystniejszego stosunku reagentow sacharozy do chitozanu lub grafenu, ktory
wynosit 3:1, ostatecznie ma on wplyw na wilasciwosci pojemnosciowe, catkowitg
zawarto$¢ azotu oraz na trwatos¢ 1 wydajnos$¢ w cyklach tadowania i1 roztadowania dla
badanych superkondensatorow. Stwierdzono wysoka stabilno$¢ po 1000 cykli
fadowania/roztadowania dla materiatlow otrzymanych ze stosunkiem reagentow 3:1,
co pozwala na stwierdzenie, iz otrzymane materialy elektrodowe b¢dg mogly w

przysztosci zastapi¢ komercyjne materialy elektrodowe na bazie metali cigzkich.
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4. Podsumowanie i wnioski

Wyniki badan przeprowadzonych w ramach niniejszej rozprawy doktorskiej pozwolity

na przygotowanie podsumowania oraz wysunigcie nastepujacych wnioskow:

1. Modyfikacja struktury przyczyniajaca si¢ do rozwinigcia porowatosci mozliwa jest
dzigki wykorzystaniu odpowiednio dobranych modyfikatorow (zelatyna, chitozan),
templatow (CaCOs, Na2COz3), a takze aktywatora (HsPOs). Stosujac odpowiednie
parametry syntezy, odpowiedni czas utrzymania w reaktorze mikrofalowym,
odpowiedni dobdr rozpuszczalnikow czy zastosowanie wysokiej temperatury
karbonizacji (600-900°C) mozliwe jest korzystne przeksztalcenie struktury i
dostosowanie odpowiedniej ilosci warstw grafenowych, rozmiaru poréw oraz
zwigkszenie pola powierzchni wlasciwe;j.

2. Wozbogacenie struktury weglowej poprzez zastosowanie odpowiednich no$nikow
azotu (zielone algi morskie, zelatyna, chitozan, azodikarbonamid) przyczynia si¢ do
wprowadzenia do struktur weglowych azotowych grup funkcyjnych zawierajacych:
azot pirydynowy (N-6), azot pirolowy (N-5), azot czwartorzedowy (N-Q) oraz azot
pirydynowy N-tlenku (N-X). Polaczenie wihasciwego doboru nosnika azotu oraz
rozwinigcia parametroOw strukturalnych materialu weglowego sprzyja tworzeniu
azotowych grup funkcyjnych, ktorych obecnos¢ wplywa korzystnie na aktywnosc
katalityczng w reakcji ORR oraz zdolno$¢ do tworzenia warstwy podwojnej o
znacznej pojemnosci elektryczne;j.

3. Elektrochemiczna weryfikacja otrzymanych materiatow weglowych stosowanych
jako elektrody w reakcji ORR i superkondensatorach potwierdzita mozliwosci
aplikacyjne badanych materiatow. Zastosowanie odpowiednich metod syntezy oraz
surowcow powoduje, ze otrzymane weglowe katalizatory w reakcji ORR wykazuja
zdolnos$¢ do czteroelektronowej reakcji redukcji tlenu, pomimo braku platyny w ich
sktadzie. Podobnie, mozna wytworzy¢ weglowe materiaty elektrodowe przydatne do
budowy superkondensatorow (EDLC), ktorych walory aplikacyjne wynikaja z
parametrow strukturalnych (pole powierzchni wtasciwej, struktura porowata) jak i

obecnosci azotowych grup funkcyjnych.
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5. Publikacje naukowe wchodzace w sklad rozprawy doktorskiej

[D1] M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, Successful Manufacturing Protocols
of N-Rich Carbon Electrodes Ensuring High ORR Activity: A Review, Processes, 2022,
10(4), 643; https://doi.org/10.3390/pr10040643 (IF=3.5, MEiN=70)

Ponizszy artykut naukowy stanowi przeglad literaturowy dotyczacy materiatow
domieszkowanych azotem do zastosowan jako materiaty katalityczne w reakcji redukcji
tlenu. W pracy krotko wyjasniono mechanizm redukcji tlenu w $rodowisku zasadowym i
kwasnym. Przedstawiono zestawienie technik syntezy materiatow weglowych m.in.
materiatow na bazie grafenu, nanorurek weglowych, porowatych materiatdéw weglowych
naturalnego pochodzenia, a takze nanowlokien grafenowych. Wiele doniesien
literaturowych skupia swoja uwage na metodach chemicznego osadzania z fazy gazowej
(ang. chemical vapor deposition, CVD), ktora jest jedng ze skutecznych metod
otrzymywania czystego grafenu, niemniej jednak uwzgledniajac aspekt ekonomiczny
metoda ta nie jest wystarczajgco wydajna do produkcji na skale przemystowa. Ponadto w
zaprezentowanym artykule przedstawiano réwniez metody, ktore maja potencjat do
komercjalizacji i produkcji na duza skalg. Potencjat taki wykazuje m.in. potaczenie
dwoch metod hydrotermalnej oraz pirolizy, ktére za sprawg niewielkich modyfikacji,
zmian zrodla wegla 1 azotu, a takze odpowiednio dobranych temperatur procesu moga
przyczyni¢ si¢ do otrzymywania materiatbw o wiasciwosciach porownywalnych z
komercyjnymi katalizatorami na bazie metali cigzkich. W przedstawionym przegladzie
literaturowym opisano réwniez hipotezy dotyczace bezposredniego wpltywu na
aktywnos$¢ katalityczng azotowych grup funkcyjnych (N-5, N-6, N-Q). Jednakze nalezy
pamigtac, ze wszystkie te grupy majg wplyw na wiasciwosci katalityczne w reakcji ORR
lecz z réoznym skutkiem. Grupy pirydynowe odpowiadaja za wzrost potencjatu
poczatkowego podczas gdy azot czwartorzgdowy wpltywa na graniczng gesto$¢ pradu,
dlatego tez poprzez zmiang¢ ich zawartosci, mozliwa jest kontrola aktywnos$ci
katalitycznej. Ponadto, wiasciwosci strukturalne i morfologia probki, odgrywaja
posrednig role w zmianie wlasciwosci katalitycznych, ktore moga utatwic¢ badz utrudnic
dostep do miejsc aktywnych. Podsumowujac, wykazano, ze wysoka wydajnos¢
elektrokatalizatorow na bazie wegla zalezy od odpowiedniej korelacji pomiedzy
przewodnictwem elektronéw, powierzchnig wiasciwa, a zawartoscig azotowych grup

funkcyjnych.
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Abstract: The exploration and development of different carbon nanomaterials happening over the
past years have established carbon electrodes as an important electrocatalyst for oxygen reduction
reaction. Metal-free catalysts are especially promising potential alternatives for replacing Pt-based
catalysts. This article describes recent advances and challenges in the three main synthesis manners
(i.e., pyrolysis, hydrothermal method, and chemical vapor deposition) as effective methods for
the production of metal-free carbon-based catalysts. To improve the catalytic activity, heteroatom
doping the structure of graphene, carbon nanotubes, porous carbons, and carbon nanofibers is
important and makes them a prospective candidate for commercial applications. Special attention is
paid to providing an overview on the recent major works about nitrogen-doped carbon electrodes
with various concentrations and chemical environments of the heteroatom active sites. A detailed
discussion and summary of catalytic properties in aqueous electrolytes is given for graphene and
porous carbon-based catalysts in particular, including recent studies performed in the authors’
research group. Finally, we discuss pathways and development opportunities approaching the
practical use of mainly graphene-based catalysts for metal-air batteries and fuel cells.

Keywords: heteroatom doping; carbon-based nanostructure; doped graphene; oxygen reduction
reaction; air electrode; metal-free electrocatalysts

1. Introduction

In recent years, the technological revolution has been based predominantly on new
materials with specific properties that could become alternatives to uneconomic and envi-
ronmentally unfriendly materials. The search for new electrode materials can be ascribed
to this trend; it is one of the key issues that need to be resolved regarding the construction
of effective novel devices for energy storage and /or generation. The elimination of noble
metals from electrodes is commonly seen as an essential technological problem to be solved
in the upcoming years.

The oxygen reduction reaction (ORR) plays a vital role in those energy storage de-
vices, such as fuel cells and metal-air batteries, whose high energy density makes them
promising solutions [1-5]. Diverse forms of carbon materials, primarily graphene, carbon
nanotubes (CNTs), amorphous carbon, and carbon nanofibers, are summarized in this
paper and have been studied intensively regarding their effectiveness as electrocatalysts
for ORR [6]. Carbon structures are doped with heteroatoms (e.g., boron, nitrogen, sul-
fur, or phosphorus) [7-10] to enhance the materials’ catalytic activity. Despite extensive
knowledge of the excellent activity of heteroatom-doped carbon materials in the oxygen
reduction reaction, their mechanism and the function they play in ORR are still under
investigation. Theoretical studies and experimental works on nitrogen-doped graphene
structures consistently demonstrate promising catalytic properties that could lead such

Processes 2022, 10, 643. https:/ /doi.org/10.3390/pr10040643

https:/ /www.mdpi.com/journal / processes

51



Processes 2022, 10, 643

20f35

modified materials to successfully replace platinum-based carbon catalysts. The frequently
discussed substitution of carbon atoms at the edge of the graphene sheet by nitrogen gives
an incomplete picture of the doping mechanism and function. Recently, experimental
results have brought new insights into this topic. In the case of graphene, it has been shown
that doping with nitrogen atoms causes the formation of nitrogen functional groups, not
only at the edges of graphene sheets, but also built into the structure, forming pyrrolic
nitrogen (N-5), pyridinic nitrogen (N-6), and graphitic nitrogen (N-Q) [11]. Thus, many
problems remain to be solved [12] in the area of carbon material applicability to ORR. Due
to the low catalytic activity of carbon materials in acidic solutions, further design and
fabrication of new materials to be used in energy storage devices is required.

Insertion of nitrogen atoms onto the surface of graphene materials can also lead to
the formation of defects, for instance, at the edges of carbon tubes and graphene planes.
Another set of effects may occur upon carbonization at high temperatures, which in general
increases the level of graphitization and defect dissolution. These two counter-structural
effects may in parallel contribute to the change of velocity and the quantity of ORR active
sites, resulting in either improvement or decay of catalytic activity in ORR. It has been
proven that defects of different sorts often have significant effects on the mechanism of
ORR in an alkaline medium, while an analogous effect in an acidic medium is observed
less intensively [13]. It has been suggested that a higher heteroatom content level results
in an increased amount of defects in the structure and contributes to improved catalytic
activity [14]. Nevertheless, it is a fact that a nitrogen atom in the graphene structure couples
its electron pairs together with a carbon of sp® hybridization in the 7 system. The N-6
groups located in the hexahedral carbon ring are incapable of donating an electron to the
delocalized 7 aromatic system. Conversely, N-Q groups built into the carbon atom site in
the graphene plane are capable of donating an electron to the delocalized 7 structure [15].
Such doping is crucial for ORR improvement, since the 7 electrons in the hexagonal carbon
rings hardly participate in the processes comprising the whole oxygen reduction reaction.
Therefore, the added electrons coming from the nitrogen atom result in a higher energy
density, increasing the energy level in the highest level of the carbon molecular orbital.
Following the same mechanism, heteroatom dopants that exhibit an electron deficit, such
as the boron atom, seek additional electrons and thus couple their orbitals in the carbon 7t
system. Still, the problem of the most active sites is unclear. The four-electron reduction of
oxygen is attributed to N-pyridine functional groups by some, while others attribute this
ability to N-Q groups or the presence of both groups in the structure [16-18]. However,
what researchers agree on is the hypothesis that the nitrogen atom affects the carbon
structure, thus inducing the ability to adsorb oxygen molecules from the air by breaking the
double bond in the O; molecule [19]. While H;O molecules are produced during oxygen
reduction, it is most beneficial when the electrode is hydrophobic. This avoids flooding
of the electrode, which would result in blocking newly diffused oxygen molecules. The
introduction of nitrogen into the structure nullifies the hydrophobic properties due to,
among other things, the fact that the pretreatment of carbonaceous materials takes place
with, for example, nitric acid (HNO3), which effectively contributes to the deterioration
of the catalytic activity in ORR [20,21]. During the synthesis of doped carbon structures,
coassembly of oxygen groups and heteroatom groups can occur, thereby producing a
defective structure and reducing the hydrophobic properties of the final material. In
addition, if the electrode is devoid of these properties, the electrolyte in which the test is
being conducted itself can be impaired, reducing the wettability of the electrode material.
As a result, electrodes have a short lifetime.

Electrocatalytic activity is affected not only by the amount of nitrogen functional
groups, but also by the type (pyridinic, graphitic, or pyrrolic nitrogen) of groups present
in the structure. Nevertheless, a correlation between the percentage nitrogen content and
the final catalytic activity of the materials obtained is evident. As the level of nitrogen
percentage increases, the catalytic activity in ORR also increases. However, it is argued
that pyridinic nitrogen and graphitic nitrogen lead to an increased catalytic activity in
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the oxygen reduction reaction that bypasses the pyrrolic-nitrogen functional group. Even
at the very introduction of nitrogen into the carbon structure of sp?, it may be found
that nitrogen changes the electronic properties of the carbon atoms due to the higher
electronegativity of the introduced element. This change in structure, not only electron
but also geometric, increases the adsorption of oxygen molecules and makes it easier to
break the bond between two oxygen atoms in an O, molecule. As it may turn out, it is
not entirely clear which nitrogen functional groups have a direct effect on catalytic activity.
There are many factors that can hinder the interpretation and cause confusing hypotheses;
for example, a defective structure and graphitization of carbon materials can also favorably
affect the electrochemical properties in ORR [16]. The exact role of the action of N-6 and
N-Q groups was attributed by Dai et al. [22], suggesting that the higher is the amount of
N-6 groups, the greater it affects the increase in the initial potential, while N-Q groups
affect the limiting current density in the oxygen reduction reaction. Therefore, an increased
amount of these functional groups will favorably influence the final catalytic properties
and the value of electrons transferred. This point is also not clear. In the pyridine nitrogen
groups, which are built into the six-membered ring at the edges of the carbon structure,
alkaline media can catalyze in the disproportionation of peroxide ions produced during the
oxygen reduction reaction [23]. N-6 groups, due to their position, are able to donate one
electron-p to the p-system in the carbon structure layers. In contrast, N-Q bonded to three
neighboring atoms has the ability, due to its similar configuration with carbon, to donate
electrons to the n-system [19], as shown in Figure 1.
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Figure 1. (a—c) Types of bonding between nitrogen and carbon configurations existing in the carbon
materials: N-Q, N-6, and N-5. (d—f) A scheme of the doped atom electronic structure. Indication:
* antibonding molecular orbital. Adapted from [19], with permission from Carbon, 2017.

The oxygen reduction reaction is a key reaction occurring at the cathode of certain
energy storage devices (metal-air batteries and fuel cells), and as such is a crucial limiting
factor that influences their performance [24]. It is therefore of critical importance to develop
electrode materials that are highly stable and effective in ORR in both acidic and basic
environments. Alkaline media is usually used, as acidic electrolytes can corrode the
anodes in metal-air batteries, though this is also not without disadvantages [25]. In
metal-air batteries, the charging and discharging processes are similar to those in fuel
cells, and the metal ions are contained in the electrolyte. The oxygen reduction reaction
occurring at the cathode can most generally be represented by several steps that occur
in aqueous electrolytes: (a) oxygen molecules from the air adsorb and diffuse on the
surface of the electrocatalyst; (b) electrons coming from the anode electrode are transported
to the adsorbed oxygen molecules; (c) under the influence of electrons, a weakening of
the bond occurs and thus the O=0 bond is cleaved; (d) finally, OH ™ ions that had been
formed in the electrolyte are removed [25-27]. ORR can follow a more efficient one-step
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pathway and exhibit a four-electron reduction of oxygen to OH ™ ions (in alkaline medium,
Equation (1)) or to H>O (in acidic medium, Equation (2)), or a less efficient two-electron
oxygen reduction pathway.

Oy +2H,0 +4e~ — 4OH ™ (alkaline medium) (1)

0y +4H" +4e~ — 2H,0 (acidic medium) )

For the two-electron oxygen reduction reaction, there is a two-step process with the
formation of H,O, intermediates, their reduction (Equations (3) and (5)), and chemical
disproportionation, which increases the reaction time and requires more energy; it is
necessary to minimalize this type of pathway because H,O, can be aggressive while
decomposing into free radicals. In both environments, the same intermediate product is
present, which needs to be reduced to OH™ (Equation (4)) or to H,O (Equation (6)), and
this does not necessarily occur in one active site. In an alkaline medium, the two-electron
oxygen reduction process proceeds as follows:

0z + H;0 + 2¢~ — HO; +OH™ ®)

HO, +HO +2e” — 30H™ 4)

In an acidic medium, the two-electron oxygen reduction reaction proceeds as follows:
O, +2H" +2¢~ — H,0, (5)

HyO; +2HT +2e~ — 2H,0 (6)

The oxygen evolution reaction is the reverse of the oxygen reduction reaction that
occurs in energy storage systems and devices. For the efficient operation of such devices, it
is important that the electrode materials exhibit high stability and activity in both reactions.
Slow kinetics in ORR and OER significantly reduce the performance of such devices. This
problem is therefore widely researched and developed to produce catalysts that are stable
in specific environments and also exhibit enhanced oxygen reduction and evolution activity
for efficient reactions [28]. Researchers are looking for bifunctional catalysts that have the
advantageous properties of both oxygen reduction and oxygen evolution simultaneously.

In this paper, we mainly focus on the recent achievements and critical issues affecting
the field of metal-free carbon-based electrocatalysts for the oxygen reduction reaction
and strategies of enhancing catalytic activity. We paid attention to nitrogen or codoped
carbon nanostructures and the correlation between ORR activity and surface properties of
the carbon nanomaterials. Finally, we offer personal perspectives and identify the main
challenges that need to be addressed.

2. Metal-Free Cathode Electrocatalysts for Oxygen Reduction Reaction
2.1. Graphene-Based Electrocatalysts

The attention of scientists has recently been drawn to the rapid development of
technology and thus the continuous demand for energy carriers, in particular electronic
devices, electric vehicles, portable energy storage devices including lithium-ion batteries,
fuel cells, and metal-air. Despite the existing vast knowledge and numerous publications
reporting on the progress of research and development of the materials from which these
devices are built, there are still various problems preventing the commercialization of
many electrode materials [29,30]. The growing awareness of environmental protection
demands the use of catalysts that are environmentally friendly as well as cheap and easy to
recycle. In recent years, Zn-air-type batteries have gained particular interest. The Zn-air
batteries that are to replace classical lead-acid and lithium-ion batteries demonstrate low
production cost, high energy density, and specific capacity at low weight [31]. Researchers
are continuously developing original solutions for electrode materials with high energy
density, high current capacity, and safety in production and use. In order to meet these
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needs, it is important to develop new methods of obtaining these materials that will
successfully replace those commercially available. The current state of knowledge confirms
the uniqueness of graphene and graphene-based materials. As it is known, graphene is
a material with a two-dimensional (2D) structure [32]; its thickness is the size of a single
atom, so it has great potential in nanotechnology. The first synthesis was based on a
simple method of peeling off layers of graphite using adhesive tape to obtain a single
sheet of evenly spaced carbon atoms in the shape of a honeycomb [33]. Materials based
on graphene exhibit very favorable traits; even a small amount of graphene results in
high mechanical and thermal stability due to its unique mechanical properties (thermal
conductivity is in the range of 3000-5000 WmK !, while tensile strength is 42 Nm~ 1) [34].
A small graphene addition affects the properties of the final product; therefore, graphene
is used as a composite material or electrode material to improve its catalytic properties.
The activity of pristine graphene is not high compared with commercial platinum-based
electrode materials [35]. Researchers are trying to find optimal conditions for the simplest
possible one-step method of obtaining heteroatom-doped graphene materials. They try to
improve the electrochemical properties by modifying the structure, not only by introducing
heteroatoms into the graphene structure, but by using transition metal oxides and/or
transition metal molecules or polymers [36,37]. A noteworthy solution for improving the
catalytic activity is the use of graphene derivatives, such as heteroatom-doped graphene
quantum dots showing improved activity of electrode materials not only in ORR but also in
the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) as compared
with commercial electrode materials (e.g., Pt/C) [38,39]. Heteroatom-doped quantum
dots are generally used to achieve a synergistic effect, which results in an increase in
catalytic activity due to numerous active sites, such as defects, quasiparticles, or interfaces.
The observed superb ORR performance was attributed to the charge transfer between
graphene quantum dots (GQDs) and graphene nanoribbon components in tight contact,
along with the numerous surface/edge defects. The heterogeneous electron transfer rate
can be accelerated by increasing the density of electronic states, relating to the amount of
edge defects [40]. The introduction of heteroatoms into the carbon structure causes defects
in the structure that supports active sites as well as electrolyte penetration, which allows
oxygen better access to the structure [41]. The structure of quantum dots resembles single-
or few-layer graphene due to the precursor used in production, which is usually graphene,
graphene oxide (GO), or compounds with benzene structures [42]. Heteroatom-doped
graphene quantum dots can be used in combination with not only carbon material, such
as graphene or carbon nanotubes, but also graphene nanowires to increase the catalytic
activity of potential electrode materials [43].

This chapter specifically focuses on heteroatom-doped graphene materials and the
effect types of syntheses have on the doping of carbon ORR tures, which have a significant
impact on the catalytic properties in oxygen reduction reaction.

2.1.1. Synthesis of Nitrogen-Doped Graphene-Based Materials via Pyrolysis Method

An up-to-date literature review proves that graphene materials, graphene-based mate-
rials, and those with graphene-like structures are all attractive materials in terms of their
properties and wide applicability. The current state of knowledge assumes that there are
several ways of enriching carbon materials with nitrogen or other heteroatoms; neverthe-
less, nitrogen has the most positive effect on catalytic properties due to its similar atomic
size and similar electronegativity [44]. There are many raw materials rich in nitrogen or
other heteroatoms that, upon thermal treatment, are converted into specific functional
groups or volatile compounds that enhance catalytic activity. In order for specific atoms to
efficiently embed themselves into graphene structures during the carbonization process,
they need a favorable correlation with carbon before thermal treatment [45]. In our recent
scientific reports, we have been able to develop efficient nitrogen-doped graphene-based
electrode materials [46,47]. In one of the proposed synthesis methods, we used inexpensive
and environmentally friendly reagents [46], employing electroexfoliation in 1 M Na;SOy to
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obtain graphene sheets. Nitrogen doping of the obtained graphene structures was carried
out by pyrolysis in an inert gas flow, but first, the exfoliated graphene was mixed with a
nitrogen precursor, green algae (Chlorella vulgaris). The nitrogen content of the obtained
nitrogen-doped graphene was equal to 1.8-2.2% at. However, despite this low level, the
catalytic activity in the oxygen reduction reaction was comparable to the commercial Pt/C
catalysis with 20% wt. of Pt. The number of transferred electrons (n) in ORR was equal
to 3.78 for the sample carbonized at 800 “C. These materials were applied in practice in
a Zn—air battery. In these research studies, it has been shown that even a low nitrogen
content of less than 2% at. can already have a beneficial effect on the stability of the catalyst
during charging—discharging of a battery. The materials obtained do not require the use of
advanced recycling and are environmentally friendly as they do not contain heavy metals.
In another paper by Skorupska et al. [47], metal-free graphene foams were produced using
a microwave reactor and two different solvents, ethyl alcohol (EtOH) and dimethylfor-
mamide (DMF). Expanded graphite was used for the synthesis, while green algae (Chlorella
vulgaris) were used as a natural nitrogen precursor, which incorporated N-Q and N-5 func-
tional groups under high temperature. The calculated electron transfer number for the oxy-
gen reduction reaction was 3.46, while for the starting material itself, without the nitrogen
precursor, the value of n was 2. The methods developed so far have become an alternative
way to produce completely metal-free catalysts, which have similar catalytic properties,
with comparable potential for use as an electrode in metal-air batteries or fuel cells. As
reported in our scientific papers, as well as written about by Qin et al. [48], ORR activity is
influenced by the total content of N-6 and N-Q groups. Among other compounds, ammo-
nium acetate [49], urea [44,50], melamine [44,51], cyanamide [44] or dicyandiamide [52,53],
inorganic salts [44] such as ammonium chloride (NH4Cl), ammonium nitrate (NH;NO3),
ammonia gas [54], and polymers such as polypyrrole [55], polyaniline [56-58], triblock
copolymers of poly (ethylene oxide)—poly(propylene oxide)-poly (ethylene oxide) [59],
poly (sodium 4-styrenesulfonate), and poly (4-styrenesulfonic acid—comaleic acid) [60]
are used as carriers of nitrogen functional groups converted under high-temperature pro-
cesses. Quite unusual nitrogen precursors were used by Zhang et al. [61]. They designed a
doped carbon material with a graphene structure using three different precursors of nitro-
gen, 1,3-diaminobenzene, 2,6-diaminopyridine, and 5-aminouracil (Figure 2a), to test the
most beneficial nitrogen group configuration. Different configurations of these precursors
produce the appropriate combination of nitrogen functional groups in the obtained mate-
rials. In this case, the most beneficial for the oxygen reduction reaction were pyridinic-N
and graphitic-N functional groups with 5-aminouracil and 2,6-diaminopyridine used as
precursors. These materials exhibit the highest limiting current density in linear sweep
voltammetry (LSV), and the onset potential is more positive than other nitrogen groups’
configurations (Figure 2b). The most advantageous configuration for N-doped graphene
(N/C-Np + Ng) of the four-electron oxygen reduction reaction is a combination of N-6
and N-Q groups along with N-Q predominating. However, there is no clear statement
as to which acts as the most advantageous in this group. Lu et al. [62] showed that the
total nitrogen content is not as important in catalytic activity as the corresponding nitrogen
groups, here N-6. The use of GO and urea compounds during pyrolysis in a temperature
range of 200 to 900 °C occurs at a level between 12.41% at. and 3.36% at. of nitrogen,
respectively. Even small amounts of nitrogenous N-6 or N-Q functional groups, other
heteroatoms, and transition metals have a beneficial influence on the catalytic properties in
the oxygen reduction reaction. Increasing the nitrogen content can be achieved by using a
lower carbonization temperature; however, the carbon content becomes relatively low at
such temperatures [63,64].
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Figure 2. (a) Scheme of the synthesis process of precursor-modulated N-doped carbon materials;
(b) linear scanning voltammetry curves for obtained materials. Adapted from [61], with permission
from Electrochimica Acta, 2021.

Conversely, increasing the pyrolysis temperature increases the materials’ graphiti-
zation degree from about 75% to about 85%, causing their electrical conductivity to in-
crease [64,65]. This is the case not only for graphene materials, but generally for carbon
materials of various origins. Additionally, Kabir et al. confirmed, by using the density
functional theory (DFT) theoretical methods, that temperature has a significant influence on
the formation of nitrogen functional groups [66,67]. They additionally put forward the hy-
pothesis that 850 °C is the optimal temperature for the formation of an adequate amount of
pyrrolic-N and pyridinic-N functional groups, with a ratio of 0.45, which increases current
density in alkaline and acidic media, along with a proper correlation of the starting material
and nitrogen precursor [68]. Nevertheless, an obstacle that can be encountered in the
preparation of nitrogen-doped graphene materials is their structure. The pore system based
on micro- and, mainly, mesopores increases oxygen access to active sites in the structure
from air. As follows, surface area is important in the oxygen reduction reaction. However,
in the pyrolysis process, a graphene structure has low crystallinity and tends to collapse
and exhibit a low specific surface area. Therefore, the use of additional templates (silica or
carbonate minerals (Na;COj3, CaCO3)) causes an increase in the specific surface area [69,70].
Generally, the use of activators, such as KOH and NHj gas, is dangerous to the installation
and increases the risk of damage, which in turn may cause an increase in security measures,
which have a direct impact on the final production costs [63]. Table 1 summarizes the ORR
activity of nitrogen-doped graphene synthesized via the pyrolysis method.

Table 1. Summary of nitrogen-doped graphene obtained via the pyrolysis method as an electrocatalyst
for ORR.

Type of Sample Lrecursorior Frecursor of Sger ! (m? g—1) Electrolyte Heteroaton "ls':::\:foel:' Ref.
Grap I Content Nimber

N-graphene GO? PDA? 62.6 0.1 M KOH nd.* 3.98 [8]
N-graphene GO BMIM BF, 5 nd. 0.1 M KOH 4.9-7.2% at. 3.19 [11]
N-graphene GO Melamine 1599 0.1 M KOH 2.8% at. 29 [36]
N-graphene GO PDA 185 0.1 M KOH 3.20% at. 3.98 [37]
N-graphene Graphite Chlorella vulgaris nd. 0.1 M KOH 1.6-2.2% at. 3.17-3.78 [46]
N-graphene Expanded graphite Chlorella vulgaris nd. 0.1 M KOH 0.10-2.44% at. 2.55-3.46 [47]
N-graphene PG* NH; (AC) 364.5 0.1 M KOH nd. 344 [49]
N-graphene GO urea n.d. 0.1 M KOH 7.86% at. 3.64 [50]
N-graphene GO Dicyandiamide 670 OIMROH/ 5.07% at. >3.9 [52]
grap Y 0.1 M HCIO, Sk : =
N-graphene GO NH;3 816 0.1 M KOH 2.4-4.6% at. ~2.75-3.25 [54]
N-graphene GO Urea 3.1543 0.1 M KOH 3.46-6.65% at. 3.92 [62
N-graphene GO Urea nd. 0.1 M KOH 8.59-20.59% at. 23-2 [64]
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Table 1. Cont.
Precursor of Precursor of Heteroatom Electron
1 g2
Type of Sample ik H o) Sger ! (m* g~ 1) Electrolyte Cotent Transfer Ref.
P Number
N-graphene Graphene ADC7 533-657 0.1 M KOH 0.7-2.7% at. 3.044 [70]
nanoplatelets
PDA/ N-4.1% at. ?
N,S-graphene GO 2-mercaptoethanol 273.0 0.1 M KOH $-6.1% at. 3.52 [8]
o N-1.02% at. .
N,S-graphene GO Cysteine n.d. 0.1 M KOH 5-1.32% at. 347-3.72 [45]
Boric N-6.45% at.
B,N,P-graphene GO acid/cyanamide/ 443.0 (()) ]1 r\l\/;l '58[%/ B-9.98% at. 35 [69]
phenylphosphine & 4 P-0.6% at.

! Sper—the specific surface area determined by the Brunauer-Emmett-Teller equation; 2 GO—graphene oxide;
3 PDA—polydopamine; * n.d.—not determined; > BMIM BF;_1-butyl-3-methylimidazolium tetrafluoroborate;
© PG—porous graphene; 7 ADC—azodicarbonamide.

2.1.2. Synthesis of Nitrogen-Doped Graphene-Based Materials via
Hydro(Solvo)Thermal Method

Another very promising method of obtaining heteroatom-doped materials is the
hydrothermal method. It is usually used in combination with pyrolysis to obtain reduced
graphene oxide as a matrix for the introduction of other atoms, which would favorably
influence the structure and electrochemical properties. The hydrothermal method involves
introducing graphene materials such as GO or a carbon precursor, dopant atoms, and/or
templates plus additives into a pressure vessel, usually made of Teflon, and then prolonged
heating at about 100 to 210 “C for at least several hours, thereby creating a vacuum in the
reaction vessel. A schematic of the hydro(solvo)thermal process is presented in Figure 3.

GRAPHENE  popANT ATOMS TEMPLATE(S)

MATERIALS ADDITIVE(S)

PRESSURE
VESSEL

MICROWAVE ‘MICRO\VAVE
- =

o

Figure 3. Schematic of stainless-steel autoclave and Teflon pressure vessel used for hydro(solvo)ther-
mal synthesis.

In 2015, Zhou et al. [52] used synthesized graphene oxide to introduce nitrogen atoms
into its structure using dicyandiamide. A hard template, silica with a particle size of about
7 nm, and FeCl, x 4 H,O were used as the separator and the reaction catalyst, respectively.
They obtained graphene foam using hydrothermal treatment and stable material through
pyrolysis at 900 °C in nitrogen flow for 1 h. The material was pyrolyzed twice. They
demonstrated in this paper that the use of nitrogen doping and a transition metal at the same
time effectively enhances the activity of the active sites, being advantageous in the oxygen
reduction reaction in both alkaline and acidic media. They attribute high ORR activity to
the mesoporous structure, which affects the rate of electrolithium flow, and the nitrogen
functional groups (N-6 and N-Q), which are involved in the ORR reaction mechanism.
Typically, researchers use a two-step synthesis of heteroatom-doped electrocatalysts: reduce
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graphene oxide via a hydrothermal method using toxic reagents (e.g., hydrazine [71]), and
then incorporate the heteroatoms permanently into the structure via pyrolysis [72] or apply
an annealing to stabilize and introduce heteroatoms into the structure [73]. Figure 4a—f
presents a scheme of the synthesis process, as well as a cross section of the structure
determined by scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and atomic force microscopy (AFM) methods.

a
g ‘
| 180 °C; 12h Freeze-drying
self-assembly Thermal treatment
NDG6s Aerogel
b R—
e a3omf

§

BET=443.2 mg"
Pore volume=3.43 cm’g"

§

5
|

Volume adsorbed / cm’ g" @
H

|

0.0 0.2 04 06 0.8 1.0
PIP,

!

Figure 4. (a) Scheme of sample synthesis. (b) SEM, (c) TEM, (d) HRTEM, (e) AFM image, (f) elemental

mapping images, and (g) N> adsorption-desorption isotherms of a representative sample. Adapted
from [72], with permission from ACS Energy Letters, 2018.

0.0 1. Height Sensor 50pm

An adsorption-desorption isotherm proving porosity is presented in Figure 4g. This
approach increases the cost of production, disposal, and time taken to fabricate electrode
materials. In their research work, Miao et al. [74] performed a two-step synthesis of
nitrogen-doped graphene. They showed that the specific surface area calculated by the
Brunauer-Emmett-Teller (BET) is not a factor for enhanced activity in ORR. The effect of
doping the graphene structure with heteroatoms is a decrease in the surface area. This is
due to the incorporation of other atoms in the pores and at the edges of the graphene layer,
thus causing a stronger defect in the structure, which in turn may have a positive effect
on ORR. Nevertheless, the higher the ratio of mesopores in the structure, the easier the
transport of oxygen and electrolyte in ORR [75].

Nonmetallic elements other than nitrogen (e.g., sulfur [76], phosphorus [77,78],
boron [79-81], and fluorine [79]) have also been introduced to obtain effective electro-
catalysts. The role sulfur plays in the oxygen reduction reaction can be attributed to the
generation of positive charge by causing a change in the electron structure of carbon atoms.
The produced sulfur-doped graphene materials show high electrocatalytic activity and sta-
bility in acidic and basic environments, making them environmentally friendly. Compared
with nitrogen, phosphorus has a greater ability to create defects in graphene structures, and
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in a different way, than nitrogen, due to its larger atomic size. Boron, on the other hand, has
a similar electron configuration (1s? 2s% 2p') with a difference of one valence atom relative
to carbon (1s? 25 2p?). The B-doped graphene structure does not observe significant
changes in the graphene lattice (C—C bonds) due to the slightly longer B-C bond [82]. The
most favorable choice of atoms involved in codoping is one of an element with higher
electronegativity and the other with a lower electronegativity than carbon (2.55) [83]. It
is possible to increase the performance of ORR by introducing doping; nevertheless, it
does not beat the performance of a platinum-based catalyst. Double and triple doping of
graphene with heteroatoms, such as N-S [75,84], N-B [80,83], N-P [85], B-P/BNP [86], or
N-S-P [87], is more advantageous, creating a synergistic effect. This effect increases the
catalytic activity of doped graphene materials to more than that of materials doped with a
single type of atom. There are also reports of triple doping with heteroatoms in different
configurations. Much information is provided by the work of Lin et al. [86] on doping
graphene using boron and phosphorus, followed by activation through NHj3, which also
increases the active sites in the graphene material. The carbon precursor in this work was
GO, while the B and P precursors were boron phosphate (BPQOy). All components were
subjected to a hydrothermal method. In this work, the transfer electrons for mono-, double-,
and triple-doping carbon materials were compared, and it was noted that the synergistic
effect between different heteroatoms, in this case B-N-P, can lead to enhanced catalytic
properties in ORR. For a catalyst to exhibit a four-electron oxygen reduction reaction, it
has to satisfy the premise that the more positive the cathodic potential of the ORR peak
and onset potential, the higher the kinetic limiting current, which may affect the final
interpretation of the ORR mechanism pathway. Zhao in 2018 [88] investigated the influence
of doping order with phosphorus atoms first and nitrogen atoms second on the final content
and type of nitrogen functional groups (schematic of synthesis, Figure 5a). They proved
experimentally and theoretically that this approach can significantly improve the catalytic
activity of N-doped carbon materials. The bonding of carbon with phosphorus can occur
outside the structure (externally) or be incorporated into the carbon structure (internally)
(Figure 5b). Due to C-P bonding in the external system, it is possible to decrease the energy
needed for the formation of C-N bond (graphite N), causing the content of N-Q functional
groups to increase. The situation is quite interesting, since the mechanism of graphite-N
formation at P-doped sites is theoretically presented. During nitrogen adsorption, the bond
between carbon and phosphorus elongates and weakens so that graphite P can be replaced
by graphite-N functional groups. Aside from codoping with heteroatoms only, codoping
with nitrogen and transition metal oxides or molecules is also popular. Wu et al. [89] ob-
tained three-dimensional (3D) structured graphene derived from nitrogen-doped graphene
oxide by introducing polypyrrole and iron acetate as an iron (11, IIII) oxide (Fe;O4) pre-
cursor into the reaction vessel. The resulting catalyst had a higher current density in
an alkaline medium, and its electron transfer exhibited a four-electron oxygen reduction
pathway. Heteroatom-doped catalysts are also used as support materials for platinum
or ruthenium metals, increasing their catalytic activity in oxygen reduction reactions in
different environments [90]. As it is well known, the hydrothermal method is characterized
by long synthesis times in order to efficiently dope with heteroatoms/transition metals
or obtain the desired structural effect. Consequently, Kim et al. [91] made a successful
attempt to speed up the hydrothermal synthesis by using microwaves, which effectively
and quickly heat up the reaction vessel quickly [92]. Table 2 summarizes the ORR activity
of nitrogen-doped graphene synthesized via the hydrothermal method.
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Figure 5. (a) Scheme of the synthesis of the N,P dual-doped OMCs; (b) scheme of the orientation
effect of the first doped P and then doped N: (I) outside, (II) inside, (III) self-sacrifice type. Adapted
from [88], with permission from the International Journal of Hydrogen Energy, 2018.

Table 2. Summary of nitrogen-doped graphene synthesized via the hydrothermal method as electro-
catalyst for ORR.

Precursor of Precursor of Electron
Type of Sample re 2if s Sger (m? g 1) Electrolyte Heteroatom Content Transfer Ref.
o = Number
. - 0.1 M KOH/ o
N-graphene GO Dicyandiamide 16.4-443.2 0.5M H,S0, 1.48-11.04% at. ~4 [72]
N-graphene CcCly ! Pyrrole 363.7-413.6 0.1 M KOH 2.8-2.9% at. 3.88-3.81 [73]
N-graphene GO Urea 177.6-280.4 0.1 M KOH 3.98-6.56% at. 3.27-3.89 [74]
N-graphene GO Urea 489-592 0.1 M KOH 7.6-7.8% wt. 2.62-3.11 [75]
N-graphene GO Urea 69 0.1 M KOH nd. 2 3.61 [79]
N-graphene GO NH; (gas) nd. 0.1 M KOH 2.8% at. 2.63 [83]
o N-16.57% at.
N,B-graphene GO NHjboric acid nd. 0.1 M KOH B-14.37% at. 397 [83]
} (NH4),B405 x N-4.25-4.43% at.
N,B-graphene GO 41,0 nd. 0.1 M KOH B-3.03-3.55% at. 3.05-3.84 [91]
N,F-graphene GO Urea/TFA 3 103 0.1 M NaOH nd. 341 [79]
¢ N-1.5-1.9% wt.
N,S-graphene GO Urea/thiourea 374-441 0.1 M KOH 5-1.9-2.1% wt. 3-4.05 [75]
3 N-3.13% at. o
N,S-graphene GO Thiourea 354.8 0.1 M KOH S1.31% at. >3 [87]
N-4-19.7% wt.
N,S-graphene GO NH,;SCN 220 0.1 M KOH 5-4.1-28.7% wt. 39 [84]
N-1.98-4.50% at.
N,B,P-graphene GO NH3,BPO, 93-372 0.1 M KOH B-3.73-6.53% at. 3.13-371 [86]

N,P,S-graphene

GO

P-3.07-3.80% at.
N-2.88-4.34% at.

Thiourea/TPP * 250.2-301.3 0.1 M KOH S-0.89-1.24% at. >34 [87]
P-0.96-1.31% at.

1 CCly—tetrachloromethane; 2 n.d —not determined; * TEA—trifluoroacetic acid; * TPP—triphenylphosphine.

2.1.3. Synthesis of Nitrogen-Doped Graphene-Based Materials via Chemical Vapor
Deposition Method

World literature reports that the chemical vapor deposition (CVD) method [93,94] is
the one proposed so far for obtaining graphene-based electrocatalyst materials, despite
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being based on uneconomical raw materials, requiring special conditions and precautions
during synthesis, and using complicated apparatus. The CVD method works well in ob-
taining pure graphene, but is impractical on an industrial scale. Nevertheless, this method
is used, which is beneficial for the content of functional groups that play a key role in
the oxygen reduction reaction. The process takes place in a reaction chamber into which
gaseous substrates, or heteroatom precursors, are introduced for doping in such a way
that appropriate chemical reactions take place on a substrate heated to high temperatures
(>800 “C). The schematic process of graphene synthesis is presented in Figure 6. Graphene
is produced through different methods using high temperatures (e.g., thermal heating,
plasma-enhanced CVD (PECVD) [95], or laser ablation in the presence of a catalyst (Cu,
Ni)), where the carbon source and heteroatom precursors remain in close contact with
hydrogen, which controls the properties of graphene. Methane (CHy) [96,97] and ethane
(CoHg) [93] are typically used as gaseous carbon precursors for graphene synthesis [96].
Other carbon sources can be gaseous, as well as solid or liquid [98]. Hydrocarbons decom-
posing to atomic sizes adsorb on the catalyst, forming specific graphene structures. One of
the most popular ways to grow graphene structures of large volume and high quality is by
characteristic growth on a copper sheet or foil using gaseous methane as a carbon precursor.
However, this strategy for obtaining graphene is time-consuming and requires a decompo-
sition barrier of methane (<1000 “C), the applied copper foil is not stable, and its catalytic
capacity decreases as the volume of the graphene structure increases. All these factors affect
energy consumption, which increases the cost of producing high-quality graphene. The ho-
mogeneity and quality of graphene, as well as the rate of the nanomaterial’s formation, are
negatively affected by any change in growth conditions, including the substrate/catalyst
type used, synthesis temperature, pressure, carbon precursor, hydrogen or heteroatoms,
and the velocity of the gas stream [99]. Doping is an effective way of properly tailoring the
properties of graphene to the application of the nanomaterial in various energy storage
devices. Heteroatom precursors, on the other hand, are used either simultaneously during
the CVD process or in subsequent steps of heteroatom-doped graphene synthesis [100].
Nitrogen doping is usually performed using gaseous nitrogen with the simultaneous flow
of carbon precursors. Commonly used carbon precursors in the CVD method includes
NHj gas [96,97,101]. Metal-doped graphene materials possess favorable properties for the
oxygen reduction reaction because of their extended structure for improved ion transporta-
tion during the redox reaction. Wu et al. [102] used the CVD method with two selected
precursors, NHj gas and thiourea, to obtain nitrogen- and sulfur-doped graphene. As the
synergetic effect improves the catalytic activity, researchers also undertake doping using
analogous materials with other heteroatoms (S, B, P) and/or transition metals, all due to the
growing desire to replace currently used commercial electrode materials [103]. On the other
hand, Qiu et al. [94] investigated the effect of codoping with nitrogen and nickel, as well
as single doping, on catalytic activity and ORR pathway determination for the potential
application as metal-air batteries. They reported that Ni atoms anchored on the graphene
surface and the doped nitrogen improved catalytic properties for OER and ORR reactions
in an alkaline electrolyte.

The preparation of porous material using the CVD method involves chemically etching
the metal substrate on which graphene structure growth occurred. While even long-lasting
etching does not allow for the complete removal of metals, it can still positively influence
the electrochemical properties of the obtained materials [104]. When the CVD method is
used to obtain graphene, the product is a material of high quality and homogeneity, which
can be beneficial for the next step of doping with graphitic C3Ny [14]. A combination of
hard templating and the CVD method is also possible. Want et al. [105] used MgO as
a template on which the graphene structure was deposited in a classical CVD method,
producing a material with a specific surface area of 1440 m? g~! and a pore volume of
2.18 cm? g~ 1. The result was a biofunctional catalyst for the reaction of reduction and
evolution of oxygen. Shi et al. [106], using the same idea of templating by MgO, methane,
and pyridine, proposed a method to obtain graphene with nitrogen dopants anchored
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either in the structure or on its surface. They showed that a more advantageous concept of
producing efficient electrocatalysts in ORR is to dope the graphene coating on 3D templates.
This way, the final material has the morphology of the template and, after its removal,
is able to expose active sites on the surface, favoring energy storage [107,108]. The final
nitrogen content on the doped graphene surface was 1.81% at., and the high specific surface
area was equal to 1531 m? g~ !, which together with the low defect density determined by
Raman spectroscopy establishes an effective influence on the final electron transfer value in
the oxygen reduction reaction, equaling 3.34. The one-step CVD synthesis method results in
a uniform distribution of doped atoms in the structure with a small amount on the surface.
The ORR process occurs due to the active sites having direct contact with the substrate.
This means that some heteroatoms in the structure do not participate in the electron transfer
process and do not contribute much to the catalytic activity of the catalyst. As established
earlier, a material’s atomic nitrogen content decreases as temperature increases. The CVD
method makes it possible to tune the functional groups in such a way as to have them
exhibit the most favorable properties for particular applications. With CVD, it is primarily
possible to incorporate nitrogen in the form of N-6 and N-Q nitrogen groups. When the
temperature is increased and the process is prolonged, CVD causes the amount of N-6
functional groups to decrease [109]. Previous reports indicate a limitation in the application
of CVD-obtained graphene materials in acidic electrolytes due to difficulties in modifying
the structure [97]. It follows that the synthesis and application of doped graphene in ORR
using an acid electrolyte requires more analysis and alternative modifications to form
effective electrode materials. Table 3 summarizes the ORR activity of nitrogen-doped
graphene synthesized via the CVD method.

SAMPLE

f o » [i:’/ GAS OUT

HEATING

BACKGROUND/CATALYSTS

LASER PLASMA

Figure 6. Schematics of synthesis chemical vapor deposition method.

Table 3. Summary of nitrogen-doped graphene synthesized via the CVD method as an electrocatalyst
for ORR.

Source of Precursor of Eectron
2 -1
Type of Sample Carbon Heteroatom(s) Sper (m* g~ 1) Electrolyte Heteroatom Content Transfer Ref.
Number
N-graphene CHy gC3Ny/NH; 830 0.1 M KOH 0.7-6.5% at. 3.86-3.88 [14]
) 0.1 M KOH/ N 5
N-graphene CHy N (gas) 311.7-400.2 0.1 M HCIO, 3.8-6.7% at. >39 [95]
N-graphene CHy NH; (gas) nd.! 0.1 M HCIO,4 n.d. n.d. [97]
N-graphene CHy NH; (gas) n.d. 0.1 M KOH n.d. 3.64 [101]
N-graphene CH, NH3 (gas) 1440 0.1 M KOH 3.41% at. >3 [105]
N-graphene CHy Pyridine 1531-1732 0.1 M KOH 1.18-1.81% at. 3.34 [106]
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Table 3. Cont.
Source of Precursor of 2 Electron
Type of Sample Carbon Heteroatom(s) Sger (m? g 1) Electrolyte Heteroatom Content Transfer Ref.
Number
N-graphene Pyridine Pyridine 1000 0.1 M KOH 2.26-4.95% at. 1.1-39 [109]
N,S-graphene CoHsOH Thiourea 43.8-119.5 0.1 M KOH E_B‘;ﬁ,;u;tt 3.6-38 [102]
Pyrimidine/ Pyrimidine / | N-2-9.6% at. ;
NS-graphene thiophene thiophene 640 01 MNaOH 5-0.7-3.2% at. 3241 [103]

! n.d.—not determined.

2.2. Carbon Nanotube-Based Electrocatalysts

As previously mentioned, despite considerable progress in nanomaterial engineer-
ing and the functionalization of materials for practical electrode applications, there is
still an intense search for a cost-effective, high-performance, metal-free, and environmen-
tally friendly method of producing materials. Many researchers focus their projects on
metal-free carbon nanotubes, which have been shown to have favorable oxygen reduction
properties and could become a viable alternative to commercial noble metal-based elec-
trocatalysts. Carbon nanotubes are one of the remarkable nanomaterials that have a wide
scope of potential applications in many fields, all due to their outstanding chemical stabil-
ity and well-established surface functionalization techniques [110-112]. Gong et al. [113]
demonstrated that nitrogen-doped carbon nanotubes possess unique properties towards
an efficient oxygen reduction reaction. On that basis, an intensive search for alternative
catalysts based on heteroatom-doped carbon is visible in the literature [114,115]. Many
methods are known for the preparation of carbon nanotubes differing in the number of
layers; this number affects the electrical and chemical properties of CNTs. As is known,
among CNTs one can find single-walled carbon nanotubes (SWCNTs) consisting of one
graphene layer with hexagonal packing with a diameter in the range of 0.4-2 nm and
a large surface area, or multiwalled carbon nanotubes (MWCNTSs) consisting of two or
several layers building a cylinder wall with a diameter in the range of 1-3 nm and better
conductive properties than the SWCNTSs [116]. The most common methods for obtaining
carbon materials in the form of cylindrical coiled graphite sheets include electric arc dis-
charge, chemical vapor deposition, and laser ablation [110,111,117]. Carbon nanotubes
have the noteworthy property of retaining atoms of other elements in a cylindrical struc-
ture. This makes CNTs attractive carbon electrode materials for fuel cells, energy storage
devices, batteries, or supercapacitors. Other applications of CNTs include biosensors and
devices for photocatalytic water splitting [118]. Carbon nanotubes also have applications
as catalyst carriers in polymer energy fuel cells (PEFCs). Like metal-free electrocatalysts,
catalysts containing transition metal oxides or base metals are also being intensively in-
vestigated [119]. During the pyrolysis of dicyandiamide, small amounts of added metal
chlorides are responsible for the generation of active sites favoring the oxygen reduction
reaction [120-122]. However, the main materials effective in the oxygen reduction reaction
are heteroatom-doped and contain single atoms of nitrogen, sulfur, boron, phosphorus, or
transition metal oxides, or are combined in double- or triple-doped carbon nanostructures.
Nitrogen doping is the most widely studied. The preparation of doped carbon nanotubes
can be carried out directly during their preparation, by treating previously synthesized
carbon materials with heteroatom precursors [19,20]. The one-step synthesis is based on
the generation of nanomaterials by pyrolysis while simultaneously embedding heteroatom
precursors, while the second procedure involves a two-step synthesis, producing or obtain-
ing previously created CNT carbon material, and then deposition/addition of heteroatoms
using heteroatom precursors. One well-known strategy for obtaining efficient electrocata-
lysts in ORR is to combine different graphene materials exhibiting attractive end-material
properties. An example is the combination of doped graphene quantum dots in carbon
nanotubes (Figure 7), which is advantageous because of the apparent enhanced catalytic
activity. The resulting hybrids of quantum dots and carbon nanotubes exhibit catalytic
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properties owing to the heteroatom-doped dots and high conductivity owing to carbon
nanotubes [123]. Carbon materials doped with transition metals also exhibit better catalytic
properties in the reduction reaction or oxygen evolution reaction than expensive Pt-, Pd-,
or Ir-based materials [124-127].

Figure 7. FE-SEM images of (a) CNTs, (b) NCNTs, (c) scheme of the practical application of de-
termining dissolved oxygen, (d) scheme of BGQD/NCNT sample, TEM images of obtained sam-
ples in (e) low magnification and (f) high magnification. Adapted from [123], with permission
from Carbon, 2022.

2.2.1. Synthesis of Nitrogen-Doped Carbon Nanotube-Based Materials via
Pyrolysis Method

A factor contributing to the great interest in electrode materials and alternative energy
source generation is the desire to reduce the cost of producing environmentally friendly,
widely available carbon-based materials. To find a solution to this problem, researchers have
tested various materials; the obtained electrode materials, alternative to those commercially
available and typically environmentally unfriendly, are supposed to lower production costs,
reduce emissions, and, above all, work effectively and have their practical application.

Nitrogen doping of carbon nanotubes is well known and has been widely studied
through theoretical research, largely due to the ideal model of determining the effects
of nitrogen atoms and nitrogen functional groups have in ORR [128]. Studies have also
been carried out on doping with boron, sulfur, phosphorus, or silica. The researchers, after
theoretical studies, came to the conclusion that nitrogen remains the atom showing superior
enhanced catalytic properties in ORR. Nevertheless, Wang et al. [129] suggested a catalyst
with the best achievable activity in ORR from the thermodynamic point of view that can
be obtained by collating many heteroatoms in the structure, causing a synergistic effect,
modifying the curvature of carbon nanotubes, and introducing characteristic defects at the
ends of CNTs [130]. Gong et al. [113] were the first to demonstrate that pyrolysis-generated
N-doped carbon nanotubes in the vertical position, in the presence of gaseous ammonia,
exhibit enhanced catalytic activity and long-term stability in an alkaline medium, thus
achieving similar performance to commercial electrodes based on platinum. The most
proven method of obtaining doped carbon materials is their carbonization in the presence
of a precursor for the given heteroatoms, which are directly transformed into typically
volatile substances by entering into a direct reaction building into the carbon structure. The
results shown by An et al. [131] demonstrate that the N-6 functional group derived from
polypyrrole (nitrogen precursor) in the CNT core-shell structure plays a major role during
electron transfer in the oxygen reduction reaction. The research group of Sa et al. [115]
presented a synergistic effect between the CNTs’ core structure and the heteroatom-doped
sheath layer. The researchers demonstrated that the amount and appropriate type of
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heteroatom in the sheath layer can be controlled through the correct selection of ionic
liquids. This approach of creating CNT core structures that can facilitate electron transport
to active sites and a cover layer doped with various heteroatoms to further enhance catalytic
activity greatly contributes to improving activity in the oxygen reduction reaction. Many
researchers are focused on the selection of appropriate synthesis parameters. Materials with
core CNT core-shell structures can have better catalytic properties compared with double
or triple heteroatom-doped carbon nanotube structures and become attractive materials for
high-performance energy storage devices [115,132].

As combining the properties of two materials, in this case, carbon nanotubes and
graphene, may be a good idea to improve the catalytic properties, Jiang et al. [133] investi-
gated (a) the effect of carbonization temperature, (b) the ratio of CNTs and the precursor
porous carbon structure, and (c) the effect of the ratio of carbon precursor to melamine
(nitrogen precursor) on the catalytic performance of obtained materials in ORR in alka-
line medium. The results show that the surface area, together with porosity, affect the
catalytic activity, perhaps due to providing a large number of less active sites with better
mass transfer at the same time. This is due to the amount of the nitrogen N-Q and N-6
functional groups, which affects catalytic activity in ORR. From a careful analysis, we can
also find that the sample carbonized at 900 °C had more available active sites than other
materials, carbonized at 800 or 1000 °C. By investigating the effect of the ratio of carbon
nanotubes to glucose (as a precursor of the porous carbon sheath), the mass ratios subjected
to hydrothermal treatment were examined. The lowest ratio came to 1:20, the average to
1:40, and the highest ratio to 1:80. Increasing the porous carbon precursor amount affects
the final thickness of the nanoporous sheath layer. This ultimately translates into catalytic
activity. A thin layer, and thus a smaller surface area, does not provide enough active sites.
On the other hand, the highest ratio, 1:80, makes the shielding layer of carbon nanotubes
so thick that electron transport in the oxygen reduction reaction is hindered by the low
electron conductivity of the glucose-derived carbon material relative to the CNTs core. The
best catalytic properties were exhibited by an average mass ratio of the reactants, 1:40. In
the same work, the researchers also investigated the low, medium, and high (1:5, 1:10, 1:20)
melamine content in the carbonized samples for catalytic activity in the oxygen reduction
reaction. The catalyst-based electrode activity with 1:10 and 1:20 ratios showed increased
initial and half-wave electrode potential. The enhanced catalytic activity was influenced
by the higher amount of nitrogen precursor used; the core constructed from CNTs and
a nitrogen-doped carbon nanoporous structure exhibited enhanced catalytic properties.
The nanotubes formed a three-dimensional structure that was responsible for improved
electron transfer, while the doped shell acted as active sites in the oxygen reduction re-
action. Vikkisk et al. [23] obtained nitrogen-doped multiwalled carbon nanotubes using
cyanamide or dicyandiamid. Studied catalysts showed increased selectivity towards the
overall four-electron O, reduction pathway in alkaline media.

The use of CNTs in their hybrids or composites with graphene prevents agglomeration
of graphene layers. The main problem that researchers face with graphene is that it
reagglomerates very easily, which results in decreased catalytic activity, reduced specific
surface area, and lower availability of active sites for the electrolyte and oxygen. To
prevent this process, in many papers researchers used carbon nanotubes to counteract the
reagglomeration, resulting in better accessibility for the reactants, ultimately contributing
to an efficient oxygen reduction reaction. One example is a paper by Rasto et al. [15],
where the authors pyrolyzed hybrids consisting of graphene oxide and multiwalled carbon
nanotubes. In these studies, urea and dicyandiamide were used as nitrogen precursors, and
doping was achieved by pyrolyzing the mixture of GO and MWCNTs in the presence of
these nitrogen-containing compounds. Xue et al. [134] synthesized a composite of nitrogen-
doped graphene nanoribbons on CNTs in an NH; atmosphere. The obtained materials
present satisfactory high activity and stability of proton exchange membrane fuel cells.
Table 4 summarizes the ORR activity of nitrogen-doped carbon nanotubes synthesized via
the pyrolysis method.
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Table 4. Summary of nitrogen-doped carbon nanotubes synthesized via the pyrolysis as an electro-
catalyst for ORR.

¢ Type of Precursor of 2.1 1 EIECtTn £
Type of Sample Carbon Heteroatom(s) Sger (m* g~1) Electrolyte Heteroatom Content Transfer Ref.
Number
N-CNT CNT urea/DCDA ! nd. 0.1 M KOH 4-6% at. >3.5 [15]
N-CNT CNT melamine 104.7 0.1 M KOH 0.193% at. 2.77-2.80 [51]
N-CNT CNT NH3aniline nd. 0.1 M KOH nd. 254 [20]
N-CNT FePc? NH3 (gas) n.d. 0.1 M KOH 3.6-5.6% at. 1.8-39 [113]
N-CNT CNT urea 230-284 0.1 M KOH 0.5-1.7% at. 29-355 [114]
N-CNT CNT urea/NH; nd. 0.1 M KOH nd. >37 [115)
N-CNT CNT/GO PEI*/DCDA n.d. 1M HCIOy 1.5-3.1% at. 3.58-3.94 [120]
N-CNT CoHy pyrrole 149.46-192.47 0.1 M KOH 5.69-6.90% at. 3.03-3.94 [131]
N-CNT CNT melamine 101-479 0.1 M KOH 3.54-15.76% at. ~4 [133]
N-CNT CNT CM */DCDA n.d. 0.1 M KOH 2.3-3.7% at. 4 23]
N-CNT CNT NH; (gas) n.d. 851 ]\}\: Egg’: 3.09% at. 181?;?;?)2/ [134]
01M
N CNT/ NH3 (gag) / KOH/0.01 M N-0.5% wt.
N.B-graphene BGQDs Borie gcid nd. PBS/0.1 M B-4.86%at, 3285 1
HCIO,
N-4.67.5% at.

NS F-graphene CNT BMITFSI ® 293-489 0.1 M KOH 5-0.6%-1.1% at. 344 [115]

F-0.7%~1.2% at.

! DCDA—dicyandiamide; 2 FePe—iron(Il) phthalocyanine; 3 PEI—polyethylenimine; * CM—cyanamide;
3 BMITFSI—1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.

2.2.2. Synthesis of Nitrogen-Doped Carbon Nanotube-Based Materials via
Hydrothermal Method

The modification and design of carbon nanotubes is carried out to effectively incor-
porate into the structure and produce highly conductive materials [135]. Patil et al. [136]
combined the hydrothermal method with pyrolysis at 750 “C. They fabricated electrode
materials for reduction reactions and oxygen evolution using carbon nanotubes, but also
boron nitride (BN), it being a precursor of both nitrogen and boron. The research was
based on the optimization of a suitable composition using different BN weight contents.
The enhanced catalytic activity is attributed to synergistic effects between nitrogen and
boron, but no clear trend is observed between BN weight content and catalytic properties.
A comparison was made between the annealed and the hydrothermally treated material,
and it was concluded that high temperature plays an important role in enhancing the
activity of the ORR reaction. The onset potential of the pyrolyzed catalyst is more positive
compared with the material before carbonization. Therefore, the use of pyrolysis can
significantly affect the electrocatalytic properties. However, hydrothermal treatment can
not only effectively introduce nitrogen heteroatoms, but also cause an improvement in
hydrophobic properties, which affect the stability of the final electrodes. Hydrothermal
treatment has been proven to improve the conductivity of multiwalled carbon nanotubes
and the corresponding formation of oxygen groups (Figure 8). The observed improvement
of catalytic properties in OER and HER reactions mainly takes place by increasing the
amount of oxygen functional groups whose ability to attract electrons is stronger; these
groups include ketones and carboxyl groups. However, they are also the cause of increasing
hydrophilicity [137]. This method may also reduce the number of defects, which in turn can
contribute to the deterioration of ORR activity. The hydrothermal method is additionally
used to purify end products in order to improve the electrocatalytic properties. Nonetheless,
it is worth remembering that even trace amounts of impurities from the synthesis can have
a beneficial effect on the ORR process. The hydrothermal method can act as an effective
and noninvasive way to functionalize MWCNTs with HNOj3. It can effectively oxidize nan-
otubes, but at the same time remove the amorphous carbon present on their surface, which
can be a drawback in the catalytic chemical vapor deposition process [138]. Nitric acid
is often used to introduce oxygen groups and thus provide better functionality of carbon
nanotubes. The preoxidation method of MWSNTs was used by Huang et al. [139]. Nitrogen
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atoms were doped into functionalized carbon nanotubes through a one-step hydrothermal
process by introducing oxidized MWCNTs and ethylenediamine as a nitrogen precursor.
Additional support and synergistic effect were produced by the resulting nitrogen-doped
GQDs. The resulting double-atom-doped hybrid exhibited catalytic properties improved
over a commercial-platinum-based material by showing a four-electron oxygen reduction
reaction. This study sheds new light on low-cost synthesis and modification of metal-free
carbon catalysts in the oxygen reduction reaction. Chem et al. [140] presented a one-step
hydrothermal process for single and dual doping of sulfur and nitrogen. The advantages of
this approach are the maintenance of proper electrical conductivity, preservation of a large
surface area along with adequate porosity, and preservation of a multiwalled nanotube
structure. The hydrothermal method does not require drastic chemicals and synthesis
conditions. Therefore, this way of producing electrode materials has a high potential for
heteroatom doping of carbon structures. Another approach to producing sulfur-doped car-
bon nanotubes is double doping as carried out by the research group of El-Sawy et al. [141].
The first modification consisted of a hydrothermal process of oxidized carbon nanotubes
together with thiourea, while the second doping was performed through sonication of the
obtained product from the first step together with ethanol and benzyl disulfide, carbonized
at 1000 °C at the end. The researchers showed that the hydrothermal method was insuffi-
cient to obtain the right conductivity of the carbonaceous materials, though it showed the
highest sulfur and oxygen content. At the same time, double doping combined with pyrol-
ysis shows higher activity due to numerous active sites. The approach of double doping
using different methods can contribute to the development of metal-free electrocatalysts,
creating a new perspective on the modification of carbon materials used in the reduction
reaction of oxygen, carbon dioxide, or hydrogen evolution.

» epoxy/hydroxyl  ketonic/carboxylic

Hydrophilicity

Physical properties transformation

(i) Acid oxidation in a Piranha mixture (75 ml H,S0,, 25 ml 30% H,0,), 5 hours, 25 °C.

(i) Hydrothermal treatment at various temperature for 18 hours.

S r-MWONT % p-MWCNT & H-MWCNT -MWCNT = p-MWCNT = H-MWCNT

OFR HER ORR**

Total amountof  Relative amount of  Amount of defect
Oxygen groups ketonic group®

Figure 8. Graph of the effect of the hydrothermal treatment method on the change in physical
properties and improvement in electrocatalytic performance (values on the graph for demonstration
purposes). Indication: * ketonic group has been demonstrated to catalyze a number of electrochemi-
cally important reaction such as OER and HER, ** the ORR performance of -MWCNT was found to
be higher due to the presence of surface bound metal impurities. Adapted from [137], with permission
from ACS Applied Materials & Interfaces, 2016.
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2.2.3. Synthesis of Nitrogen-Doped Carbon Nanotube-Based Materials via Chemical Vapor
Deposition Method

The CVD method is a widely studied way to produce carbon nanotubes of very high
quality. As a result of the high temperature in the reaction chamber, precursors are broken
down into smaller components (final product or as a layer). The precursors can be delivered
with the other carbon precursors, or in the furnace, and carried by the carrier gas. Previous
studies based on the synthesis of nitrogen-doped carbon nanotubes by CVD using various
nitrogen—carbon precursors show less favorable catalytic properties in the oxygen reduction
reaction when the medium is acidic rather than alkaline. Alexeyeva et al. [142] synthe-
sized nitrogen-doped carbon nanotubes (with 3% at. of nitrogen) simultaneously using
acetonitrile as nitrogen and carbon precursors. The researchers presented a comparison
of electrochemical properties of nitrogen-doped carbon nanotubes and pure unmodified
ones in the research paper. They conducted electrochemical studies on sulfuric acid and
potassium hydroxide as electrolytes. Despite their best efforts, activity in ORR in an acidic
medium remained lower than for the catalysts fabricated from carbon nanotubes based on
platinum [143]. Wong et al. [144] investigated the effect of different nitrogen precursors on
the catalytic properties in acidic medium as well. Iron (II) phthalocyanine was used as a
catalyst for one-step doping and growth of carbon nanotubes using the CVD method. Three
nitrogen precursors were compared, aniline, diethylamine, and ethylenediamine (EDA).
At elevated temperatures, the metal catalyst is decomposed into smaller iron molecules,
which form the base for nanotube growth, and the hydrocarbon catalyst, which produces a
graphitic structure deposited on the iron base. The iron molecules are removed in the final
process with sulfuric acid. The carbon nanotubes produced using EDA exhibited higher
electrochemical activity at ORR in an acidic medium relative to the other nitrogen-rich
CNTs synthesized with aniline and diethylamine. The electrochemical properties of the
best test sample also stemmed from the surface structure, due to corrugation, and the
extensive distribution of defects, which can act as active sites or cause better access to the
edge functional groups. Other researchers, Gonzalez et al. [145], used melamine as a source
of nitrogen and carbon and ferrocene as a catalyst for the growth of N-doped nanotubes
to investigate the electrochemical properties in an acidic environment. As expected, the
materials produced at 900 °C exhibited higher ORR activity relative to 800 °C synthesis.
They concluded through Raman spectroscopy analysis and final electrochemical results
that temperature affects the amount of defects generated by introducing more nitrogen
heteroatoms. They also investigated the effect of the flow rate of the carrier gas, argon. In
this case, they came up with a bold hypothesis that as the flow rate of argon increases, the
value of the current density limiting diffusion is higher. However, there are no direct reports
that this hypothesis is backed up by many experiments. It is known, however, that the rate
at which a carrier gas flows influences physicochemical properties. It appears that a higher
carrier gas rate results in a low number of defects, which in turn may contribute to lower
activity in the ORR. Therefore, it is important to tune and optimize the synthesis conditions,
carrier gas flow, and temperature and select appropriate precursors and catalysts that will
benefit nitrogen incorporation into the structures that will be the active sites in ORR in an
acidic environment.

The CVD method is also useful for preparing hybrids containing N-CNTs and LaNiOs [146].
In this synthesis, ammonia and methane were used to obtain the nitrogen-doped nanotubes,
and acted as nitrogen and carbon precursors, respectively. Thanks to the La and Ni present
in the hybrid, it is possible to support the adsorption of oxygen molecules, as well as facili-
tate electron transfer. The transition metals do not form direct active sites but support active
sites, making them more accessible to provide higher catalytic activity [147,148]. Therefore,
the use of other transition metals, such as Co, Zn, and Fe, can increase the catalytic activ-
ity, as many researchers suggest that catalytic properties stem from special metal-carbon
confluence [147,149]. Not only do transition metals increase catalytic activity; hence in
the case of graphene, scientists also try doping carbon nanotubes with other heteroatoms.
Yang et al. [150] showed that the number of electrons transferred in the oxygen reduction
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reaction increased slightly for boron-doped carbon nanotubes; the number of transferred
electrons increased from 2.2 to 2.5 for undoped CNTs and boron-doped CNTs, respectively.
In the case of a sample codoped with boron and nitrogen, the transfer also showed a
two-electron pathway for oxygen reduction [151]. Although boron doping alone does not
show spectacular catalytic activity, the instructive nature of the work is evident, because
it provides much information on what to avoid when optimizing synthesis conditions.
Table 5 summarizes the ORR activity of nitrogen-doped carbon nanotubes synthesized via
CVD and the hydrothermal method.

Table 5. Summary of nitrogen-doped carbon nanotubes synthesized via CVD and the hydrothermal
method electrocatalyst for ORR.

Type of Type of Precutsor of Sger (m? g 1) Electrolyte Heteroatom Content "[3':::\::; Ref.

Sample Carbon Heteroatom(s) BET: 8 Y :
Number

N-CNT CNT/CQDs EDA' nd. 0.1 M KOH nd. 3.78-3.85 [139]

N-CNT CNT NH;OH 388 0.1 M KOH 1.32% at. 3.7-38 [140]

N-CNT Acetonitrile Acetonitrile nd O:LM KOH/ 3% at 2-35/2+4 [142]

@ 0.5 M H,S0, . " %

N-CNT FePc Aniline/DEA ?/EDA nd. 0.5 M H,S04 4.33-6.58% at. 3-3.6 [144]

—_ s 4.29-5.6% wt. i

N-CNT Pyridine Pyridine nd. 0.5 M H;S04 1.8-2.5% at. n.d. [145]

L-aspartic/ N-1.19% at. =

N,B-CNT CNT oithoboric acid 136.2 0.1 M KOH B-0.51% at. 348 [135]

N,B-CNT CNT BN3 nd. 0.1 M KOH nd. 39 [136)

N-2.65% at.
N,S-CNT CNT (NH4)2 S nd. 0.1 M KOH S-0.76% at. n.d. [140]

! EDA—ethylenediamine; > DEA—diethylamine; > BN—boron nitride.

2.3. Porous Carbon Electrocatalysts Based on Natural Precursors

In the last 10 years, a large number of studies have focused on the synthesis of biomass-
derived carbons as attractive electrocatalysts [152]. As mentioned previously, the CVD
method is based on the introduction of gaseous carbon precursors or heteroatoms that will
be able to deposit on the substrate and form a structure in a bottom-up approach. It is not
common to use the CVD method to introduce heteroatoms in a structure based on carbon
materials of natural origin. Porous materials of organic origin do not require the conversion
of carbon precursors to a gaseous form, and either pyrolysis or hydrothermal methods can
produce materials high in nitrogen. Therefore, these two methods are presented in more
detail in the following chapters in the context of nanofibers and materials of natural origin.

A particularly promising research subject is the utilization of marine- and freshwater-
derived materials as carbon and nitrogen sources, for example, seaweed [153-155], shrimp
shells [156,157], fish bone [158], algae [159,160], alginate [161,162], chitin, and chitosan [163-167].
For nitrogen-doped porous carbons obtained from chitin and chitosan, the influence for
catalytic properties has porosity and type of functional groups [163]. The effect of ad-
ditional urea treatment on the textural, chemical, and electrocatalytic properties of the
obtained carbons was also presented. The highest number of O,-reducing electrons, equal
to 3.76, was recorded for the sample obtained from chitosan. The total nitrogen content
of the samples obtained was in the range of 4.85% to 10.85% wt. Nitrogen was mainly
present as N-5 and N-6 groups; however, N-Q and N-X groups were present as well. The
share of nitrogen in the form of N-6 and N-5 groups exceeded 80% of the total nitrogen
content. For the samples obtained with urea, the total nitrogen content increased to the
level of 82.8-84.8% at. Additionally, the significant share of nitrogen functions of N-5 and
N-6 and N-Q type increased when increasing the carbonization temperature from 700 to
800 °C. Quilez-Bermejo et al. [58] proved that as the temperature applied during the heat
treatment increases, so do increase the catalytic properties in ORR. The authors attribute
the enhanced catalytic activity to an increased N-Q number at the edges. The surface area
can also be seen to increase with rising carbonization temperature, from which it can be
concluded that the specific surface area is one of the factors favoring an increase in catalytic
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activity. Increasing the surface area, which comprises a higher density and distribution of
microporous structures, may contribute to increasing the effective ORR. However, previous
work suggests that there are several factors that need to be achieved and developed in
order for ORR to proceed in a four-electron pathway [168]. One strategy is to develop a
specific surface area, and thus porosity, which will facilitate the electrolyte and ion diffusion
process. The appropriate pore size guarantees permanent electrical contact and ensures
long-standing four-electron oxygen reduction [169]. The bimodal distribution of pores
favors the kinetics of the ORR and the diffusion of active species [170].

Gelatin is an animal derivative that contains about 16% wt. of nitrogen; therefore, it
was used in many studies as a precursor in the synthesis of catalysts [160,171-174]. It is
a highly economical reagent because it is a naturally abundant and sustainable resource
with high solubility in polar solvents, making it a promising precursor for nitrogen-doped
carbons. An example of effective synthesis are carbon samples obtained by a method
of templating gelatin with colloidal silica [160]. The hierarchical gelatin-derived porous
structure showed a high density of N-containing active sites (ut to 10.08% at.) and a
high specific surface area (up to 880 m? g~ 1). These catalysts possess a 3D mesoporous
network structure that is highly favorable for rapid ORR species transport. This efficiency is
promoted by the simultaneous presence of N-5 and N-Q sites, the amount of the latter being
especially important in determining ORR activity. It further depends on the carbonization
temperature and greatly benefits from exposed N-Q along the outer and inner carbon sheets
with a high surface area. For N-doped gelatin-derived carbons, voltammograms measured
in KOH Os-saturated electrolyte exhibit a well-defined cathodic peak (Figure 9a), and the
LSV curves for the produced catalysts show a similar current density to the commercial
Pt/C catalyst (presented in Figure 9b). The Koutecky-Levich plots (Figure 9¢c) for each
catalyst were obtained from LSV at various rotational speeds. The highest electron transfer
number values (Figure 9d) were equal 3.85 and 3.96; these numbers confirm that catalytic
activity was equal to a four-electron ORR pathway of the commercial Pt/C catalyst.
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Figure 9. Results of catalyst activity in the oxygen reduction reaction for N-rich-derived carbons and
the Pt/C catalyst. (a) CV curves of electrocatalysts in an Oz-saturated 0.1 M KOH solution, (b) LSV
of various electrocatalysts on RDE measured at a scanning speed of 5 mV s~ ! and a rotation speed of
1600 rpm, (¢) Koutecky-Levich plot at 0.5 V, (d) number of transferred electrons. Adapted from [160],
with permission from Scientific Reports, 2021.
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In the case of nitrogen-free natural precursors such as corn stover [175], ginkgo
leaves [176], coconut shell [177], or cellulose [5,178], introducing nitrogen atoms into the
structure is required to obtain effective electrocatalysts for ORR. In the case of corn stover,
as illustrated in Figure 10, the electrocatalyst was prepared in two major steps of KOH
activation and heteroatom doping. First, corn stovers were obtained from an experiment
farm and washed with water and ethanol for several times. KOH activation was a crucial
element of generating a pore network in carbon this synthesis. However, the activation
mechanism has not been well understood due to the large number of variables in both the
experimental parameters and the reactivity of different precursors used. Summarily, the
reaction starts with solid-solid (carbon and KOH) reactions. In the next step, solid-liquid
reactions take place, including the reduction of potassium compounds to form metallic
potassium and the oxidation of carbon to carbon oxide and carbonate [179]. For KOH
carbon activation, three main activation mechanisms have been widely accepted: (I) etching
the carbon framework by the redox reactions between various potassium compounds as
chemical activating reagents with carbon, called chemical activation, is responsible for
generating the pore network [180-182]; (II) the formation of H,O and CO, in the activa-
tion system positively contributes to the further development of the porosity through the
gasification of carbon, namely, physical activation; and (III) metallic potassium efficiently
intercalates into the carbon lattices of the carbon matrix after its removal by washing, and
the expanded carbon lattices cannot return to their previous nonporous structure, creating
the high microporosity that is necessary for a large specific surface area [183].

Corn Stover (CS) CS Powder CS Misxture CAC NCAC-Co
\d™

P
Pretreatment Mixing ! Activation & Pyrolysis
; Acid leaching
KOH U N, Co

g Doping

Figure 10. Schematic diagram for synthesis of N and Co, codoping NCAC-Co. Adapted from [175],
with permission from Energy, 2018.

Depending on the nitrogen reagent used, the modification is carried out in the solid
(e.g., in the case of urea), liquid (in the case of amines), or gaseous (in the case of am-
monia and nitrogen oxides) [184] phase. Melamine [185], amino acids [186], acryloni-
trile [187], and NH3 gas are mainly reported as nitrogen reagents for the synthesis of
nitrogen-doped porous carbon ORR catalysts. In our experience, metal-free carbon foams
obtained from amino acids are valuable electrocatalysts for the four-electron oxygen re-
duction process [186]. A nitrogen content of up to 9.1% wt., a large surface area of up to
1287 m? g~!, and a large share of mesopores ensure full exposure of active sites, which is
responsible for achieving high catalytic activity in ORR. Moreover, a high carbonization
temperature of 800-900 °C ensured high electrical conductivity as a result of a more inten-
sive graphitization process. Table 6 summarizes the ORR activity of nitrogen-doped porous
carbons synthesized by pyrolysis of nitrogen-containing or nitrogen-free precursors treated
by different methods.
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Table 6. Summary of nitrogen-doped porous carbons derived from natural precursors as electrocata-

lysts for ORR.
s Electron
Type of Sample Precursor of C and N (mznn” Electrolyte N Content Transfer Ref.
& Number

N-C! Seaweed 674.63-1217.78 0.1 M KOH 1.8-5.21% at. 3.7 [153]
N-C Spiral seaweed 199.2-1610.3 0.1 M KOH 4.5-5.1% wt. 4 [154]
N-C Sargassum spp. 3.84-188.87 0.5M KOH 0.56-0.95% wt. nd. 2 [155]
N-C Shrimp shell 647.7 0.1 M KOH 7.44% at. 3.8 [156]
N-C Shrimp shell 13.4-360.2 0.1 M KOH 6.8-11.8% at. 1.36-2.95 [157]
N-C Fish bone nd. 0.1 M KOH 6.02% at. n.d. [158]
N,S-C3 Algae, MEL 4 538 0.1 M KOH 2.63% at. 3.97 [159]
N-C Green algae 366-623 0.1 M KOH 2.16-7.09% wt. 3.44-3.84 [160]
N,Co-C Alginate 252 0.1 M KOH 2-5.5% at. >4 [162]
N-C Alginate 470.9 0.1 M KOH 1% at. 4 [161]
N-C Chitin, chitosan 625-1801 0.1 M KOH 4.85-10.85% wt. 2.17-3.76 [163]
N-C Chitosan 907 0.1 M KOH n.d. 39-4 [164]
N-C Chitosan 78-1317.97 0.1 M KOH 4.7-8.1% wt. 2.2-35 [165]
N-C Chitosan n.d. 0.1 M KOH n.d. 3941 [166]
N-C Chitosan 285 0.1 M KOH 3.3-4.5% wt. n.d. [167]
N-C Gelatin 376-839 0.1 M KOH 4.69-5.73% at. 341414 [171]
N-C Gelatin 739.5-933.9 0.1 M KOH 1.19-1.79% at. 3.7-3.85 [172]
N-C Gelatin 189.8-12154 0.1 M KOH 3.64.3% at. 394 [173]
N-C Gelatin 360-880 0.1 M KOH 3.24-10.08% wt. 3.17-3.85 [160]
N,Fe Mg-C Gelatin 370-650 0.1 M KOH 5.8-6.8% wt. 39-42 [174]
N,Co-C© Corn Etgg: urea, 1877.3 0.1 M KOH 2.56% at. 3.87 [175]
N-C Ginkgo leaves, NH3 1436.02 0.1 M KOH 1.59% at. 3.7 [176]
N,P-C5 Coconut T;:S H3PO4, 1216 0.1 M KOH 0.5-1.1% at. F) [177]

N,P-C Cellulose, MEL, PA 7 241-612 0.1 M KOH 2.4-4.4% at. 3.58-3.99 (5]
N,P-C Cellulose, (NHy)3POy nd. PBS® 2.17% at. 35 [178]

1 N-C—nitrogen-doped carbon; 2 n.d.—not determined; ? N,S-C—nitrogen and sulfur-doped carbon;
* MEL—melamine; 3 N,P-C—nitrogen and phosphorus-doped carbon; ® N,Co-C—nitrogen and cobalt-doped
carbon; 7 PA—phytic acid; ® PBS—phosphate buffer solution.

2.4. Carbon Nanofiber-Based Electrocatalysts

Carbon nanofibers are very promising carbonaceous materials for electrochemical
applications [188]. In the literature, synthesis methods such as pyrolysis [5,189,190] and
chemical vapor deposition [191-194] are most widely used in large-scale production. Fur-
thermore, electrospinning [195] is an effective carbon nanofiber synthesis method. Hy-
drothermal carbonization is an alternative and promising strategy of deriving a carbon
nanostructure from biomass. As a carbon and nitrogen source, nitrogen-containing car-
bohydrates are used primarily, such as chitosan [196-199], glucosamine [200-202], and
amino acids [203]. Song et al., during the hydrothermal synthesis of nitrogen-doped carbon
nanofiber, used glucosamine hydrochloride and ultrathin tellurium nanowires as tem-
plates [204]. Microscopic observations indicated that the diameter of nanofibers declined
from 150 to 100 nm after the pyrolysis and CO; activation processes (Figure 11a,b). To inves-
tigate the elemental distribution in N-CNFs-900-0.5 h, elemental mapping was undertaken
using energy-filtered transmission electron microscopy (EFTEM) imaging as the analysis
method (Figure 11¢). The images revealed that nitrogen atoms were homogeneously dis-
tributed in the nanofibers. After heat treatment in an inert atmosphere at 900 °C and further
activation with CO; at 1000 °C, the highly porous N-doped carbon nanofibers with a BET
surface area of up to 1324.25 m? g I with N-5, N-6, and N-Q functional groups on the
surface were produced (Figure 11d—f). The material activated with CO; for 4 h exhibited
the optimal balance of porosity, nitrogen content, and electricity for ORR activity. The
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N-CNFs-900—4 h sample displayed 3.74—4.02 transferred electrons in alkaline electrolyte at
potentials ranging from —0.30 to —0.90 V.

c

Intensity (a.u.)
Intensity (a.u.)

40 2 408 804 40 196

Activated time (h) Binding energy (eV) Binding energy (eV)

Figure 11. Characterization of the conductive and porous N-CNF aerogels obtained after pyrolysis
and CO; activation. (a,b) SEM images at different magnifications; (c) EFTEM image and elemental
mapping; (d) comparison of the BET surface areas; (e) XPS survey spectra; (f) high-resolution N1s
spectra of the N-CNFs-900-4 h. Adapted from [204], with permission from Nano Energy, 2016.

2.4.1. Synthesis of Nitrogen-Doped Carbon Nanofiber-Based Materials via
Pyrolysis Method

In the case of N-doped carbon nanofibers fabricated through carbonization, two or
more precursors acting as carbon and nitrogen sources are required. By extension, the
selection of proper precursors is essential to the formation of effective N-doped carbon
nanofibers with high catalytic performance. Biomass is often seen as an environmentally
friendly and low-cost precursor; during the last few years, bacterial cellulose in particular
has attracted dramatic interest due to its production through ecofriendly microbial fer-
mentation procedures [205]. To obtain a 3D N-CNF structure, Li et al. [206] freeze-dried
bacterial-cellulose-coated polypyrrole with added FeClz x 6 HyO before pyrolysis in a Ny
atmosphere. As a result, in the final product, higher catalytic activity was observed for
N-CNFs, which possessed a higher level of pyridinic N (2.95% at.), than for pyrrolic N
(1.41% at.) and graphitic N (2.02% at.). Another way to introduce nitrogen atoms to a CNF
structure is their heat treatment in an NH3 atmosphere [207]. NH3 was also an activating
agent and caused a high BET equal to 916 m? g~ 1. The tested N-CNF catalyst shows supe-
rior ORR activity and higher selectivity with an electron transfer number of 3.97 at 0.8 V
when compared with four reference carbon materials (Vulcan XC-72R, Ketjenblack EC-300],
CNTs, and reduced graphene oxide aerogels). Excellent electrochemical stability in alkaline
media for only a 20 mV negative shift of half-wave potential after 10,000 potential cycles
was also determined for N-CNF aerogel [207]. Mulyadi et al. prepared carbon nanocom-
posites by mixing the solvothermal-treated CNFs-derived N,S-doped carbon nanofibers
with complex particles of melamine-phytic acid [5]. In the next step, the suspension was
allowed to sediment before lyophilization at room temperature for 4 days to form the car-
bon nanocomposite. Pyrolysis of the carbon nanocomposite was performed in a nitrogen
atmosphere at 400 °C for 2 h, followed by another 2 h at 900 °C. The best electrocatalytic ac-
tivity achieved for CNFs consisted of four heteroatoms: nitrogen (3.9% at.), sulfur (0.5% at.),
phosphorus (1.9% at.), and oxygen (4.9% at.). For a good linear fitting of Koutecky-Levich
plots, the desirable four-electron reduction process is predominant.
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Massaglia et al. used a electrospinning technique to obtain N-CNFs from the poly-
acrylonitrile solution, which was then pyrolyzed at 900 °C in an inert atmosphere [189].
N-CNFs are characterized by a high amount of nitrogen groups on four states; however, the
highest atomic percentage falls on graphitic N and pyridinic N, with 55.1% at. and 26.7%
at., respectively. An optimal content of both N-Q and N-6 ensures a four-electron path-
way towards ORR and guarantees samples’ good electrical conductivity. Park et al. also
used polyacrylonitrile and polystyrene in the electrospinning method [208]. For samples
obtained with the pyrolysis temperature increased from 800 to 1100 °C, the onset potentials
were shifted towards a more positive direction, and the limiting current density increased
consecutively. For the best catalyst of N-CFs-1100 pyrolyzed at 1100 °C, the number of
transferred electrons was 3.7-3.8. These results indicate that the composite samples are
very promising electrocatalysts for ORR in an alkaline solution, demonstrating a highly
competitive performance but at a much lower cost than the benchmarked Pt/C catalysts.

2.4.2. Synthesis of Nitrogen-Doped Carbon Nanofiber-Based Materials via Chemical Vapor
Deposition Method

In the one of the pioneering papers describing the use of N-CNF in ORR, Maldonado
and Stevenson prepared electrodes through a CVD method, using xylene, ferrocene, and
pyridine as precursors to control nitrogen content [209]. ORR catalysts manufactured in
this way showed significant activity towards the reduction of H,O; in alkaline media, it
being an essential stage in the whole ORR process. Some papers point out an issue related
to the use of oxide catalytic supports of low electronic conductivity; that is, purification
steps, such as refluxing in concentrated alkaline and acidic solutions, are necessary before
employing the N-CNFs in electrocatalytic applications. An example is given in the paper by
Yin et al., where post-treatment procedures with a HySO4/HNO3 mixture alter the surface
chemistry and catalytic properties of the N-CNFs [210].

As reported by Bokach et al., catalytic chemical vapor deposition is an effective method
for the production of nitrogen-containing carbon nanofibers in a one-step process, at a
650 °C Fe nanoparticle form, supported on expanded graphite using a mixture of CO,
NH3;, and H; [211]. The pore formers Li;CO3, (NH4)2CO3, and polystyrene microspheres
were used to improve mass transport within the layer. The BET surface area and nitrogen
content for the N-CNFs were 225 m? g~ ! and 3.3% at., respectively. The observed large
pores act as a passage for oxygen and water transport in the thick N-CNF/Fe cathodes,
and thus lead to better performance. Conversely, Muthuswamy et al. [212] showed that
KOH treatment resulted in similar ORR activity to pristine N-CNFs, despite growth of
the surface area (BET) from 270 to 1151 m? g~ !. After KOH treatment, nitrogen content
drastically decreased from 4.7% at. to 0.5% at. Additionally, after activation, iron content
decreased from 0.24% at. to 0.02% at.; however, the activity was much like pristine N-CNFs.
The authors suggest that, besides iron or nitrogen atoms, there are active sites originating
from the distinct carbon environment formed during the N-CNF synthesis. To remove iron
particles from the catalyst, Buan et al. treated N-CNFs with concentrated nitric acid [192].
After HNOj3 treatment, nitrogen content was also reduced by 50% in the surface; however,
ORR performance in acidic electrolyte was not affected. The authors deduced that the
present porphyrin-like Fe-Ny sites are active sites for oxygen adsorption and reduction on
N-CNFs in acidic electrolyte. In a previous paper by Buan et al. [213], the influence of Fe and
Ni on ORR activity was described. The oxygen reductions for N-CNF/Ni and N-CNF/Fe
were two- and four-electron pathways in both acidic and alkaline electrolyte. The analyzed
results may serve as an explanation of why N-doped carbon nanostructures modified by
Ni show lower ORR activity when compared with those doped with Fe. However, for ORR
the contribution from metallic iron, iron carbide, iron nitride, and CNFs grown from Fe can
be ruled out. Table 7 summarizes the ORR activity of effective electrocatalysts based on
nitrogen-doped carbon nanofibers.
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Table 7. Summary of nitrogen-doped carbon nanofibers as electrocatalysts for ORR.

P of P of s Electron
Type of Sample CNF Hateroakom (mzm;f,) Electrolyte N Content Transfer Ref.
8 Number
N-CNF CsH3NOsxHCl  CgH;3NOsxHCI 643-1324 0.1 M KOH 1.64-4.67% at. 3.74-4.02 [204]
N-CNF Bgctial CHN 215-253 91V KO/ 490-8.33% at 37 1206]
cellulose 45 0.1 M HCIO, sibc i . S
N-CNF Baclerial NH; 916 0.1MKOH 58%at. 396 [207]
cellulose
N-CNF PAN! PAN nd.? 0.1 M KOH 2% at. 39 [189]
N-CNF PAN, PS 3 PAN 905-1271 0.1 M KOH n.d. 3.7-38 [208]
05M
N-CNF Xylene pyridine 130 H,S04/0.1 M 4% at. 397 [209]
KOH
N-CNF/Fe Graphite NH; 225 0.5 M H,S04 3.3% at. n.d. [211]
05M
N-CNF/Ni or Fe Graphite NH3 35-226 H;S04/0.5M 1.5-3.9% at. 24 [213]
KOH
N-CNF Graphite NH; 152-210 0.5 M H,S0, 2.4-5.1% at. nd. [192]
N-CNF Graphite NHj3 270-1151 0.5 M H,S04 0.24-4.7% at. n.d. [212]
; ) 05M
N,PS-CNF Cellulose CsHeNe, 565-1217 H,S04/0.1 M 2.4-4.3% wt. 3.58-3.99 [51
nanofibrils CeHig024P6 KOH

! PAN—polyacrylonitrile; 2 n.d.—not determined; > PS—polystyrene.

3. Conclusions and Perspectives

In this review, we focused on nitrogen-doped, carbon-based electrodes as metal-free
catalysts toward ORR. First, the mechanism of oxygen reduction in alkaline and acidic
media was briefly explained. In the experimental studies, doped graphene showed the
capability to catalyze oxygen reduction via a four-electron transfer pathway in alkaline
electrolyte. Nevertheless, replacing a commercial Pt/C catalyst in an acidic electrolyte with
doped graphene is still impossible and a challenge for research.

In experiments, a good understanding of ORR activity is possible using doped
graphene quantum dots, especially with sizes closer to models used in theoretical re-
search. Therefore, future experimental inquiries should focus more on producing graphene
quantum dots and on their ORR activity in different electrolytes, as these mechanisms
require additional investigation.

The methods presented in this work provide a summary of the main techniques for
synthesizing nitrogen-doped carbon materials capable of being commercialized. It is not
possible to say directly which synthesis technique is more efficient and promising for
obtaining N-doped carbon material. Nevertheless, according to many reports, the CVD
method is a good choice for obtaining multilayer carbon materials of high quality. However,
one should also keep in mind the economic and ecological aspects in which the pyrolysis
method fits perfectly. This method is characterized by an uncomplicated procedure for the
preparation of N-doped carbon materials, as well as a significantly higher yield compared
with the CVD method. On the other hand, by means of the hydrothermal method, it is
possible to obtain a quantity of material that goes beyond the laboratory using safe synthesis
conditions. The combination of pyrolysis and hydrothermal methods can be a perspective
for obtaining materials doped with heteroatoms. Due to these advantages, methods that
have large-scale commercialization potential for industrial application are presented. Small
modifications of precursor amount, changes of carbon and nitrogen source, and the choice
of proper temperature can contribute to obtaining materials with properties comparable to
commercial ones based on heavy metals.

The influence of nitrogen sources on the final catalytic properties of the obtained
carbon materials is also a very important aspect of the optimization of synthesis conditions.
The selection of an appropriate precursor is a key element to successfully introducing
nitrogen in the right type and amount into the carbon structure. The most commonly used
nitrogen precursors include urea, melamine, and ammonia, while the most interesting
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ones that fit into the concept of green chemistry are natural ones, such as chitosan, green
algae, and gelatin, which all contain high amounts of nitrogen. Despite the high nitrogen
content of the precursors, the final amount of introduced heteroatom is on the level of
several to several tens of percent. When considering the percentage of nitrogen, the type of
functional groups introduced must also be taken into account. It is still disputed among
scientists attributing the direct effect of pyridine functional groups or quaternary nitrogen
on catalytic activity. However, it is important to remember that both of these groups have
an effect on catalytic activity. Knowing that pyridine groups are responsible for the increase
of the starting potential, while quaternary nitrogen affects the limiting current density in
the oxygen reduction reaction, the presence of both groups will effectively improve the
final catalytic properties. It is also worth mentioning other structural and morphological
properties that may help or hinder access to the active sites. A reasonable nitrogen group
content maintains a high population of active sites, where the extra electrons from nitrogen
correlate with 7 electrons in sp? carbon materials. Furthermore, the high performance of
carbon-based electrocatalysts depends on a good balance between electron conductivity
and specific surface area. However, in many papers we are unable to find information
about the specific surface area, especially in the case of graphene-based electrodes; knowing
that a surface area aids active sites by creating better accessibility to oxygen, an attractive
prospect are those carbon foams that have an open pore system, allowing for exposed
active sites and the highest possible electrolyte penetration for oxygen to reach all active
sites, affecting catalytic activity.
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W pracy przedstawiono wyniki badan przeprowadzonych w celu modyfikacji
struktury grafitowej poprzez wykorzystanie promieniowania mikrofalowego oraz
wprowadzenie azotowych grup funkcyjnych za pomoca naturalnego nosnika azotu.
Wyniki analiz fizyko-chemicznych wykazaty, ze optymalny czas syntezy w reaktorze
mikrofalowym wynosi 30 minut. Testy elektrochemiczne potwierdzily wysoka
aktywnosc¢ katalityczng w reakcji ORR, a wyznaczona liczba przenoszonych elektronow
(n) bytla réowna 3.46, co wskazuje, ze oOtrzymany material grafenowy wykazuje
mechanizm czteroelektronowe;j $ciezki redukcji tlenu w roztworze alkalicznym. Ponadto
stwierdzono, Ze otrzymane materialty z wykorzystaniem DMF jako medium
dyspergujacego, nie wykazywaly zwigkszonej aktywnos$ci katalitycznej i przebiegaty
wedlug dwuelektronowej $ciezki redukcji tlenu, ktora jest typowa dla materialow
niedomieszkowanych azotem. Na podstawie otrzymanych wynikow wyselekcjonowano
najlepiej dzialajace medium dyspergujace jakim jest alkohol etylowy, gdyz uzyskano dla
tych materiatlow najlepsze wyniki elektrochemiczne. Warto podkresli¢, ze poprawa
wydajnosci elektrochemicznej osiggnigta zostata z zastosowaniem przyjaznych dla
srodowiska reagentow oraz bez uzycia metali szlachetnych, a takze przy zmniejszeniu

zuzycia energii.
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N-doped graphene foam obtained
by microwave-assisted exfoliation
of graphite

Malgorzata Skorupska?, Anna linicka'™*

& Jerzy P. Lukaszewicz?

The synthesis of metal-free but electrochemically active electrode materials, which could be

an important contributor to environmental protection, is the key motivation for this research
approach. The progress of graphene material science in recent decades has contributed to the
further development of nanotechnology and material engineering. Due to the unique properties

of graphene materials, they have found many practical applications: among others, as catalysts

in metal-air batteries, supercapacitors, or fuel cells. In order to create an economical and efficient
material for energy production and storage applications, researchers focused on the introduction of
additional heteroatoms to the graphene structure. As solutions for functionalizing pristine graphene
structures are very difficult to implement, this article presents a facile method of preparing nitrogen-
doped graphene foam in a microwave reactor. The influence of solvent type and microwave reactor
holding time was investigated. To characterize the elemental content and structural properties of
the obtained N-doped graphene materials, methods such as elemental analysis, high-resolution
transmission electron microscopy, scanning electron microscopy, and Raman spectroscopy were used.
Electrochemical activity in ORR of the obtained materials was tested using cyclic voltamperometry
(CV) and linear sweep voltamperometry (LSV). The tests proved the materials’ high activity towards
ORR, with the number of electrons reaching 3.46 for tested non-Pt materials, while the analogous
value for the C-Pt (20 wt% loading) reference was 4.

Graphene possesses excellent mechanical and thermal properties'* and a high theoretical specific surface area
(2630 m? g™')". Therefore, over the past decades, graphene’s potential uses have been examined within many
fields’: fields emission (FE) devices®, sensors and biosensors’, optoelectronic devices (transparent electrodes for
solar cells), liquid-crystal displays (LCD)*’, and electrode materials in batteries and supercapacitors'”''. Gra-
phene can exist in the form of zero-dimensional (0D) dots (nanospheres'?, hollow spheres'”), one-dimensional
(1D) fibers (ribbons)"’, two-dimensional (2D) sheets'*, and three-dimensional (3D) foams'®. 3D graphene foam
is a network of connected graphene sheets and, just as 2D graphene, can be widely used to improve the electri-
cal, mechanical, or thermal properties of electrochemical devices. The size, quality, and type of graphene sheet
synthesis determines the properties and potential application of the 3D materials'”. The synthesis of a three-
dimensional graphene structure is based on either the bly of two-dimensional graphene flakes or on a direct
synthesis. Many papers describe 3D structure synthesis based on chemical vapor deposition (CVD) of graphene
on a nickel foam matrix'**'. A relatively new synthesis method is the 3D printing of graphene materials®-**,
Well-known methods of synthesis produce three-dimensional graphene materials effectively, but they are too
expensive and require specialized equipment. The assembly of graphene flakes’*** by the hydrothermal method*”
is also popular, although not without disadvantages; self-organization of graphene sheets is the most common
problem that researchers want to eliminate*. The microwave method”**" supports the synthesis of graphene,
combining many advantages: it is fast, simple, does not require specialized equipment, and the starting material
for foam production can be expanded graphite®' or sucrose™.

Graphene foams, due to their excellent porous structure, are a light material that combines the properties of
two-dimensional graphene sheets and the three-dimensional system they form when joined together. The large
pore volume and subsequent high specific surface area of the material, its thermal stability, high electronic con-
ductivity, and high ion transfer rate all contribute to graphene foams’ functionality in energy storage devices™***,
Hence, to further improve their properties, increase electrode capacity, and power or energy density, many
researchers try to dope graphene materials with metal compounds or metal oxides, or to create composites with
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Figure 1. (a) SEM and (b) HRTEM images of expanded graphite.

other active materials"~**. These solutions involve increased production and disposal costs. The fact that these
substances are not environmentally friendly leads researchers to try to introduce heteroatoms (mainly nitrogen)
into the carbon structure using natural reagents**’, thus increasing the range of potential applications of 3D
graphene materials.

The synthesis of any metal-free but electrochemically active electrode material is an important contribution
to protecting the environment and the key motivation for engaging this research approach. To this end, we pre-
sent a fast and facile method of producing N-doped graphene foam using a microwave process. In the proposed
process, expanded graphite was used as a starting material and green algae Chlorella vulgaris as an N-precursor.
Different solvents (ethyl alcohol and dimethylformamide) were applied in the microwave reactor study. After
the microwave process, the samples were carbonized. The study investigated the influence that the microwave
(duration time) and carbonization processes had on graphene structure and nitrogen content.

Results and discussion

Material characterization. The proposed method to obtain N-doped graphene foam using a pressure
microwave reactor was confirmed to be effective using instrumental methods. Figure 1 shows the commercial
expanded graphite, the substrate for synthesis. The morphology of expanded graphite is flat and graphite sheets
overlap in stacks. The scanning electron microscope images allow determining the impact of the microwave
process and type of solvent on the structure of the obtained graphene materials. Figure 2 shows the structure
of materials obtained in the EtOH solution for samples 0A-10 and 1A-10. For material obtained without the
carbonization process, the structure is similar to pristine graphite with the layers not separated (Fig. 2a). The
HRTEM images in Fig. 2b indicate that the material consisted of many graphene sheets forming thick stacked
layers. Figure 2c,d show SEM and HRTEM images of graphene foams obtained with N-reagent. The carboniza-
tion process aided the exfoliation of graphene flakes. The SEM and HRTEM images for samples obtained in
DMEF are presented in Fig. 3a,b for the 0B-10 sample and Fig. 3c,d for the 1B-10 sample. The morphology of
the materials obtained in DMF is very similar to that of materials obtained in EtOH, so further analysis was
necessary. In all solvents, the material was exfoliated after carbonization to form graphene foam, creating very
light and fluffy structures. The high temperature caused the creation of spaces and a system of very thin gra-
phene walls which incorporated nitrogen atoms. The HRTEM images for all solvents indicate that in both cases
very thin parallel layers can be observed. Disordered morphology and clearly overlapping layers are typical for
graphene-based materials.

A basic premise of this method of enriching the final material with nitrogen is the use of green algae. After
carbonization, it can join graphene flakes (single layer graphene, few layer graphene and multilayer graphene
type) into a durable, porous 3D structure resembling a foam or sponge. Aside from providing amorphous carbon
matter adhering graphene flakes, green algae is a source of nitrogen. It was selected due to its useful features, such
as ease of mixing with graphene flakes in EtOH or DMF and thermal degradation to a non-porous nitrogen-
rich matrix. A low carbon matrix yield from the starting green algae mass makes it possible to avoid soaking
the graphene flakes and retains the graphene flakes’ surface accessibility to chemical reagents, e.g., electrolytes.
The green algae-originated carbon phase is assumed to be present in the form N-rich bridges between graphene
flakes which enable electron transfer throughout the whole mass of material. The effective exfoliation of materials
obtained with a holding time of 10 min in the reactor led to the investigation of the effect that extending holding
time had on the structure and elemental composition of graphene foams. The influence on the nitrogen content
was examined in two different electrolytes, while the carbonization process was used to change the structure
of graphene by creating exfoliated graphene foam with embedded nitrogen functional groups. The elemental
analysis was used to determine the composition of the N-doped graphene foams. The influence of the elemental
composition for materials in series 0A/B-T and 1A/B-T obtained in different solvents is shown in Table 1. The
results for samples obtained in these two series indicate that solvent and holding time in the microwave reactor
influence the elemental content of the obtained materials. A high carbon content in the range from 76.06 to 95.52
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Figure 2. SEM and HRTEM images of graphene foams obtained without and with N-reagent: (a,b) 0A-10 and
(c,d) 1A-10.

wt% was observed for all samples. The mass content of the samples obtained was typical for graphene-based
materials. The nitrogen content in samples prepared without N-reagent was significantly lower than that for
samples with Chlorella vulgaris. Heteroatoms were successfully introduced into the graphene structure using the
natural reagent. For samples synthesized in different solvents with N-reagent, the percentage by mass of nitrogen
was high, at 2.44 wt% for the 1A-10 sample. Along with extending the reaction time for the 1A-T series produced
in the ethyl alcohol solvent, a significant decrease of the nitrogen content, down to 0.65 wt%, was noted. In the
case of the 1B-T series, where DMF was the solvent, an increase in the samples’ nitrogen content was observed
when holding time was increased. The highest nitrogen content for the 1B-T series was recorded for a sample
maintained for 90 min, at 0.89 wt%.

Raman spectroscopy is the method most commonly used to characterize graphene materials*’. On the Raman
spectra for graphene, three characteristic bands can be observed, D, G, and 2D, for which the shift at the 532 nm
laser line is 1347 cm™, 1577 cm™, and 2698 cm™'** respectively. Using Raman spectroscopy analysis, it is possible
to estimate the number of graphene sheet layers that have been laid, as well as determine defects in the material
obtained. Raman spectra were compiled for the N-doped graphene foams carried out in two selected solvents,
EtOH (Fig. 4a) and DMF (Fig. 4b). The holding time in the reactor was 10, 30, 60, or 90 min. Table 2 shows the
ratio of intensities of the materials obtained depending on their different reaction times and solvents. The ratio
of D and G band intensities indicates the degree of graphitization defect, while I,;,/I; indicates the number of
superimposed graphene layers. Comparing the spectra with each other, there is no significant difference in the
intensity ratio of 2D to G bands. The ratio is close to 0.5, which indicates that the obtained material possesses
several layers. The change in D-band is clearly visible, which may mark the quality of the graphene structure. In
the 1A-T series, the I,/I; band ratio increases along with the reaction time, indicating quality. The low ratio of
D to G-band intensities suggests that graphene material was effectively obtained. These can potentially be used
in electrochemical applications as electrodes, as sensors, or biosensors.

In order to determine the thickness and lateral size of graphene sheets which were treated in the microwave
reactor, AFM analysis was performed using the 1A-T and 1B-T series of samples, synthesized in two solvents,
EtOH (Fig. 5a) and DMF (Fig. 5b). Knowing the thickness of single-layered graphene and the interlayer dis-
tance, the measured value corresponds to few graphene layers. The thickness of graphene sheets for series 1A-T
and 1B-T is in the range of 3.62-6.78 nm and 5.59-16.45 nm, respectively. This result is consistent with Raman
spectroscopy examinations, which also suggests that employing the microwave reactor produces few-layered
graphene, regardless of the type of solvent.
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Figure 3. SEM, HRTEM images of graphene foams obtained without and with N-reagent: (a,b) 0B-10 and (c,d)

1B-10.

EG 7354 | 150 [0.08
0A-10 [ 7606 |1.56 |0.14
0B-10 80.70 |1.37 [0.58
1A-10 8883 058 |2.44
1A-30 90.40 |0.61 |0.97
1A-60 | 91.09 [0.90 |0.65
1A-90 91.50 | 0.83 |0.73
1B-10 9548 034 |0.10
1B30 9127 [0.72 |0.76
1B-60 8921 |0.92 |0.84
1B-90 89.78 |0.83 [0.89
Table 1.

Elemental composition of EG and graphene foams obtained with different solvents and holding times
in the microwave reactor.

The surface elemental composition of materials from the 1A-T series was analyzed using X-ray photoelectron
spectroscopy. Figure 6a shows a wide survey scan for sample 1A-30 collected from 0 to 1300 eV. XPS spectra of
sample 1A-30 for Cls, N1s, and Ols are presented in Fig. 6b-d. The high-resolution spectrum of C1s (Fig. 6b)
can be deconvoluted into five peaks centered at 284.6 eV, 285.0 eV, 286.4 eV, 287.7 eV, and 288.6 eV, which can
be attributed to bonds of C=C (sp?), C-C (sp*), C-O-C, C=0, and O-C=0, respectively. The total content of
carbon for all samples, determined by XPS measurement, was in the range from 90.2 to 93.2 at.% (Table 3) and
was at the same level as carbon content determined by elemental combustion measurement.

After deconvolution of the high-resolution spectrum of N1s, two characteristic types of bonds were deter-
mined for nitrogen in the form of pyrrolic-N and quaternary-N in binding energies of 399.1 eV and 400.8 eV,
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Figure 4. Raman spectra of (a) 1A-T and (b) 1B-T series compared to pristine EG.

EG 13480 |0.10 | 15755 |1 |2713.5 [048 |0.10 |0.48
1A-10 1353.0 |0.17 | 15800 |1 |2716.0 |047 |0.17 |0.47
1A-30 1353.0 |0.12 [15785 |1 [27160 |0.50 [0.12 |O0.50

1A-60 13525 |0.08 |1580.0 |1 |27185 |048 |0.08 |0.48
1A-90 1353.0 |0.07 |1580.0 |1 |2717.5 |048 |0.07 0.48
1B-10 13530 |0.12 | 15785 |1 |2716.0 [0.55 |0.12 |0.55
1B-30 13555 |0.06 |1580.0 |1 |2717.5 (049 |0.06 |0.49
1B-60 13530 |0.05 |1580.0 |1 |2719.0 |047 |0.05 |0.47
1B-90 1356.5 |0.09 |1580.0 |1 |2715.5 [0.50 |0.09 |0.50

Table 2. Raman band positions and intensities, as well as the intensity ratio of EG and graphene obtained in
1A-T and 1B-T series.
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Figure 5. AFM images of (a) 1A-30, (b) 1B-30 with height profiles of graphene flakes.
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Figure 6. (a) XPS survey spectrum and high-resolution XPS spectra of (b) Cls, () Ols, (d) N1s for 1A-30
sample.

1A-10 357 |413 93 3.0 09 27 45 0.2 0.9 0.8

1A-30 576 |24.0 79 29 0.0 25 35 0.1 0.7 02
1A-60 66.5 16.0 79 26 0.0 24 32 0.1 0.5 03
1A-90 599 |235 7.1 27 0.0 24 29 03 04 02

Table 3. Chemical composition analyzed using high-resolution XPS for series 1A-T.

respectively'’. Modified graphene structures subjected to microwave heating facilitated nitrogen substitution
in the graphite plane. The effect of high carbonization temperatures on doped structures was the formation of
mainly quaternary-N functional groups, responsible for the materials’ effective catalytic activity in the oxygen
reduction reaction*’. Due to access to an electron pair in the graphene structure, the pyrolytic N-group is active
in response to the oxygen reduction reaction, which leads to an increase in the catalytic activity of N-doped
materials*’. The overall content of nitrogen atoms for all samples in the 1A-T series was between 0.6 and 2.7
at.%. The XPS results show that nitrogen doping in graphene is successful; there were two characteristic types
of nitrogen functional groups that improved catalytic properties in response to ORR results, the highest content
belonging to the pyrrolic-N groups. Deconvolution of the high-resolution O1s spectrum fit into three bands
at energy values of 531.6 eV, 533.2 eV, and 536.0 eV which correspond to C-O-C, O-C-O, and absorbed H,0
bonds, respectively*.

Electrochemical performance. Inorder to check the catalytic activity of the obtained materials in the oxy-
gen reduction reaction, cyclic vol ry and linear vol ry measur were taken. The ORR reac-
tion is distinctive in metal-air batteries and fuel cells, therefore examining the catalytic activity of the produced
nitrogen-doped materials was an important aspect of the work. In recent years, heteroatom-doped graphene has
become an alternative to platinum-based materials owing to the heteroatoms’ improvement of electrochemi-
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Figure 7. (a) CV curves with a scan speed of 100 mV s™' in O,-saturated electrolyte for the 1A-T series and the
Pt/C catalyst; (b) LSV curve of the obtained samples and Pt/C catalysts (5 V 5!, 1600 rpm); (¢) Onset potential
of 1A-T and the commercial catalyst; (d) Koutecky-Levich plot for the samples at 0.45 V.

cal properties”"*. In this case, graphene structures served as a matrix for the introduction of nitrogen, using
the natural substrate Chlorella vurgalis as the source. As the literature reports, N-precursor is transformed into
conductive carbon forms under the influence of high carbonization temperatures, 800-900 °C, which increase
electrocatalytic properties'””. The reference material in electrochemical tests was a carbon material based on
platinum (20 wt%). All measurements were made in an oxygen-saturated 0.1 M KOH electrolyte for the materi-
als from the 1A-T and 1B-T series, however the plots are presented for the 1A-T series only (Fig. 7). Figure 7a
illustrates the CV curves for the samples obtained in the 1A-T series, showing the cathode peaks for samples
1A-10, 1A-30, 1A-60, and 1A-90 at a potential of 0.75 V, 0.74 V, 0.81 V, and 0.76 V relative to the RHE electrode,
respectively. This is one proof that the presented method produces materials with good electrocatalytic prop-
erties. When examining the catalytic activity in the oxygen reduction reaction, one should keep in mind the
measurements of linear voltammetry, which provide the most information regarding the catalytic properties
of the obtained materials. Figure 7b shows LSV measurements. The curves were retrieved with oxygen flow at
a scanning speed of 5 mV s/, and rotation speed of 800-2800 rpm. A curve was selected for all samples in the
1A-T series and for the Pt/C reference catalyst (20 wt%) at one rotation speed, 1600 rpm. Sample 1A_60 exhibits
the highest current density among the samples obtained, but it is still lower than a commercial material based
on platinum. This proves that, despite sample 1A-60 having the lowest nitrogen content at 0.65 wt%, the material
shows good catalytic properties in ORR. The value of the onset potential for the 1A-60 sample, shown in Fig. 7c,
was 0.91 V, while for the commercial material this value was about 1.03 V. For the other samples, 1A-10, 1A-30,
and 1A-90, the value of the onset potential was 0.90, 0.86, and 0.92 V vs RHE, respectively. LSV results are typical
for non-metallic graphene-based materials. They contributed to the estimation of the electron transfer number
in the oxygen reduction reaction, which primarily describes the path of the ORR reaction. By analyzing the
Koutecky-Levich plot (Fig. 7d), it is possible to determine the number of electron transfers. Data gathered from
the LSV plot at a value of 0.45 V were used to calculate the number of electrons participating in the reaction. For
the commercial material based on platinum, a four-electron reaction was a distinguishing characteristic, while
graphene is characterized by a two-electron oxygen reduction reaction”’. ORR performance parameters for the
1A-T series and commercial platinum-based carbon are presented in Table 4. The values closest to those for the
commercial catalyst were those of samples 1A-30 and 1A-60, of 3.46 and 3.10, respectively. A high value of n
means that the electron transfer in the oxygen reduction reaction is close to the 4 electron ORR mechanism. The
number of transferred electrons for the series of samples obtained with DMF as solvent equals 2.55, 2.42, 2.49,
and 2.57 for 1B-10, 1B-30, 1B-60, and 1B-90, respectively. The produced materials show improved properties
over pristine graphene, whose typical number of electron transfers in ORR is about 2 electrons'*", The LSV
results show that the resulting materials have good catalytic properties. This is proof that the electrocatalysts
doped with heteroatomic nitrogen, and mainly nitrogen functional groups in the graphene structure, are respon-
sible for catalyzing the ORR reaction. The products are completely free of any metals and can potentially achieve
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1A-10 0.90 0.73 2.56 2.55
1A-30 0.86 0.72 244 3.46
1A-60 0.91 0.79 355 3.10
1A-90 0.92 0.80 312 2.80
PY/C (20 wt%) | 1.03 0.88 6.37 4.00

Table 4. ORR performance parameters of series 1A-T and commercial Pt/C catalyst tested in alkaline media.

wide application in the field of electrochemistry. Remarkably, the 1A-60 and 1A-90 exhibited prominent ORR
activity with the most positive onset potential (E,,.,,) at 0.91 V and 0.92 V. The half-way potential (E, ;) was also
highest for 1A-60 and 1A-90 compared to other samples. The prominent ORR activities of 1A-30 and 1A-60 in
an alkaline medium may be benefitting from the synergistic effect of the structure and elemental composition.
First, the unique few-layer architecture of graphene is conducive to exposing more of the active sites and facili-
tates the accessibility of oxygen. Second, the nitrogen heteroatoms can induce charge redistribution and facilitate
the adsorption of oxygen and the consequent reduction reaction on carbon. The proposed materials’ composi-
tion is their advantage, because generally structures described for ORR application tend to be decorated with
expensive, precious, or environmentally-unfriendly metals or metal oxides, e.g., Pd, Ru™, perovskie oxides™,
Fe(I1)™, Fe;Cy™ or Au™,

Conclusion

In summary, an effective method of obtaining N-doped graphene in a microwave reactor was developed, one
which uses expanded graphite and Chlorella vurgalis. Research indicates that the use of a natural N-reagent during
synthesis in a microwave reactor in various solvents can contribute to the incorporation of nitrogen atoms into
the graphene structure at a level of several percent. It can be concluded that ethyl alcohol and dimethylformamide
are good solvents which contribute to the exfoliation of graphene layers and the production of pure graphene
material. The high quality of the obtained material, without defects, shows that the method is a promising way
of producing heteroatom-doped graphene foams. The optimal time for synthesis in the microwave reactor was
30 min and introduced mainly pyrrolic-N groups descend from N-precursor Chlorella vurgalis. The best elec-
trochemical results were obtained for materials using ethanol as a reaction medium. The solvent also influenced
the introduction of nitrogen functional groups into the graphene structure, The products showed good catalytic
activity owing to the nitrogen functional groups introduced into the graphene structure, which are responsible
for the catalytic properties in the oxygen reduction reaction. The tests proved their high activity towards ORR,
i.e., the number of electrons n reached 3.46 for tested materials (no Pt added), while the analogous value for the
C-Pt (20 wt% loading) reference was only slightly higher and equal 4. For pristine, i.e., non-N-doped graphene,
the n value was only 2. It has to be underlined that the progress in electrochemical performance was achieved
in an environment-friendly way, not only without the use of noble metals, but also with a reduction in energy
consumption. Heteroatom doping of graphene materials is an alternative to more expensive materials based on
metals, an alternative that can have promising properties for electrochemical applications and a huge impact on
the potential use the composite materials in supercapacitors, metal-air batteries, or fuel cells.

Materials and methods

Preparation of N-doped graphene foam samples. The production of N-doped graphene foams was
based on a one-step process using microwave radiation in two dispersed solvents: ethyl alcohol (EtOH), and
dimethylformamide (DMF). The starting materials used were expanded commercial graphite (EG, Sinograf,
Torun, Poland) and the natural green algae N-precursor, Chlorella vulgaris. The compounds were mixed in a
solvent with a 1:4 mass ratio of graphene to Chlorella vulgaris, then sonicated to obtain a better dispersion.
The samples were loaded into a microwave reactor (Microwave 400) and heated under pressure to 180 °C, with
the power of about 300-600 W. The microwaving duration was either 10, 30, 60, or 90 min; after this time, the
samples were stirred. The obtained mass was then washed with distilled water to remove the solvent and dried at
120 °C overnight. Finally, samples were carbonized at 900 °C with a heating rate of 3 °C min™' and then heated
for 4 h under the flow of nitrogen (to provide an inert environment during carbonization). Reference samples
were made using the same procedure, but without the addition of an N-precursor nor the carbonization process.
For all samples without the addition of Chlorella vulgaris, the process in the reactor was maintained for 10 min.
The reference samples obtained without carbonization, only the microwave process, are designated as 0A/B-T,
where A and B describe the solvent and denote EtOH or DMF, respectively, while T is the time in minutes that
the sample was held in the microwave reactor. Samples obtained with the addition of the N-precursor and using
carbonization are designated as 1A/B-T, where A and B describe the solvent and mark EtOH or DME, respec-
tively, and T is the duration of time spent in the microwave,

Characterization methods. The atomic structure of the obtained materials was analyzed using a high-
resolution transmission electron microscope (HRTEM FEI Tecnai F20 X-Twin, Brno, Czech Republic) at an
accelerating voltage of 200 kV. A scanning electron microscope operating at 30 kV (SEM, 1430 VP, LEO Electron
Microscopy Ltd., Oberkochen, Germany) was used to determine the structure of the samples. The elemental
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composition of the materials was analyzed by means of a combustion elemental analyzer (Vario MACRO CHN,
Elementar Analysensysteme GmbH, Langenselbold, Germany). R -microscopic spectroscopy analysis
was performed using Renishaw InVia (Renishaw Company, Gloucestershire, the United Kingdom), excitation
wavelength 532 nm at an ambient temperature. Nitrogen sorption isotherms were determined through nitrogen
physisorption at 77 K in a volumetric apparatus ASAP 2010 (Micromeritics, Norcross, GA, USA). The attach-
ment, bonding configuration, and compositional analysis of the material was carried out by X-ray photoelec-
tron spectroscopy measurements (XPS, PHI5000 VersaProbe IT Scanning XPS Microprobe, Chigasaki, Japan). A
monochromatic Al-Ka X-ray (1486.6 eV) was used as the operating excitation source. Atomic Force Microscopy
(AFM) investigations were conducted using a Scanning Probe Microscope (SPM) apparatus produced by Veeco
(Digital Instrument, USA), working under ambient conditions.

Electrochemical measurements. Tests of the obtained materials’ electrochemical properties were car-
ried out using the Autolab potentiostat (PGSTAT128N, The Netherlands). The standard measuring setup was
made up of three electrodes—an Ag/AgCl electrode in 3 M KCI was the reference, a Pt electrode the counter,
while the working electrode was glassy carbon (GC rotating disk electrode with a 5.0 mm diameter) onto which
ink, with the catalyst, was applied. The catalyst ink was prepared basing on the dispersion of 2.5 mg of the test
sample in a mixture of distilled water and ethanol (ratio 1:4) and Nafion (0.5 wt% Nafion). As a point of com-
parison, electrochemical studies were also performed on a commercial catalyst from Sigma Aldrich, platinum
on graphitized Pt/C carbon (20 wt% Platinum). The prepared ink was pipetted onto glassy carbon in an amount
of 15.63 pl and the electrode was dried afterwards. Catalyst content was about 0.4 mg cm . Before electrochemi-
cal testing, the alkaline solution was saturated with O,/N, for 20 min. The activity of the samples in an oxygen
reduction reaction was evaluated by measuring cyclic voltammetry (CV), carried out at a scanning speed of
10 mV s7!, and linear voltammetry (LSV), at a scanning speed of 5 mV s and rotation speed of 800-2800 rpm,
in a solution of 0.1 M KOH at room temperature. The number of electrons (n) directly participating in ORR was
calculated using the Koutecky-Levich equation (K-L):

=t R = (B0 R )

B = 0.62nFCy(Dg)*/3v~1/¢ 2)

where ] is defined as the measured density, J; is the current density limiting diffusion, and J is the kinetic current
density; w is the angular velocity of the electrode; n is the number of electron transfers in the reaction; F is the
Faraday constant (96,485 C mol™'); C, is the concentration of dissolved oxygen (1.2 x 10°* mol L' in 0.1 M KOH);
D, is the diffusion coefficient of dissolved oxygen (1.9 x 10~ cm?s™" in 0.1 M KOH); v is the kinetic viscosity of
the electrolyte for 0.1 M KOH, 0.01 cm?s™". The slope of the K-L graph can be obtained using Koutecky-Levich
Eqs. (1) and (2), thanks to which it is possible to determine the number of electron transfers in ORR.
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Praca przedstawia wyniki badan opartych na zastosowaniu weglanu wapnia jako
templatu przyczyniajacego si¢ do zwickszenia pola powierzchni wlasciwej oraz
umozliwiajacego Sterowanie rozmiarem poréw w otrzymanych materiatach weglowych.
Pomimo mato znaczgcych zmian W porowato$ci otrzymanych materiatow, stwierdzono,
ze zastosowanie CaCOz mialo wplyw na powstanie pustych przestrzeni, co w
konsekwencji wptyneto na polepszenie dostgpnosci dla nosnika azotu i jego zawieszenie
w calej masie. Zastosowany azodikarbonamid (ADC) jest skutecznie dziatajacym
substratem przyczyniajacym si¢ do wprowadzenia w strukture weglowa atoméw azotu w
formie dwoch okreslonych grup funkcyjnych N-5 i N-6. Nowatorstwo tej pracy polegato
na wykazaniu, ze sumaryczna wysoka zawarto$¢ azotowych grup funkcyjnych N-5 i N-6
w stosunku do catkowitej zawarto$ci azotu, byta istotna dla przebiegu reakcji ORR.
Przeprowadzone testy elektrochemiczne potwierdzity aktywno$¢ otrzymanych
materiatow w reakcji redukcji tlenu, co $wiadczy o mozliwosci potencjalnego
wykorzystania nowych materiatow elektrodowych w urzadzeniach do magazynowania i
konwersji energii. Zaproponowana metoda syntezy poprzez wprowadzenie taniego
nosnika azotu, a takze zastosowanie odpowiednich temperatur karbonizacji przyczynita
si¢ do otrzymania materiatdow wykazujacych czteroelektronowa redukcje tlenu, wynik
poréwnywalny do komercyjnego materiatu Pt/C. Gtéwna zaletg zaproponowanej metody
jest zastosowanie tanich reagentéw i skuteczne wprowadzenie heteroatoméw azotu, a co
za tym idzie otrzymania materiatbw weglowych wykazujacych czteroelektronowa

sciezke redukcji tlenu.
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The effect of nitrogen species
on the catalytic properties
of N-doped graphene

Malgorzata Skorupska®, Anna linicka*™’ & Jerzy P. Lukaszewicz'?

The production of effective catalysts in the oxygen reduction reaction (ORR) continues to be a great
challenge for scientists. A constant increase in demand for energy storage materials is followed by

a proportionate increase in the number of reports on electrocatalyst synthesis. The scientific world
focuses on environmentally friendly materials synthesized in accordance with the safest possible. In
this work, we developed a facile method of obtaining heavy-metal-free electrode materials that are
effective in ORR. Graphene-based catalysts were doped using azodicarbonamide (ADC) as the source
of nitrogen, then carbonized at high temperatures in the range of 700-900 °C under inert gas flow. The
produced materials were tested as catalysts for ORR, which is the most important reaction for Zn-air
batteries and fuel cells. All obtained nitrogen-doped graphene foams showed increased catalytic
activity in ORR owing to active sites created by nitrogen functional groups on the graphene surface.
This paper shows that carbonization temperature has a significant impact on nitrogen content and
that a small percentage of nitrogen may have a positive effect on the catalytic activity of the obtained
materials. The number of transferred electrons in ORR was found to range from three to the maximal
theoretical value, i.e., four.

Materials containing platinum are the best commercial electrocatalysts for the oxygen reduction reaction and
serve as a paternal electrode material'~’; however, noble-metal-free electrode materials are an attractive alter-
native from an economical point of view and crucial for protecung the environment. Effective electrocata-
lysts in fuel cells"”, lithium-air batteries*’, and zinc-air batteries’ should be active in the oxygen reduction
reaction (ORR)'""", the key reaction in devices of this sort. Some very promising alternatives to noble-metal
electrode materials are carbon materials doped with non-metal heteroatoms, e.g., phosphorus'*'%, boron'*'®
or nitrogen'*'"'" inserted into the basic carbon structure, of which the most promising catalysts are those
containing nitrogen functional groups'’~*', such as pyridine nitrogen (N-6) and pyrrole nitrogen (N-5). At the
same time, very high concentrations of heteroatoms and a large amount of defects in the structure can contrib-
ute to a decrease in electronic conductivity and disadvantage the oxygen reduction reaction”. There are many
nitrogen precursors that may be useful for synthesising N-doped carbon catalysts of high activity towards ORR,
e.g., melamine™”, urea™”, adenine’*’", arginine’*”’, or natural materials, such as green algae or gelatine™ ",
We have demonstrated in our previous studies that such N-doped materials can be derived from amino acids™,
chitin, and chitesan’""*, and provide high activity towards ORR. It has been shown that a large specific surface
area, as well as a mesoporous structure, had a positive effect on ORR catalytic activity, this being due to good
accessibility of catalytically active sites to the electrolyte and to the good charge transport provided by the carbon
matrix. It was found that the influence of nitrogen content is not the key factor'®",

To our understanding, the key challenge of any work in the field of N-rich carbon electrode materials is find-
ing a non-platinum material with the ability to perform a four-electron reduction of an oxygen molecule. This
feature is essential for the entire concept of applying N-rich carbons in fuel cells and reversible batteries (ORR on
cathodes) as a replacement of the traditional Pt-loaded electrode materials, Among dozens of cited works, and
hundreds or thousands left uncited, the occurrence of a four-electron reaction mechanism can only be attributed
to single reports. Thus, the real novelty of our research attempt consists of a successful demonstration of the
manufacturing protocol being able to gradually lead to that unique target. Another innovation of this study is
the application of non-oxidized graphene rather than the graphene oxide and/or reduced graphene oxide which
are used in the dominant synthesis approach in existing studies. The application of pristine graphene instead of
oxidized graphene derivatives saves time and manufacturing costs.

Faculty of Chemistry, Nicolaus Copernicus University in Torun, Gagarina 7, 87-100 Torun, Poland. *Centre for
Modern Interdisciplinary Technologies, Nicolaus Copernicus University in Torun, Wilenska 4, 87-100 Torun,
Poland. ““email: ailnicka@umk.pl
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Figure 1. High-resolution transmission electron microscopy images of samples (a,b) 1-NGF-9, and
(c,d) 2-NGF-9 at different magnifications.

In this paper, we continue the search for more effective non-metal ORR catalysts. It is our assumption that
more efficient N-doping is achievable by means of more adequate N-precursors. In the current research, the
influence of azodicarbonamide (ADC) and carbonization temperature on nitrogen content and ORR catalytic
activity of nitrogen-doped graphene foam was investigated. Additionally, it was hypothesized that the general
high nitrogen content is a not the sole steering parameter catalytic activity improvement, but that the type and
concentration of pyridine nitrogen and pyrrolic nitrogen also plays a crucial role. Therefore, the content of such
N-based functional groups was needs to be determined in context of and effective ORR process.

Results and discussion

Materials characterization. While the structure of all obtained nitrogen-doped graphene foams was
characterized using high resolution transmission electron microscopy (HRTEM) images, data for one sample
is presented in this paper as fully representative of all obtained results. Figure 1 shows the structure of samples
obtained with different weight ratios of reagents (1-NGF-9 and 2-NGF-9) and carbonized at 900 °C.

It is clearly visible that the structure is wrinkled, consisting of many layers superimposed on one another.
Other materials show a similar wrinkled, flattened, and irregular structure. Calcium carbonate is assumed to
form mesopores 20 nm in size, but the structure collapses when washed with hydrochloric acid, taking the form
of graphene nanoplatelets (GNPs).

Samples dispersed in ethanol were transferred to silicon wafers in order to study their surface structure and
number of layers through the use of atomic force microscopy (AFM). Graphene sheets exhibit many contrasting
regions that can be attributed to the layers of which they consist. When analyzing individual materials, all of them
were found to exhibit many overlapping layers, which created a structured graphene material. The results are
presented in Fig. 2. Results of Raman spectroscopy confirm that the obtained materials have many overlapping
layers which are part of 3D structured graphene.

Elemental analysis was performed in order to investigate the obtained material’s nitrogen content and the
effect of carbonization temperature on the content of carbon, hydrogen, and nitrogen. This study is important
to confirming a previous conclusion stating that the content of nitrogen is not the only factor influencing ORR
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Figure 2. (a) AFM analysis highlighting the particular area, (b) height profile of marked area of 2-NGF-9.

GNPs 87.32 | 090 [0.72 | 750 0.99 0.13 0.86 0.64 | 0.40
1-NGF-7 [86.25 |177 |1.83 |635 0.82 0.12 0.70 095 |0.34
1-NGF-8 (8371 (094 |235 |620 0.76 0.14 0.62 083 043
1-NGF-9 9294 |0.72 | 1.02 |657 0.84 0.12 0.72 0.81 |037
2-NGF-7 | 8231 |1.86 |3.01 |640 0.80 0.13 0.67 0.68 |0.39
2-NGF-8 |87.60 |0.95 |3.18 |533 0.74 0.11 0.63 105 |0.34
2-NGF-9 |93.09 |0.67 |0.95 |562 0.69 0.13 0.56 040 | 046

Table 1. Porosity parameters, nitrogen, hydrogen, and carbon content, and ratios of the intensities of G, D,
and 2D-bands from the Raman spectra of 1-NGF-T and 2-NGF-T series.

catalytic activity. The individual samples’ weight percentages of carbon, nitrogen, and hydrogen are presented
in Table 1. The percentage of carbon was in a range of 82 to 93 wt% for all samples. For the 2-NGF-T series,
increasing carbonization temperature is directly proportional to increasing carbon content, which indicates an
improvement in the materials’ degree of graphitization. This trend is only in part maintained in the 1-NGF-T
series, where the percentage was 86.25 wt% for a carbonization temperature of 700 °C, then decreased to 83.71
wt% for a carbonization temperature of 800 °C, and then increased to 92.94 wt% for 900 °C.

The percentage of nitrogen is influenced not only by the type of precursor used, but by the carbonization
temperature as well. For the series 1-NGF-T and 2-NGF-T, the highest nitrogen content was recorded for a car-
bonization temperature of 800 °C, in the amount of 2.35 wt% and 3.18 wt%, respectively. For the other samples
from the 1-NGF-T series, carbonized at 700 °C and 900 °C, the percentage of nitrogen content was 1.83 wt%
and 1.02 wt%, respectively. For samples from the 2-NGF-T series, carbonized at the two extreme temperatures
of 700 °C and 900 °C, this content was at the level of 3.01 wt% and 0.95 wt%, respectively.

In order to test the porosity of the samples and determine pore volume, a nitrogen adsorption-desorption
analysis was performed. Figure 3a,c summarize the isotherms for all materials obtained and compare them
to the GNPs to identify significant differences. According to the IUPAC classification™, all samples show the
character of a type II isotherm, with a slightly pronounced hysteresis loop. The obtained materials did not show
significant differences in relation to the GNPs, which suggests that the graphene structure remained stable after
the synthesis process. A Brunauer-Emmett-Teller (BET) analysis of the 1-NGF-T series shows that the specific
surface areas for the 1-NGF-7, 1-NGF-8, 1-NGF-9 samples was 635 m? g™!, 620 m? g!, and 657 m? g!, respec-
tively. The tested materials, 2-NGF-7, 2-NGF 8, 2-NGF-9, showed specific surface areas of 640 m? g !, 533 m* g!,
and 562 m* g', respectively. Thus, a slightly worse decrease in structural parameters (specific surface area and
pore volume) was present for N-doped samples compared to the main carbon precursor (non-modified), i.e.,
graphene nanoplatelets (GNP).

In the second series, where the ADC was used in excess, a decrease in the specific surface area was observed
with the increase in carbonization temperature, which could cause the graphene structure to collapse due to
gases released in the carbonization process. Pore size distribution was determined based on the two-dimensional-
non-localized density function theory (2D-NLDFT) method and is shown in Fig. 3b for the 1-NGF-T series
and Fig. 3d for the 2-NGF-T series. For all the materials obtained, there were no significant changes in the
pore size relative to the GNPs, showing micro and small mesopores. The lack of significant differences in the
porous structure proves the strength of the material. The total pore volume (V,) for all materials obtained from
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Figure 3. Nitrogen adsorption-desorption isotherms and NLDFT pore size distribution of samples in series
(a,b) 1-NGF-T and (c,d) 2-NGF-T compared with GNPs.
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Figure 4, Raman spectra of samples in series (a) 1-NGF-T and (b) 2-NGE-T, compared with GNPs.

both series did not exceed 1 cm® g~'. Other parameters, such as micropore volume and mesopore volume, are
presented in Table 1.

The quality of the graphene-based materials obtained and the degree of graphene layers/sheets association
can be estimated using Raman spectroscopy (Fig. 4). All materials’ spectra contain three visible bands, D, G, and
2D, characteristic for graphene; the paternal Raman shifts for ideal graphene (for the 532 nm laser) are 1350 cm™
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Figure 5. (a) The XPS survey spectrum and high resolution XPS spectra of (b) Cls, (¢) Ols, and (d) N1s for the
2-NGF-7 sample.

for the D band, 1600 cm™! for the G band, and 2700 cm™" for the 2D band*. Raman spectra in Fig. 4a show the
1-NGEF-T series compared to GNP’s spectrum. As is visible, the spectra overlap and there appear to be no par-
ticular changes with reference to the GNPs. The 2-NGF-T series is presented with reference material for GNPs
in Fig. 4b. An increase in the D band intensity was observed for samples 2-NGF-7 and 2-NGF-8, which indicates
that the introduced heteroatom content caused a defective structure. However, the intensity of the 2D band
decreases with the increase of D band intensity. In the case of the 2-NGF-9 sample, the situation is completely
different. The intensity of the 2D band increases concurrently with the D band. This indicates a qualitatively bet-
ter material, with fewer defects and overlapping layers. The higher ratio of the intensity of the 2D and G bands
in this sample, 0.46, proves that the material consists of many overlapping layers. Detailed parameters for the
intensity and intensity ratios of D to G and 2D to G for all materials, as well as the GNPs, have been normalized
and are presented in Table 1. All materials show a high degree of graphitization.

As mentioned previously, the total nitrogen content is not the only factor influencing catalytic activity. The
number of nitrogen functional groups on the edges of defective graphene structures is important. XPS meas-
urements were made for a more in-depth analysis, which made it possible to determine the exact content of
functional groups on the materials’ surfaces (Fig. 5a). We used azodicarbonamide as the nitrogen precursor,
responsible for generating appropriate functional groups for ORR. Figure 5b-d show high-resolution XPS spec-
tra for the 2-NGF-7 sample, which were characterized by three main elements: carbon, nitrogen, and oxygen.

All of obtained samples exhibit a similar structural content of carbon and oxygen atoms and the exact elemen-
tal composition of the respective nitrogen function groups is presented in Table 2. The C1s spectra for all samples
consist of five types of bonds, located at 284.4 eV, 284.9 eV, 286.2 eV, 287.5 eV, 288.6 eV and corresponding to
bonds of type C=C (sp?), C-C (sp*), C-O-C and/or C-NH, C=0 (C-3), O-C-0, respectively*. Excitation of
the shake-up type confirms the presence of C=C (sp?) bonds, related to aromatic forms, which appear at binding
energies of 290.1 eV and 293.4 eV*". Based on the deconvolution of the N1s spectrum, it is possible to identify
four peaks, characterized by bond energies at the values of 398.5 eV, 400.2 eV, and 402.3 eV, and 404.5 eV cor-
responding to the pyridine-nitrogen (N-6), pyrrolic-nitrogen (N-5), and graphitic-nitrogen (N-Q) groups, and
N-oxides of pyridinic nitrogen (N-X), respectively””. The identified types of nitrogen functional groups should
positively affect the catalytic properties of N-doped graphene foams for the oxygen reduction reaction. The con-
tent of N-5 and N-6 groups as a percentage of total N are shown in Table 2. Deconvolution of the O1s spectrum
shows two types of oxygen bonds, at binding energies of 530.7 eV and 532.8 eV, corresponding to O*=C-O and/
or O-C-0 and O=C-0* and/or C-O-C, respectively’**.

Scientific Reports |

(2021) 11:23970 | https://doi.org/10.1038/541598-021-03403-8 natureportfolio

103



www.nature.com/scientificreports/

°
n

1-NGF-7 | 94.1 39 21 02 |13 |03 0.3 71
1-NGF-8 |935 4.1 22 04 |15 |02 0.1 86
1-NGF-9 | 95.0 37 10 01 |08 |00 0.1 90
2-NGF-7 |934 39 27 07 |15 |03 0.2 81
2-NGF-8 | 946 3l 19 05 |12 |01 0.1 89
2-NGF-9 94.7 42 0.7 0.2 0.5 0.0 0.0 100

Table 2. Elemental composition of N-doped graphene foams determined by XPS analysis.
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Figure 6. The results of electrochemical performance for 1-NGF-T and Pt/C in saturated-O, 0.1 mol L' KOH
(a) CV plots with a scan rate of 10 mV s~ (b) LSV plots with a scan rate of 5 mV s™' and rotation speed of
1600 rpm, (¢) Koutecky-Levich plots at 0.5 V vs RHE, (d) onset potential for samples in the 1-NGF-T series.

Electrochemical performance. Electrochemical tests were used order to determine the application
potential of the obtained nitrogen-doped graphene foams. Materials were tested as electrocatalysts for ORR
to assess whether any given one is suitable for use in electrical devices, such as zinc-air batteries or fuel cells.
Electrochemical methods, cyclic voltammetry (CV) and linear voltammetry (LSV), were used, then the obtained
results were compared with the commercial Pt/C material. The four-electron oxygen reduction reaction is the
most desirable path and allows the effective operation of devices based on ORR. Tests were carried out in an
oxygen-saturated alkaline electrolyte. The obtained CV and LSV results are shown in Fig. 6 (series 1-NGF-T)
and Fig. 7 (2-NGF-T series). The number of electrons transferred in ORR was calculated from the K-L equations
and presented as a function of current density (j') at a spin speed w of 0.5 V vs RHE (Fig. 6¢). All materials
showed increased catalytic activity, as can be observed in the CV voltammograms; detailed data are presented in
Table 3. Analysis of the first series, 1-NGF-T, indicates that the sample carbonized at 900 °C (1-NGF-9) was the
most effective in ORR. The cathode peak (Fig. 6a) shifted from the more positive values was at 0.83 V vs revers-
ible hydrogen electrode (RHE). Linear voltammetry at 1600 rpm and a scan rate of 0.005 mV s™' (Fig. 6b,d)
shows an onset potential of 0.89 V vs RHE. The shape of the LSV curve for 1-NGF-9 is very close to that of the
commercial PU/C catalyst and shows a high diffusion-limiting current of 5.30 mA em™2. The remaining materials
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PyC 0.76 0.98 0.88 637 4.00
I-NGE-7 | 0.78 0.84 0.75 3.80 3.04
1-NGF-8 | 0.79 085 0.76 416 343
1-NGF-9 | 0.83 0.89 0.82 5.30 4.00
2-NGF-7 | 0.80 0.85 0.76 4.50 332
2-NGF-8 | 0.79 0.84 0.76 4.06 335
2-NGE-9 | 0383 0.90 0.82 470 382
Table 3. ORR performance parameters of obtained N-doped graphene foams compared to commercial Pt/C
catalyst, tested in 0.1 mol L' KOH.
from the 1-NGF-T series had lower catalytic activity compared to sample 1-NGF-9, carbonized at 900 °C, which
exhibited a four-electron oxygen reduction reaction. The highest catalytic activity in relation to the remaining
materials stems from two factors. One of them is the extensive structure of mesopores (0.72 cm® g, higher
than in all others), which further enhances the availability of the electrolyte and thus facilitates the diffusion of
electrons in ORR. The other condition that this sample accomplished is the percentage share of N-5 and N-6
groups in the total nitrogen content, as follows from the XPS analysis, which has a beneficial effect on the oxygen
reduction reaction™.
The number of transferred electrons for samples 1-NGF-7 and 1-NGF-8 was 3.04 and 3.43, respectively
(Fig. 8). The pyridine and pyrrole functional groups, despite their low content located at the edges, react with
hydroxyl groups derived from alkaline forms of the electrolyte, creating an active site at the same time. The
2-NGEF-T series also showed increased catalytic activity in ORR, as indicated by the CV curves in Fig. 7a, where
there are clearly visible cathode peaks for materials carbonized at 700 °C, 800 °C, and 900 °C, shifted relative
to the positive values and amounting to 0.81, 0.79, and 0.83 V vs RHE, respectively. The material carbonized
at 700 °C showed a very high current density in CV measurements compared to other samples in this series.
Similar values of the initial potential and the diffusion-limiting current indicate little differentiation of the
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Figure 8. (a) The number of transferred electrons in the 1-NGF-T and 2-NGF-T series compared to the
commercial catalyst Pt/C and GNPs. (b) The schematic diagram of the four-electron oxygen reduction reaction
crucial for rechargeable zinc-air battery.
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Figure 9. Chronoamperometric responses of (a) 1-NGF-9 and (b) 2-NGF-9 compared to a Pt/C electrode in
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material, however, they show catalytic activity in relation to the GNPs, with their transferred-electron numbers
were 3.32, 3.35, and 3.82 for the 2-NGF-7, 2-NGF-8, and 2-NGF-9 samples, respectively. The high increase in
catalytic activity of the obtained materials as compared to the GNPs is due to active functional groups deposited
on the edges of the graphene sheets. These kinds of nitrogen groups strongly influence the oxygen reduction
reaction'”"" mechanism. The catalytic activity of 1-NGF-9 and 2-NGF-9 samples can be explained based on
the paper by Guo et al., where the authors suggest that pyridinic nitrogen determines electrocatalytic activity"'.
The authors describe that the Lewis base carbon atoms neighboring pyridinic nitrogen, not pyridinic nitrogen
itself, are electrocatalytic ORR centers in N-doped carbon materials. Furthermore, pyrrolic nitrogen species are
responsible for ORR performance in an alkaline medium****. Therefore, the combined effect of these two groups
(pyridinic nitrogen and pyrrolic nitrogen) in samples 1-NGF-9 and 2-NGF-9, with the highest concentration (N-6
and N-5) of the total nitrogen content (90% and 100%), is related to the highest number of transferred electrons.

Figure 8a summarizes the number of transferred electrons in the oxygen reduction reaction of the obtained
materials, the GNPs, and Pt/C. All materials obtained with the proposed method showed catalytic activity. The
four-electron oxygen reduction reaction (Fig. 8b) is facilitated by the quality of nitrogen groups, not the percent-
age of nitrogen, which affects the rapid reaction kinetics at the edges of multilayer graphene. Our results support
the notion that the total nitrogen percentage is not directly proportional to catalytic activity** and obtained
materials are promising electrocatalysts for zinc-air battery.

From an economic point of view, it is important for the production of energy storage devices and metal-air
batteries to obtain materials with comparable stability to the commercial platinum-based materials. The stability
of materials in the oxygen reduction reaction is one of the most important parameters when evaluating them
for potential applications and making attempts to eliminate heavy metals from commercial materials. Chrono-
potentiometry tests were carried out to estimate the durability of the 1-NGF-9 (Fig. 9a), 2-NGF-9 (Fig. 9b), and
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Pt/C electrodes. After a long test of 25,000 s, all samples still remained at a high current stability compared to
commercial Pt/C.

Materials and methods

Sample preparation. To prepare nitrogen-doped graphene foams, first carrageenan (1 g) was dissolved in
deionized water (30 ml). Then, graphene nanoplatelets (1 g) were mixed with calcium carbonate (1 g) nanoparti-
cles (average particle size 15-40 nm) and dispersed in the carrageenan solution. Lastly, azodicarbonamide (1 g)
used as a nitrogen source. Pore-forming material was also added to the obtained solution. This was then mixed
for 30 min on a magnetic stirrer, and after this time, the samples were lyophilized for 24 h. The obtained dry
mass was carbonized at 700 °C, 800 °C, or 900 °C under the flow of inert gas N, at a heating rate of 10 °C min™
and kept at the maximal temperature for 1 h. Since the melting point of ADC is 225 °C, this component was
completely removed from the sample during the high-temperature carbonization process. Samples were treated
with concentrated HCI (36-38%) for 20 min to remove calcium carbonate and washed with distilled water to the
point of neutral pH. The resultant products were denoted as 1-NGF-T and 2-NGF-T, where: 1 and 2 describe the
mass ratio of reagents CaCO;:ADC of 2:1 and 1:2, respectively; NGF stands for nitrogen-doped graphene foam;
T is the carbonization temperature of 700 °C, 800 °C, and 900 °C, indicated by 7, 8, and 9, respectively.

Physicochemical characterization. A high-resolution transmission electron microscope (HRTEM FEI
Tecnai F20 X-Twin, Brno, the Czech Republic) was used to observe the structure of the samples at an accelerat-
ing voltage of 200 kV. Raman spectra were obtained using 532 nm laser excitation (microscope InVia Renishaw,
Renishaw Company, Gloucestershire, Great Britain). The specific surface area and pore size distribution were
ascertained from adsorption and desorption isotherms measured at 77 K by means of an automatic volumetric
analyzer (ASAP 2020 Plus, Micromeritics, Norcross, USA). The Brunauer-Emmett-Teller (BET) method was
used to determine the specific surface area (Sggr). The pore size distribution was calculated using the two-dimen-
sional-non-localized density functional theory method. The single-point total pore volume (V;) for the obtained
materials was measured at the maximum relative pressure of p/p,,. The micropore volume (V,;;) was determined
using the t-Plot method, while the mespopore volume (V,,.) was calculated by subtracting V,; from V,. Infor-
mation about the elemental composition (carbon, nitrogen and hydrogen) of the nitrogen-doped graphene
foams was collected using elemental combustion analysis (Vario MACRO CHN, El ar Analy

GmbH, Germany). The atoms’ chemical state was identified through X-ray photoelectron spectroscopy (XPS)
measurements with a VG Scientific ESCALAB-210 (Japan), photoelectron spectrometer with Al Ka radiation
(1486.6 eV). Using the Scanning Probe Microscope (SPM) by Veeco (Digital Instrument, USA), the obtained
materials were tested in order to determine the values of graphene thickness using atomic force microscopy.

Electrochemical measurements. In order to determine the electrochemical properties of the obtained
nitrogen-doped graphene foams, their electrochemical activity was assessed using a rotating disc electrode
(RDE) on an Autolab electrochemical analyzer (PGSTAT128N, the Netherlands). In the conventional three-
electrode system, the obtained carbon material on a glassy carbon electrode (GCE with a diameter of 3 mm) was
used as a working electrode, Ag/AgCl in 3 mol L™! KCI was used as the reference electrode, a platinum wire was
used as the counter electrode, and an aqueous solution of 0.1 mol L™' KOH was used as the electrolyte. Platinum-
based commercial carbon, Pt/C (20 wt% of Pt), was used as a reference catalyst. The preparation of ink is based
on mixing 2.5 mg of the catalyst and its dispersion in 0.55 ml of a mixture of distilled water, ethanol, and Nafion
(0.5 wt% of Nafion) for 60 min. The prepared ink was applied to a glassy carbon electrode previously polished by
a diamond and alumina polishing pad. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measure-
ments were carried out to determine oxygen reduction reaction activity in the obtained nitrogen-doped foams.
The CV curves were measured at a scan speed of 10 mV s™', while the LSV curves were measured at 5 mV s~
and with a rotation speed of 1600 rpm. The 0.1 mol L' KOH electrolyte solution was saturated with oxygen and
nitrogen before CV and LSV measurement. The number of electrons (n) was calculated from the Koutecky-Lev-
ich (K-L) equation, based on a full LSV measurement at 0.5 V vs reversible hydrogen electrode (RHE):

= 7 e = (B ) T ! )

B = 0.62nFCy(Dg)**v~1/¢ 2

where: ] is assigned to the measured current density, J; is defined as the current density limiting diffusion, and
Jx is the kinetic current density; w is the angular velocity of the electrode; n is the number of direct electrons
involved in the reaction; F indicates Faraday’s constant (96,485 C mol™'); C, denotes the dissolved oxygen
concentration and is equal 1.2*10°° mol L™" in 0.1 mol L~! KOH; Dy is equal to the diffusion coefficient of dis-
solved oxygen, 1.9 * 10~ cm®s™! in 0.1 mol L™ KOH; v for 0.1 mol L™' KOH is 0.01 cm® s~ and is defined as the
kinetic viscosity of the electrolyte. A determination of the number n is possible when both equations are used
to calculate the slope of the K-L curve.

Conclusions

In conclusion, the obtained nitrogen-doped graphene foams are environmentally friendly, metal-free electrocata-
lysts with properties comparable to a Pt-based catalyst. The azodicarbonamide used here is an effective precursor
of nitrogen atoms, especially N-5 and N-6 groups. The total content of nitrogen functions N-5 and N-6, which
in all samples were significant for ORR, was above 82%. The best electrochemical performance was exhibited
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by the 1-NGF-9 and 2-NGF-9 samples, carbonized at 900 °C, showing a four-electron oxygen reduction in an
alkaline medium despite the lowest nitrogen content. The materials produced here can be successfully used as
electrode components in metal-air batteries or fuel cells as some of them are capable of a four-electron reduc-
tion of oxygen molecules, with this feature remaining constant in conditions simulating repeatable usage of a
zinc-air battery. Further research on surface area development or the introduction of dual heteroatom doping
into the graphene structure may expand these materials’ range of applications beyond electrode materials for
batteries and into supercapacitors or photovoltaic systems.

Received: 19 August 2021; Accepted: 2 December 2021
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Niniejsza praca badawcza dotyczyta otrzymania grafenowych elektrod piankowych
zsyntetyzowanych z naturalnych polimeréow — Zzelatyny i chitozanu tworzac jednocze$nie
porowata, domieszkowang azotem strukture. Najlepszymi katalizatorami otrzymanymi tg
metodg sg materiaty karbonizowane w temperaturze 800°C, ktore wykazujg mechanizm
czteroelektronowej redukcji tlenu w Srodowisku alkalicznym. Zastosowane temperatury
karbonizacji (600-800°C) nie doprowadzity do rozpadu struktury poréw i znacznej
eliminacji azotu z matryc weglowych. Wprowadzenie grafenu wptyneto korzystnie na
poprawe przewodnos$ci elektrycznej otrzymanych katalizatoréw testowanych w reakcji
ORR. Ponadto nawet matryce weglowe otrzymane w nizszej temperaturze (600°C)
charakteryzowaty si¢ liczbg przenoszonych elektronéw (n) wyzsza niz 3 (3.16 1 3.19).
Natomiast najwyzsza liczbe przenoszonych -elektronéw wykazywaly materialty
karbonizowane w 800°C i 900°C wykazujac mechanizm czteroelektronowej $ciezki

redukcji tlenu poréwnywalny do komercyjnych materiatow weglowych na bazie platyny.
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Modified graphene foam as a high-performance
catalyst for oxygen reduction reactiont

Malgorzata Skorupska, @ ** Anna Iinicka @ ? and Jerzy P. Lukaszewicz®®

Gelatine and chitosan were used as natural precursors for nitrogen-doping of the graphene foam structure,
creating specific types of active sites. The quantitative and qualitative content of nitrogen groups in the
carbon structure was determined, which, under the influence of high temperature, were incorporated
and transformed into forms of functional groups favorable for electrochemical application.
Electrochemical studies proved that the form of pyridine-N, pyrrole-N, and quaternary-N groups have
favorable electrochemical properties in the oxygen reduction reaction comparable to commercial
platinum-based electrode materials. Using these materials as electrodes in metal-air batteries or fuel

rsc.li/rsc-advances

Introduction

Presently, there is an urgent need to minimize environmental
pollution and find sustainable technology for energy
production, storage and conversion. All this is due to the
growing industry, whose demand for energy is constantly
increasing. Over the past few decades, energy storage devices
have become the focus of much attention, fuelling rapid
progress in the development of electrode materials for devices
such as fuel cells and metal-air batteries. Researchers are
continually improving current electrocatalysts to make them
more environmentally friendly, improve their conductive
properties, and efficiency by refining their electrochemical
properties. Currently, commercially available electrocatalysts
contain noble metals such as platinum, iridium, or ruthe-
nium. Platinum has excellent oxygen reduction reaction
(ORR) activity, but the disadvantages are its price and limited
sources. From an economic and environmental point of view,
noble metal-free electrocatalysts are a noteworthy alternative.
The properties that such an electrocatalyst should have are
good conductivity, a large specific surface area (SSA), and the
absence of noble metals in the structure."? Graphene and the
doping of heteroatoms of the graphene structure with
elements such as nitrogen sulphur, boron or phosphorus play
a good role in this respect.*” When constructing new elec-
trocatalysts, carbon materials can act directly in the oxygen
reduction reaction via active sites in the structure, making
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cells may eliminate the use of noble metal-based electrodes.

them an effective energy carrier.® Various conductive natural
and synthetic polymers are used to enhance the catalytic
properties, expand the surface conductive properties or
introduce heteroatoms into the structure. The polymeric
matrix precursors involved in the synthesis of 3D hybrid
materials to date include polymethylmethacrylate, sulfonated
polystyrene, and poly(vinylpyrrolidone) beads,”*® poly-
urethane or polydimethylsiloxane," polycaprolactone.*
Poly(ethylene mine), polyaniline, and polypyrrole have been
used as nitrogen precursors.'*'* Natural polymers include
cellulose,** starch,'® wood'” and also gelatine and chitosan.*®
These polymers are mainly used to improve the properties of
carbon materials for biomedical applications. The degree of
oxidation of polymers and their stability is very important in
energy storage devices."” However, in the case of natural
polymers, no use has been found for the synthesis of elec-
trode materials for oxygen reduction reactions. The natural
polymers are promising alternative to expensive carbon
precursors and their use in combination with graphene, can
give materials with advanced electrochemical properties.

Despite the observed progress in the synthesis of Pt-free ORR
catalysts, some domains still need to be explored. In particular,
the application of natural precursors is of interest. If properly
selected, natural precursors may ensure the instant transfer
of N atoms to carbon matrices upon carbonization of such
precursors. If carbonized solely, some natural precursors are
transformed into carbon matrices of relatively low electric
conductivity unless the carbonization temperature exceeds 800-
900 °C. On the other hand, high carbonization temperatures
lead to the collapse of pores and diminishing structural
parameters such as specific surface area and the total pore
volume. In parallel, the N-content also decreases due to the
release of volatile species that contain nitrogen at higher
temperatures.
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=
a
2
S
3
N
&
=
Q
0
=S
=
=]
]
3
g
=
2
1]
a
e
ol
=)
o
Z
=
=0
=
z
S
=
S
B
=
z
i
2
£
<
2
2
8
o1
<
=
2
o

13.0 Unported Licence.

N

Attrit

O
o
2

-1
&
2

o
<
5}

-]
&
3

]
2
&
8
53

=

]

=2

8
P

RSC Advances

As mentioned in earlier literature reports, it is true that
nitrogen doping increases defects in the structure of graphene,
which can be observed by analyzing Raman spectroscopy. The
intensity of the D-band indicates a defected structure of the
material. As described in an earlier literature review® the
interaction between nitrogen and the neighboring carbon is
significant. The introduction of nitrogen into the sp” carbon
structure alters the electronic properties of the carbon atoms
due to the higher electronegativity of nitrogen. The activity is
attributed to the different nitrogen functional groups and, as
assumed, with increasing heat treatment temperature, N
pyrrole transforms into N pyridine and N quaternary.***
However, indirect factors such as the morphology of the carbon
materials must also be taken into account. An appropriate
correlation between surface area and oxygen availability and the
content of the corresponding functional group can improve the
catalytic properties. In the case of the research described in this
manuscript, the calculated electron transfer value is indicative
of a four-electron pathway which is influenced by a component
of all the factors described above. In the present work, we
attempt to resolve the problem caused by the mentioned
contradictions. Graphene and widely available natural polymers
gelatine and chitosan were used low-cost precursors to obtain
N-doped graphene foams with porous structure. The effect of
the carbonization temperature on the content of nitrogen
functional groups and catalytic properties was investigated. The
best oxygen reduction properties in the alkaline medium are
exhibited in materials carbonized at 800 °C. Several instru-
mental analyses were performed for broad characterization.
Among others, a high-resolution transmission electron micro-
scope was used to determine the structure and morphology of
the graphene foams. To the best of our knowledge, it is the first
report on the aggregate use of graphene and natural polymers to
obtain N-doped graphene foams for practical application in
oxygen reduction reaction.

Materials and methods

The N-doped graphene foams were synthesized based on the
synthesis stages presented in Scheme S1.f The commercial
graphene nanoplatelets (GNPs) were used as the carbon source,
and gelatine or chitosan was used as the nitrogen source and
the medium for hydrogel formation. In the first series (1F),
gelatine and Na,CO; (16.9% w/v) were dissolved in 20 ml of
distilled water, heated and stirred continuously to dissolve the
reagents completely. The GNPs were added to the clear solution
while stirring continuously and then left to stand until the next
day. The ratio of gelatine to GNPs was 2.5:1. Then 0.5 g of
instant yeast was added to the mixture and stirred, followed by
10 ml of perhydrol (30%). Yeast and perhydrol were used in the
reaction to form the foamed structure. The yeast acted as
a catalyst for the decomposition of perhydrol into water and
oxygen, thus accelerating the decomposition process and
keeping the oxygen molecules in a dense matrix. In the second
series (2F), the chitosan material was prepared the same way as
in series 1F except that a solution consisting of 10 ml H,0/1 ml
HCI was added to gel the chitosan. In both series, 1F and 2F

25438 | RSC Adv, 2023, 13, 25437-25442
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samples were freeze-dried to remove water from the foam. After
the freeze-drying process, the samples were carbonized in an N,
atmosphere at 600, 700, 800, or 900 °C with a heating rate of 3 ©
C min " and a holding time of 1 hour. The samples obtained
after the carbonization process were washed with hydrochloric
acid to remove all unreacted substrates and then with distilled
water to a neutral pH. They were dried at 110 °C in an electric
dryer until completely dry. N-doped graphene foams synthe-
sized with gelatine were denoted as 1F_T, where T is carbon-
ization temperature 600 °C, 700 °C, 800 °C, 900 °C, respectively.
The second series of N-doped graphene foams obtained with
chitosan were denoted as 2F_T.

The materials were used for the synthesis and the synthesis
scheme are described in the ESL{ A description of the tech-
niques used to characterize the materials and electrochemical
measurements are also described in the ESL{

Results and discussion
Materials characterization

The morphology was investigated by high-resolution trans-
mission electron microscopy (HRTEM) analysis. The HRTEM
images at various magnifications show the resulting N-doped
graphene foams presented in Fig. 1 and S1.}

For samples 1F_800 and 2F_800, a wrinkled structure is
observed and also consisted of several overlapping individual
graphene layers. The distance between individual graphene
layers is within the range of literature data and is 0.35 nm.>
Such an extended structure and uneven edges, is characteristic
of N-doped graphene foams.

The elemental composition of carbon, nitrogen, and
hydrogen is summarized in Table 1. For electrochemical
application, nitrogen concentration, in particular, will play an
important role in the oxygen reduction reaction; therefore,
optimizing their concentration is essential.* Notably, it is
possible to control the limiting current density and effectively
use the heteroatoms incorporated into the structure to reduce
the overpotential.”*** For the 1F_T series, the percentage of
nitrogen content decreases from 6.39 wt% to 2.39 wt% with an
increase in the carbonization temperature from 600 to 900 °C,
respectively. The second series of 2F_T N-doped graphene
foams showed the same trend with a decrease in nitrogen
content from 5.72 wt% to 2.43 wt%. This is a typical trend for
non-permanent nitrogen groups, which undergo a decomposi-
tion process at higher temperatures resulting in a decrease in
the total nitrogen content of the materials obtained." In the case

Fig. 1 High-resolution transmission electron microscopy images of
1F_800 sample at different magnifications.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Elemental content of C, H and N elements determined by
combustion analysis, porosity parameters, and intensity ratios of G, D,
and 2D-bands from the Raman spectra of 1F_T and 2F_T series®

Elemental content

(wt%)
Sample C H N Sger Vo Vi Vme Iolle bolls
GNPs  87.32 0.90 0.72 750 099 0.13 0.86 0.64 0.40
1F_600 79.61 1.84 6.39 453 0.44 014 030 099 0.30
1F_700 8354 1.63 3.93 768 0.64 022 042 1.01 027
1F_800 88.75 1.33 2.86 861 0.77 021 056 0.81 0.30
1F_900 96.07 0.97 2.39 795 0.77 017 0.61 0.90 0.32
2F 600 7691 232 572 287 034 007 028 090 028
2F_700 7874 141 516 648 051 018 032 099 027
2F_800 81.88 1.97 3.39 769 0.6 023 032 1.03 032
2F 900 93.65 0.93 243 941 0.64 029 035 094 025

“ Sper = (m* g7, Ve = (em® g7*), Vini = (em® g77), Vipe - (em® g7").

of the carbon content for 1F_T and 2F_T series, their concen-
tration increase from 79.61 wt% to 96.07 wt% and 76.91 wt% to
93.65 wt% with the increase of carbonization temperature. This
relationship is typical for carbonaceous materials as the
number of carbon bonds increases with increasing tempera-
ture, causing an increase in the degree of graphitization.

The porosity of the obtained N-doped graphene foams was
determined by sorption of nitrogen analysis. Fig. S2a and
bt present adsorption-desorption isotherms of the materials
obtained in 1F_T and 2F_T series and commercial GNPs. The
shape of curves for the obtained samples are characteristic of
type-1l isotherm with a visible hysteresis loop according to the
TUPAC classification.”” The SSA was calculated by Brunauer-
Emmett-Teller (BET) equation and compared with commer-
cial graphene in Table 1. In the 1F_T series, the sample
carbonised at 800 °C has the highest SSA, 861 m* g—'. The
specific surface area of samples 1F_600, 1F_700 and 1F_900 is
453 m* g7', 768 m* g—' and 795 m* g-', respectively. The
decrease in surface area for sample 1F_900 relative to 1F_800
may be due to the collapse of the structure during the intense
release of gaseous thermal transformation products. Similar
trend was observed for materials obtained from gelatine by
Yang et al.>® The 2F_T series showed a trend of increasing SSA
with increasing carbonization temperature. The obtained
material 2F_600 carbonized at 600 °C shows the lowest
specific surface area of 287 m® g—'. The 2F 900 sample
carbonised at 900 °C has a higher SSA than GNPs of about 191
m?> g'. The value of the specific surface area of sample
2F_900 was 941 m*> g~'. The use of two-dimensional-non
localised density functional theory (2D-NLDFT) method
permitted the determination of the pore size for the N-doped
graphene foams. The subtle differences are shown in Fig. S2c
and d.t The pore volumes were compared with commercial
graphene and are summarised in Table 1. The pore sizes of
the materials in detail is described in the ESL{

The Raman spectra Fig. 2 possess three characteristic bands,
D, G, and 2D. The intensity ratio of the D to G bands and 2D to G
bands are shown in Table 1. Explanations of the meaning of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Raman spectra of samples in series (a) 1F_T and (b) 2F_T
compared to GNPs.

individual peaks and the intensity ratio of D to G bands (Ip/I¢)
and 2D to G bands (I,p/;) are described in the ESL{

The type of functional groups in the N-doped graphene
foams is very important and influences the catalytic properties.
Therefore, X-ray photoelectron spectroscopy (XPS) analysis was
used to determine the content of functional groups.

The resulting XPS spectra were taken for 1F_800 and 2F_800
samples. The tests performed made it possible to determine the
type of elements present in the XPS survey spectra (Fig. 3a and
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Fig. 3 (a and b) The XPS survey spectra. The high-resolution XPS

spectra of (cand d) C 1s, (e and f) O 1s, (g and h) N 1s for 1F_800 and
2F_800 sample.
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b). The natural polymers used, gelatine and chitosan, were the
sources of carbon and nitrogen atoms. High-resolution spectra
were determined for carbon (Fig. 3¢ and d), oxygen (Fig. 3e and
f), and nitrogen (Fig. 3g and h). The individual spectra and
corresponding bonds at a given energy value are described in
the ESL{ Under the influence of high temperatures, the
nitrogen atoms were transformed into the corresponding
nitrogen functional groups (Table S11).

In the literature, researchers described different nitrogen
groups responsible for electrochemical activity. In one paper,
the authors suggested that pyrrole-N, pyridinic-N and graphitic-
N influence activity in the oxygen reduction reaction.”” In
another case, pyridinic-N enhances activity in the oxygen
reduction reaction and, in combination with another hetero-
atom, may also effectively contribute to the use of materials as
catalysts for additional application.****

Electrochemical performance

Catalytic activity is an extremely important parameter when
evaluating electrocatalysts determined by cyclic voltammetry
(CV) and linear sweep voltammetry (LSV). The potential appli-
cation of the obtained electrocatalysts was investigated in
relation to oxygen reduction reaction, which is a crucial reaction
in metal-air batteries or fuel cells. The CV curves (Fig. 4a and
S3at) obtained for both series of materials possess character-
istic cathodic peaks, which indicates the catalytic activity of the
composites obtained. The cathodic peak for the samples in the
1F_T'series was in the potential range from 0.77 to 0.80 V vs. the
reversible hydrogen electrode (RHE). In series 1F, the current
density range for sample 1F_800 is the widest, which may
indicate high activity over a wide range of current densities. For
the 2F_T series, a shift of the cathode peak towards positive
potential values is evident. The peak range in which oxygen
reduction occurs for the samples in the 2F_T series is between
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Fig. 4 The results of electrochemical performance for 1F_T and Pt/C

saturated with O, in 0.1 mol L™* KOH (a) CV plots with a scan rate of

10 mV s~ (b) LSV plots with a scan rate of 5mV s* and rotation speed

of 1600 rpm, (c) onset potential, (d) Koutecky—Levich plots at 0.5 V vs.

RHE for samples in the 1F_T series.
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0.75 and 0.81 V vs. RHE. In series 2F, sample 2F_900 shows the
broadest range of current density than the other samples in this
series. By analyzing the LSV voltammograms (Fig. 4b and S3b¥)
and onset potential determined on LSV curves (Fig. 4c and S3ct)
atascan rate of 5mVs ' and a sweep rate of 1600 rpm, the most
effective catalysts in the oxygen reduction reaction can be
selected.

Based on the results from the LSV method measured at
different speeds in the range from 800 to 2800 rpm, using the
equations and the K-L diagram (Fig. 4d and S3dt), the number
of electrons involved in the ORR reaction was determined. After
calculations determining the number of electrons transferred, it
can be concluded that the materials from both series demon-
strate a four-electron oxygen reduction pathway (Table 2). Fig. 5
shows the number of electrons involved in the oxygen reduction
reaction for samples of 1F_T'and 2F_T series and also for GNPs,
and commercial platinum-based catalysts.

Chronopotentiometric tests were carried out to assess the
durability of the 1F_800 and 2F_800 electrodes. Stability tests
were measured for 5 h at 0.5 V vs. RHE. The obtained materials
exhibit high durability in the oxygen reduction reaction after 5 h
the materials still maintained high current stability, indicating
a potential alternative to metal-containing catalytic materials. A
graph showing the stability of the best materials is shown in the
ESI on Fig. S4.1

Slight differences can be seen in the variation of the
carbonization temperature. For the first 1F_T series, the
number of electrons ranged from 3.16 to 3.88. The highest
number close to the four-electron pathway was exhibited by
sample 1F_700 at 3.88. Nevertheless, comparing the other
parameters, such as current density and diffusion-limiting
current, indicates that it is possible to choose the best carbon-
ization temperature for the 1F_T series. Therefore, tempera-
tures of 700 °C or 800 °C are required to obtain favorable
catalysts synthesized with gelatine. As for the second 2F_T
series, it is apparent that as the carbonization temperature
increases, the electron number also increases, ranging from
3.19 to 3.99. A breakdown of this trend can also be seen for the
highest carbonization temperature of 900 °C; for sample
2F_900, the electron number is 3.43. Therefore, the highest
electron number involved in the oxygen reduction reaction for

Table 2 ORR performance parameters of the obtained N-doped
graphene foams compared to commercial Pt/C catalyst, tested in
0.1 mol L™* KOH

E, (V Eonset (V.  E12 (V Diffusion-limiting n
Catalyst vs. RHE) vs. RHE) vs. RHE) current (mAcm %) (0.5 V)
Pt/C 0.76 0.98 0.88 6.37 4.00
1F_600 0.77 0.83 0.73 3.93 3.16
1F_700 0.80 0.86 0.77 5.16 3.88
1F_800 0.80 0.87 0.77 6.18 3.84
1F_900 0.80 0.86 0.77 5.25 3.44
2F_600 0.75 0.81 0.72 3.44 3.19
2F_700 0.78 0.86 0.75 4.22 3.45
2F_800 0.80 0.88 0.77 5.93 3.99
2F_900 0.82 0.91 0.79 5.80 3.43

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The number of transferred electrons in the (a) 1F_T and (b)
2F_T series compared to the commercial catalyst Pt/C and GNPs.

Number of electrons

sample 2F_800 is 3.99; this number is equal to the number of
electrons transferred for commercial platinum-based carbon.

Conclusions

In summary, the obtained graphene foam electrodes synthe-
sized with natural polymers - gelatine and chitosan are porous
and nitrogen-doped. The best graphene-based catalysts are
materials carbonized at 800 °C and exhibit a four-electron
oxygen reduction pathway in an alkaline medium. The
applied carbonization temperatures (up to 800 °C) did not lead
to the collapse of the pore structure and the considerable
elimination of nitrogen from carbon matrices. The introduction
of graphene was seen as an inevitable measure to ensure high
electric conductivity of the synthetized ORR catalyst, a key
feature for high ORR performance. This plan succeeded, since
even carbon matrices obtained at a very low temperature of
600 °C had noticeable values for the number of transferred
electrons n (3.16 and 3.19). Moreover, the matrices obtained at
the highest carbonization temperature of 900 °C did not suffer
from diminished structural parameters and exhibited, for
example, a surface area above 795 m* g™, which is even better
than the parameter observed for pristine graphene nano-
platelets. In addition, the influence of quaternary nitrogen
functional groups and the predominance of pyridinic groups on
the catalytic activity of the obtained materials were investigated.
In the future, the presented graphene foams will be successfully
used as commercial electrodes for energy storage devices such
as metal-air batteries and fuel cells.
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Materials and methods

Synthesis of N-doped graphene-foams

Stirring
Heating

Carbonization Freeze-drying

Washing
with HCI

N-doped graphene foam

Scheme S1. Synthesis stages of N-doped graphene foams with the photograph of materials

before and after freeze-drying.

Physicochemical characterization

Various methods were used for a detailed characterization of the physico-chemical
properties of the samples.. A high-resolution transmission electron microscope (HRTEM FEI
Tecnai F20 X-Twin, Brno, the Czech Republic) was used to characterize the structure. Raman
spectra were obtained using a Raman spectrometer with 532 nm laser excitation (microscope
InVia Renishaw, Renishaw Company, Gloucestershire, Great Britain). Low-pressure nitrogen
adsorption was measured at 77 K using an automatic volumetric analyser (ASAP 2020 Plus,
Micromeritics, Norcross, USA). The SSA was calculated using the Brunauer-Emmett-Teller
(BET) equation, the pore distribution was determined by two-dimensional non-localised

density functional theory (2D-NLDFT), the micropore volume (V,,;) was determined by t-plot
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method, the total volume (V) was determined at the maximum relative pressure of p/p,, the
mesopore volume (V) was calculated by subtracting the volume of micropores from total
pore volume. The elemental composition was used to determine the weight percentage of
nitrogen, carbon, and hydrogen. The elemental analysis was carried out using a combustion
analyser (Vario MACRO CHN, Elementar Analysensysteme GmbH, Germany). To determine
the type and concentration of functional groups, the X-ray photoelectron spectroscopy (XPS)
measurements were carried out with VG Scientific ESCALAB-210 analyzer (Japan); the

excitation source was Al Ka ray (1486.6 eV).

Electrochemical measurements

The electrochemical properties were investigated using a rotating disk electrode
(RDE) on an Autolab electrochemical analyzer (PGSTATI128N, the Netherlands). The
electrochemical system for the oxygen reduction reaction consisted of three electrodes. The
reference electrode was Ag/AgCl in 3 mol L-! KCl, the counter-electrode was a platinum
plate, and the working electrode was the obtained electrocatalyst applied on a glassy carbon
electrode with a diameter of 3 mm and surface area equal 0.07065 cm?2. All electrodes were
immersed in 0.1 mol L-' KOH electrolyte. All materials were compared with commercial
carbon consisting of platinum 20 wt.% (Pt/C). To apply a suitable amount of material to the
glassy carbon electrode (mass loading of 0.4 mg cm?), an ink preparation of the resulting
graphene foams and commercial catalyst (Pt/C) was required. 2.5 mg of carbon material was
weighed and dispersed in 0.55 ml of a mixture of distilled H,O, ethanol and Nafion (0.5 wt.%
Nafion). Oxygen reduction reactions were studied by cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) measurements. Scan rates were 10 and 5 mV s~! for CV and LSV,
respectively. For the appropriate oxygen reduction reaction, 0.1 mol L-! KOH was saturated

with oxygen and then nitrogen before each CV and LSV measurement. Stability tests were
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measured for 5 h at 0.5 V vs RHE. The number of transferred electrons involved in the
oxygen reduction reaction was determined using the Koutecky-Levich (KL) equations at 0.5
V vs RHE.

Koutecky'ego-Levicha (KL) equations:

JFl= JL—I + JK—I = (B(ol/Z) o JKAI (1)

B = 0.62nFCy(Dg)*3v-1/6 @

where: J is defined as the measured current density, Ji, and Jx are the limiting diffusion and
kinetic current densities, respectively; o is the angular velocity of the electrode; n is the
number of electron transfer involved in the oxygen reduction reaction; F is assigned to
Faraday's constant (96485 C mol™'); Cy is the concentration of oxygen that has been dissolved
in the electrolyte (1.2 * 10° mol L-"); D, by definition, is the diffusion coefficient of oxygen
introduced into the electrolyte (1.9 * 10° ¢cm? s7'); v is the kinetic viscosity of electrolyte
(0.01 cm? s71); all constants depend on the electrolyte and in this case refer to 0.1 mol L' of
KOH. After the transformation, the value of the slope of the Koutecky-Levich straight line is

obtained, and the number of electrons transferred is calculated on this basis.
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Results and Discussion

Materials

characterization

Figure S1. High—resolution transmission electron microscopy images of 2F_800 sample at

different magnifications.
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Figure S2. (a, b) Nitrogen adsorption—desorption isotherms and (c, d) pore size distribution of

samples in series 1F_T and 2F_T compared with GNPs.
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It is noted that the obtained materials do not show significant differences. The pore
sizes of the materials obtained in series 1F_T are in the range of micropores (mainly in. 0.51
nm, 0.62 nm, 0.71 nm, 1.37 nm, 1.43 nm, and 1.74 nm) and small mesopores (mainly in 2.36
nm, 2.75 nm, 3.15 nm, 3.61 nm and 5.67 nm). In the case of 2F T series, the pore size is also
in the micropores range (mainly in 0.51 nm, 0.64 nm, 0.71 nm, 1.15 nm, 1.20 nm, 1.37 nm)
and small mesopores (mainly in 3.75 nm and 5.87 nm).

The Cls spectrum shows peaks at 284.4 eV, 284.9 eV, 286.2 eV, 287.5¢V, 288.6 ¢V,
indicating the presence of C=C (sp?), C-C (sp?), C-NH, N-C-O, and O-C=0, respectively
(Fig. 3b and Fig. 3f). Deconvolution of the Ols spectrum reveals the presence of O*=C-O
and/or O-C-O bonds (530.7¢V), and O=C-O* and/or C-O-C type (532.8 ¢V) (Fig. 3¢ and Fig.
3g). The Nls spectrum was fitted to four peaks at 398.5 eV, 400.2 eV, 402.3 eV and 404.5
eV, which corresponds to a pyridine-N bond (N-6), a pyrrole-N bond (N-5), quaternary
nitrogen (N-Q) and nitrogen oxide ~NO,, (N-X), respectively (Fig. 3d and Fig. 3h). In the
case of the 2F_800 sample (Fig. 3h), the band located at the binding energy of 404.5 eV is not

visible, which means that this type of N-X bonds are not present in this sample.

Table S1. The total amount of C, O, N elements and detailed concentrations for nitrogen-

groups determined by XPS analysis of 1F_800 and 2F_800.

Nitrogen functional group (at. (N-5) and (N-6)
Total C Total O Total N
Sample %) (% relative to total
(at. %) (at. %) (at. %)

N-5 N-6 N-Q N-X N)
1F_800 939 3.5 2.8 1.6 0.7 0.3 0.2 82.14
2F 800 89.9 6.3 38 23 1.2 0.3 0.0 92.11
6
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Figure 2 presents characteristic bands as D band at ~1350 cm! that is characteristic of
the polycrystalline structure of carbon, which is responsible for doping and defects; a G band
at a shift of ~1580 cm!, characteristic of stretching vibrations in a graphitic crystal. The ratio
of D to G bands is usually used to represent defects in the carbon structure. The 2D band at a
Raman shift of ~2700 cm! results from a two-photon process and is the overtone of the
D peak > 3. Analyzing the Raman spectra shown in Fig. 2 and comparing the parameters in
Table 1, it can be seen that the shape of the D and G bands changes with the carbonization
temperature. The area under the D-band is increased for samples carbonized at lower
temperatures (1F_600 and 2F 600), indicating that carbon with sp® hybridization from
chitosan or gelatine was subjected to the elimination of oxygen functional groups by oxidative
removal #. The G-band responsible for defects in the carbon structure strongly depends on the
nitrogen content and is also related to the defective structure. As the carbonization
temperature increases, the nitrogen content decreases, and the G-band is more pronounced,
indicating that the degree of graphitization increases in all materials obtained 5. Raman
spectroscopy was used to determine the quality of N-doped graphene foams, mainly to
estimate how many layers of graphene and determine the defect level of the structure. The
calculated intensity ratio of the D to G bands (Ip/lg) indicates that the structure of the
multilayer graphene is defective. A high degree of defectiveness is evidenced by an intensity
ratio above or close to the value of 1. The samples obtained in both series show a similar
intensity ratio, which may indicate that the samples obtained are equally defective. The
observed defective structure is closely related to the heteroatoms that are present in the
structure. The intensity ratio of Ip/Ig for samples 1F 600 and 2F 600 was 0.99 and 0.90,
respectively. The highest Ip/Ig ratio values for samples 1F 700 and 2F 800 were 1.01 and
1.03, respectively. In both series, the most prominent 2D peak occurs for samples carbonized

at 800°C (for 1F_800 and 2F_800), which indicates the presence of graphene structures in the

123



N-doped graphene foams obtained and also suggests the overlapping of multiple layers. The
value of the intensity ratio of the 2D to G bands (I,p/Ig ratio) for all samples is below 0.5

(Table 1) indicate that samples contain the multilayer graphene.

Electrochemical performance

A similar shape and comparable limiting current to the commercial platinum-based
carbon material is shown by samples 1F_800 from the first series while for the second series
2F_T, the best shape is shown by samples carbonized at 800°C and 900°C (2F_800 and
2F 900). For the second 2F T series, the oxygen reduction reaction occurs faster and is more
efficient for all samples. This may be related to the respective nitrogen functional groups at
the edges of the graphene structures, and more specifically, to the correlation of the N-5 and
N-6 groups in relation to the total nitrogen content of the samples. The onset potential values
(Table 2) determined from the LSV curves in Fig. 4d and Fig. S3d indicate the rapidity of
oxygen reduction on the electrocatalyst. For the 1F T series synthesized with gelatine, the
onset potential values are in the range from 0.83 to 0.87 V vs RHE. The highest value is
contained in sample 1F_800, which has an onset potential of 0.87 V vs RHE. The onset
potential values for the second series synthesized with chitosan, 2F T, range from 0.81 to

0.90 V vs RHE, and the highest value is recorded for sample 2F 900 of 0.9 V vs RHE.
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Uzyskane zaproponowang metoda materiaty, w szczegdlnosci modyfikacje ich
struktury i wzrost porowatosci byly mozliwe poprzez zastosowanie jednoetapowej
procedury syntezy. Synteza ta obejmowata uzycie prostych nosnikow organicznych
(sacharozy i chitozanu jako zrodet wegla i azotu) oraz grafenu i HsPO4 podczas procesu
karbonizacji. Otrzymane probki wykazujg korelacj¢ migdzy iloscig uzytej sacharozy a ich
morfologia, zwtaszcza polem powierzchni wlasciwej i objetoscia porow. Kiedy stosunek
grafenu do sacharozy wynosi 3:1, Sget jest wyzsze. Najwyzsze Sger odnotowano dla
wegla, SCS-3:1, na bazie sacharozy i chitozanu (zrédlo wegla i azotu) wynoszace
1313 m? gt. Wyniki testow elektrochemicznych potwierdzaja, ze gdy stosunek grafenu i
sacharozy wynosi 3:1, otrzymane z tego materialu katody do superkondensatora maja
bardziej stabilne dziatanie w poréwnaniu do pozostatych probek. Elektrody dla probek z
serii SGF-R i SCS-R testowane w 6 mol L* KOH wykazuja pojemno$é wilasciwa
przekraczajaca 143 F g w temperaturze pokojowej.

Otrzymane materiaty beda mogly by¢ w przysztosci z powodzeniem stosowane
jako elektrody w bateriach metalowo-powietrznych lub superkondensatorach, poniewaz
niektdre z nich sg zdolne do czteroelektronowej redukcji czasteczek tlenu badz posiadaja
wysoka pojemnos¢ wlasciwg, przy czym te cechy pozostaja state w warunkach
symulujacych ~ powtarzalne  uzytkowanie baterii  cynkowo-powietrznej  lub

superkondensatorow.
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Abstract: This paper addresses the problem of improving electrochemical energy storage with
electrode materials obtained from common raw ingredients in a facile synthesis. In this study,
we present a simple, one-pot route of synthesizing microporous carbon via a very fast reaction of
sucrose and graphene (carbon source), chitosan (carbon and nitrogen source), and H3POy. Porous
carbons were successfully produced during high temperature carbonization, using nitrogen as a
shielding gas. Samples were characterized using X-ray powder diffractometry, elemental analysis,
N, adsorption-desorption measurements, scanning electron microscopy, and Raman spectroscopy.
The developed carbon material possessed a high surface area, up to 1313 m? g~!, with no chemical or
physical activators used in the process. The structural parameters of the microporous carbons varied
depending on the ratio of reagents and mass composition. Samples were prepared both with and
without chitosan. The present synthesis route has the advantages of being a single-step approach
and only involving low-cost and environmentally friendly sources of carbon. More importantly,
microporous carbon was prepared without any activators and potentially offers great application in
supercapacitors. Cyclic voltammetry and constant current charge-discharge tests show that sucrose-
based porous carbons show excellent electrochemical performance with a specific capacitance of up
to 143 F g~ ! ata current density of 1 A g~! in a 6 M KOH electrolyte.

Keywords: graphene; sucrose; chitosan; carbonization; carbon nanocomposite; microporous structure;
surface functional groups

1. Introduction

Fabrication of electrochemical energy storage devices (batteries and supercapacitors)
greatly relies on carbon-based electrodes. Therefore, improving the efficiency of these de-
vices will rely on new findings in the area of carbon electrode material synthesis. Solutions
encompassing a wide accessibility of raw materials, acceptable market price, and facile pro-
cessing are in high demand due to the need of eventual mass production. Natural materials
such as biomass and carbohydrates (e.g., glucose, fructose, lactose, and cellulose), which
have natural reserves, are being extensively studied as a source of carbon-based materials.
Due to its uniform structure, very low price, local availability, and high chemical purity,
sucrose is one of the most attractive carbon precursors. There are essentially two main
approaches that can be applied to extracting carbon from sucrose, either a hydrothermal [1]
or a heat-treatment process [2-5]. To improve the porous structure of sucrose-based carbon,
a variety of activation methods have been developed, which use steam [6], CaCOjs [7],
NaHCOs; [8], polyurethane as a template [9], CO, gas [10], LiOH [11], NaOH [11-13],
KOH [11,14,15], H3POy, ZnCl,, SnCl,, or CaCl; [16]. Another approach to synthesis is to
activate sucrose mechanically [17-19]. The micropore volume in a sucrose-based structure
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may depend on dehydrating acids (sulphuric, hydrochloric, phosphoric, oxalic, acetic, citric,
and tartaric acid) and the cationic component (Ca(NO3),, (NH4),SO;4, (NH4),CO3;, NHy)
used during synthesis [20]. Using the carbonization of a triblock copolymer (P123), silica,
and sucrose composite, highly ordered mesoporous carbon has been generated [21,22].

Electrode materials based on activated carbon are widely used in supercapacitors [23,24]
and Li-ion batteries [25,26]. In our previous research, we found that pyrrolic-N (N-5),
pyridinic-N (N-6), and quaternary-N (N-Q) groups, active in catalytic reactions, are present
in carbon obtained using chitin, chitosan, green algae, or amino acids as a source [27-29].
Therefore, using one of these precursors during the synthesis of sucrose-based carbon for
supercapacitors should augment energy storage performance. Recently, the electrochemical
properties of sucrose-derived carbon were improved by doping with N, F, and B, utilizing
H3BO3 or NH4F as heteroatom precursors [9]. Huang et al. prepared chemically activated
carbon (with KOH) for electric double layer capacitors (EDLC) with a very modest specific
capacitance of only ~40 F g~! [30]. For porous carbon materials prepared by Guo et al.
via high-temperature pyrolysis, the capacitance equaled 232 F g~! at a current density of
0.1 A g~ ! [31]. In another study, Subramanian et al. used sucrose pre-treated with ammo-
nia nitrate as the carbon source to prepare a porous carbon with a specific capacitance of
232 F g~ [32]. Silicon nanowires coated with sucrose-derived carbon were prepared for
supercapacitor application [33] as well. The disadvantages of the mainstream electrode
material production methods are the often multiple-step procedures, environmentally
unfriendly reagents, and the presence of metals or metal oxides in the materials’ structure.

Recognizing the applicability of sucrose in N-doped carbon electrode materials was
the main motivation of the current study. To the best of the authors’ knowledge, so far,
there have been no reports of a one-pot synthesis of porous carbon foam from materials
such as hydrocarbons and graphene, without using an activation agent. In this paper,
different carbon and nitrogen contents were prepared in a carbonization process using
sucrose and graphene as carbon sources and chitosan as a carbon and nitrogen source; their
structural and electrochemical properties were evaluated. By changing the ratio of reagents,
well-developed micro or mesoporous structures were obtained. The use of chitosan caused
nitrogen groups to be introduced into the porous foam carbon structure.

2. Materials and Methods
2.1. Materials

Graphene nanoplatelets (750 m? g~!) and chitosan were purchased from Sigma
Aldrich (branch in Poland). Sucrose was purchased from Krajowa Spolka Cukrowa S.A.
(Torun, Poland). Other reagents, i.e., H3PO4 and CH3COOH, were purchased from POCH
(Gliwice, Poland).

2.2. Preparation of Carbon Foams

Carbon foams were synthesized in one of two ways. In the first path, to 3 or 5 g of
sucrose, 1 or 3 g of graphene nanoplatelets was added and mixed well. In the second,
to 3 or 5 g of sucrose, 1 or 3 g of chitosan was added, previously dissolved in 10 mL of
a 1% CH3COOH solution, then mixed. In the next step, the mixtures were treated with
3 or 4.5 mL of H3POy at a 3:1 and 5:3 ratio of reagents, respectively. Samples were then
heated on a double electric cooker at temperatures in the range of 100 to 400 °C. After
this, materials were carbonized in a N, atmosphere at a heating rate of 10 °C min ! until
900 °C was reached. This temperature was maintained for 1h. The process was carried out
in a tubular furnace (Thermolyne F21100) (NIST, Gaithersburg, MD, USA). Further in the
text, the mixture of sucrose (S) and chitosan (CS) used during synthesis is denoted as SCS.
The mixture of sucrose (S) and graphene nanoplatelets (GF) is denoted as SGF. The mass
ratio (R) of reagents used, S:CS and S:GF, was either 3:1 or 5:3. The samples in general are
indicated as SCS-R (SCS-3:1, SCS-5:3) and SGF-R (SGF-3:1, SGF-5:3).
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2.3. Structure Characterization

The morphology of the obtained samples was determined using a scanning elec-
tron microscope (SEM 1430 VP, LEO Electron Microscopy Ltd., Oberkochen, Germany)
operating at 30 kV. The porous structure of the samples was analyzed via a nitrogen ad-
sorption experiment at 77 K, using an automatic adsorption instrument, ASAP 2020 Plus
(Micromeritics, Norcross, GA, USA). Before the analysis, obtained carbons were outgassed
in a vacuum at 200 °C for 24 h. The samples’ surface areas were calculated using the
Brunauer-Emmett-Teller (BET) equation, and the pore size distributions were calculated
using the nonlocalized density functional theory (NLDFT) method. The elemental compo-
sition of the materials was analyzed by means of a combustion elemental analyzer (Vario
CHN, Elementar Analysensysteme GmbH, Langenselbold, Germany). Raman spectra were
obtained by a Renishaw InVia Raman analyzer (laser wavelength 532 nm, Renishaw Com-
pany, Gloucestershire, UK). X-ray photoelectron spectroscopy (XPS, PHI5000 VersaProbe
II Scanning XPS Microprobe, Chigasaki, Japan) measurements were performed using a
monochromatic Al Ka X-ray source. Survey spectra were recorded for all samples in the
energy range of 0 to 1300 eV with a 0.5 eV step, while high-resolution spectra were recorded
with a 0.1 eV step.

2.4. Electrochemical Measurements

The electrochemical performance of carbon samples was studied using cyclic voltam-
metry (CV) curves, galvanostatic charge-discharge (GCD) cycling, and electrochemical
impedance spectroscopy (EIS) plots for a two-electrode system. Electrodes prepared for
electrochemical measurements were well-mixed active materials, conductive carbon black
(C-140), and polytetrafluoroethylene (PTFE) at a mass ratio of 17:2:1. These, at a diameter of
9.25 mm, were dried in a vacuum oven at 100 °C for 24 h. Electrochemical capacitors were
built using two carbon electrodes with comparable mass (4-5 mg). Cyclic voltammetry and
galvanostatic charge-discharge data were collected using a potentiostat-galvanostat (PG-
STAT128N, Autolab) (Metrohm Autolab B.V., Utrecht, The Netherlands). Electrochemical
investigations were performed in 6 M KOH aqueous electrolyte. Cyclic voltammograms
were recorded at a scan rate between 5 and 200 mV s, in the potential range of 0 to 0.9 V.
Charging-discharging was performed at various current densities, from 0.1 to 40 mA g~!.
Electrochemical impedance was measured in a frequency range of 10! to 105 Hz; the
amplitude was 10 mV. Two electrodes of similar mass were used in a symmetrical two-
electrode supercapacitor. The specific capacitance Cs (F g~!) (Equation (1)), energy density
E (Wh kg~ 1) (Equation (2)), and power density P (W kg~!) (Equation (3)) were calculated
based on the following equations:

Cs =1 x At/(m x AV) (1)
E=(C x AV?)/(8 x 3.6) ()
P = (E x 3600)/At 3)

where I is the charge and discharge current (A), At is the discharge time (s), AV is the
potential change within the discharge time (V), and m is the total mass of active materials
in both electrodes.

3. Results and Discussion
3.1. Characterization of Carbon Materials

New carbon-based materials have been synthesized and characterized according to
the specific underlying motivation: recognizing the applicability of sucrose for N-doped
carbon electrode materials. Particular attention was paid to the insertion of nitrogen atoms,
commonly regarded as the way to improve electric charge storage. Moreover, the authors
searched for the most facile synthesis route. Characterization included key features like
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surface area and pore structure, microscopic structure and morphology, bulk and surface
elemental composition, as well as collection of a complete set of electrochemical profiles.
Figure 1 shows scanning electron micrographs for samples obtained from sucrose
with two different modifications—chitosan and graphene. The pores developed under
chitosan influence are interdigitated with each other to form a three-dimensional (3D),
interconnected frame structure, the morphology of the carbon materials being sensitive
to chitosan use. This special structure enables the pores inside the material to communi-
cate with each other and allows the electrolyte to penetrate the electrode material more
smoothly, accelerate the transport of electrolyte ions, reduce the “traffic blockage” in the ion
transport process, and thus improve capacitance performance [34,35]. The SCS-R samples
(Figure 1a,c) and SGF-R samples (Figure 1b,d) exhibit differences in morphology. A smooth
surface of carbon can be attributed to a lower specific surface area (Sggr) when comparing
SGF-3:1 and SGF-5:3 to SCS-3:1 and SCS-5:3 carbon, respectively, as described in Table 1.

Figure 1. SEM images of the (a) mixture of sucrose and graphene nanoplatelets with a 3:1 ratio
(SGF-3:1), (b) mixture of sucrose and chitosan with a 3:1 ratio (SCS-3:1), (c) mixture of sucrose and
graphene nanoplatelets with a 5:3 ratio (SGF-5:3), and (d) mixture of sucrose and chitosan with a 5:3
ratio (SCS-5:3) sample.

Table 1. Elemental composition and textural parameters of the SGF-R and SCS-R samples.

Elemental Content (wt%)

Samp]e SBET 1 (m2 g") Vi 2 (Cm3 g"‘) Vi 3 (Cm3 g“) Ve 4 (Cm3 g"‘)
C H N
GR 87.32 0.90 0.72 750 1.00 0.13 0.87
SGF-3:1 90.18 0.71 0.60 1111 0.70 0.11 0.59
5CS-3:1 67.79 154 1.97 1313 0.60 0.13 0.47
SGF-5:3 79.72 113 0.30 771 0.52 0.20 0.32
SCS-5:3 62.49 197 213 841 0.37 0.30 0.07

! Sper—total specific surface area, 2 Vi—volume of total pores; 3 Vppi—volume of micropores; 4 Vne—volume of mesopores.
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The nitrogen adsorption-desorption isotherms of the carbon prepared from sucrose
possess the appropriate distinct shape of carbon obtained with graphene or chitosan
(Figure 2a,b). The shapes of isotherms belong to type I and IV, according to the International
Union of Pure and Applied Chemistry (IUPAC) classification [36]. Using sucrose and
graphene or chitosan primarily creates micropores in the structure. As listed in Table 1,
the N adsorption experiments indicate that the highest BET surface area is 1111 m? g !
for SGF-3:1 and 1313 m? g~ ! for SCS-3:1. Interestingly, the surface areas of samples
obtained at a 5:3 weight ratio (lower sucrose content) are lower than those of samples at the
3:1 ratio. The specific surface areas for samples SGF-5:3 and SCS-5:3 are 771 and 841 m? g'l,
respectively. The total pore volume is given in the range of 0.37 to 0.70 cm® g . Figure 2¢,d
provides pore size distribution as obtained using the NLDFT; size distribution appears to
be quite narrow. The two different mass ratios of graphene to sucrose (3:1, 5:3) affect pore
size. For samples SCS-3:1 and SGF-3:1, micropore size ranges from 0.5 to 1.8 nm. Samples
SCS-5:1 and SGF-5:3 show micropores and small mesopores, up to 3.75 nm. The pore size
distribution shows that sucrose-derived carbon obtained without any activator would be a
suitable electrode material for supercapacitors [37,38].
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Figure 2. (a,b) N adsorption—desorption isotherms at 77 K; (¢,d) nonlocalized density functional
theory (NLDFT) pore size distribution obtained from adsorption branches of N in the SGF-R and
SCS-R samples.

Elemental composition results are given in Table 1. Influence of graphene and chitosan
on the carbon and nitrogen content is observable. Use of graphene (GR) caused carbon
content to increase to 79.72-90.18 wt.%. For the samples obtained with chitosan, carbon
content decreased to 62.49-67.79 wt.%. Generally, higher carbon content is reported for
samples synthesized with a higher amount of sucrose. The content of nitrogen for samples
obtained with chitosan is 1.97 wt.% for SCS-3:1 and 2.13 wt.% for SCS-5:3, while the
nitrogen content for samples obtained with graphene significantly decreased and is only
0.60 wt.% for sample SGF-3:1 and 0.3 wt.% for SGF-5:3. The reason behind the low nitrogen
content is a lack of nitrogen precursors.

Raman spectroscopy was used to characterize the graphitization degree of carbon
materials [39,40]. Figure 3 shows Raman spectra for the carbon materials synthesized from
sucrose and chitosan or graphene. In all cases, Raman spectra exhibit the D-band, G-band,
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and 2D-band at a shift of ~1340 cm !, ~1580 cm ™!, and ~2700 cm !, respectively. The
intensity ratio of the D- and G-bands determines the level of graphitization [14,41,42]. The
materials here show a disordered location of graphene with the intensity of the D-band and
G-band (Ip/Ig) at 1 (Table 2). The lack of significant differences in the I /I ratio confirms
that using sucrose causes defects in the carbon structure.

(a) —GR (b)  SGES3
—SGF-3:1 ——SCS-5:3
3 D-band G-band ~ —SCS-3:1 3 D-band  G-band

< <
o =
£ z
-z -z
§ 2D-band ;

= = 2D-band

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Raman Shift «cm) Raman Shift (m)

Figure 3. Raman spectra of (a) graphene, SGF-3:1 and SCS-3:1, (b) SGF-5:3 and SCS-5:3 sample.

Table 2. Fitting results of the Raman spectra for graphene (GR), SGF-R, and SCS-R samples.

Sample Ip Raman Shift (cm 1) Ic Raman Shift (cm~1) Ip Raman Shift (cm 1) In/lg Lp/lg
GR 0.64 1341 1 1570 0.4 2686 0.64 0.4
SGF-3:1 1 1339 0.99 1587 0.23 1699 1.02 0.23
SCS-3:1 1 1341 0.99 1593 0.2 2779 1.01 0.2
SGF-5:3 1 1346 0.98 1583 0.26 2699 1.02 0.26
SCS-5:3 1 1341 1 1598 0.19 2755 1 0.19

However, materials synthesized from ingredients in a 3:1 ratio have a 2D-band which
is more pronounced. As the 2D-band decreases, the number of graphene structure defects
increases, which is observable for series 5:3. Thus, a transition from a few-layer graphene
structure to an amorphous carbon material can be seen [43,44]. A higher number of
overlapping graphene layers is observed, and therefore, relative intensities of the 2D-band
and G-band (I;p/Ig) are low, around 0.2.

The porous carbon material’s surface element composition and chemical states of
atoms were analyzed and characterized by XPS. In order to understand the chemical state
of carbon, oxygen, and nitrogen atoms, XPS was recorded for samples SGF-3:1 and SCS-3:1;
the results are presented in Figure 4.

The Cls spectrum is shown in Figure 4a, where two main characteristic peaks can be
fitted: the peak with the strongest intensity at 284.6 eV, which corresponds to the presence
of sp? C=C bonds, and a characteristic peak at 285.0 eV, which corresponds to sp®> C-C
bonds [45-47]. The C1s spectrum of samples was also deconvoluted and assigned to C-O-C
bonds (286.3 eV), C=0 or O-C-O bonds (287.7 eV), O-C=0 bond (288.6 eV), and 7-7t
(289.6 eV and 292.1 eV) [48]. The spectrum of Ols is shown in Figure 4b, where two main
characteristic peaks can be fitted: the most important peak at 532.0 eV, corresponding to
the C-O-C group [49], and the peak at 533.3 eV, corresponding to the O—C=0 group [50].
The presence of oxygen and the corresponding functional groups can produce pseudo
capacitor-induced currents and improve the wettability of the electrode material’s surface.
This increases the amount of surface charge storage, thus helping to increase the energy
density of the supercapacitor. XPS analysis evidenced the presence of nitrogen groups in the
SGF-3:1 and SCS-3:1 sucrose-based foams. The results reveal that different samples present
a different number of nitrogen heteroatoms. SGF-3:1 shows 0.9% at., while SCS-3:1 shows
a higher nitrogen content of 2.1% at. In the case of SGF-3:1, there was no peak observed for
nitrogen in the N1s region. Hence, it can be concluded that chitosan is responsible for the
N-doping. One type of N-based species was identified in doped SCS-3:1, from the N1s XPS
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high-resolution spectrum (Figure 4c), assigned to quaternary-N (N-Q) at 400.7 eV [50-53]. It
is important to point out that when N is incorporated into SCS-3:1, the relative contribution
of N-species other than quaternary-N is increased compared to SGF-3:1. The N1s spectra
imply that N atoms have partially substituted C atoms in the carbon lattice. The XPS
spectrum of P2p (Figure 4d) in both samples presents two characteristic bonds of P-C and
P-O at binding energies of 133.5 eV and 134.3 eV [54].

(@) (b)
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Binding energy (eV) Binding energy (eV)

Figure 4. High-resolution XPS spectra: (a) Cls; (b) Ols, (c) N1s, and (d) P2p for the SCS-3:1 sample.

3.2. Electrochemical Performance

Experimental results show that the carbon obtained from sucrose with no activator,
only graphene and chitosan, possesses properties important for energy storage. The
rectangular shape of the CV curve portrays fast re-organization of the electrical double
layer at switching potentials and indicates fast ion transport, provided by an ideal EDLC
charge storage mechanism [55-57]. A rectangular shape was observed in the curves of both
the SCS-3:1 and the SGF-3:1 electrode, implying ideal double-layer capacitance behavior
(Figure 5a,b). For sample SCS-3:1, the CV shape in a two-electrode cell is rectangular in
all scan rates. The pore size distribution for series 3:1 is strictly microporous without any
mesopores, and therefore, BET is higher for this series; these electrodes should possess the
highest capacitance and the lowest resistance [58,59]. A key role in determining specific
capacitance is played by the specific surface area and microporosity with a pore size larger
than the ions of those electrolytes [60].
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Figure 5. Electrochemical performance tests of the SCS-3:1 and SGF-3:1 samples: (a,b) cyclic voltam-
metry (CV) profiles at different scan rates ranging from 5 to 100 mV s~; (c,d) galvanostatic charge-
discharge curves.

Specific capacitance (Cs) was calculated using galvanostatic discharge curves (Figure 5¢,d).
Looking at the charge-discharge curves of the SCS-3:1 and SGF-3:1 samples, electrode
SCS-3:1 shows the highest capacitance. When the current density equaled 1 A g~ 1 the
specific capacitance was 143 F g~! for electrode SCS-3:1, and when it equaled 2 A g1,
the specific capacitance was 107 F g‘1 for SGF-3:1 (Figure 6a,b). When compared with
other materials [61], those tested show a similar range of supercapacitor operation, in the
range of 0 to 0.8 V. Naturally sourced materials’ specific capacity also trends similarly to
the others, being within the range of 39-246 F~!. The difference between performance and
capacity is caused by the presence of different functional groups on the surface, conductiv-
ity, wettability in electrolyte, and pore size, from which the diffusion barrier arises [50-52].
The N-Q functional groups identified in sample SCS-3:1 would benefit the enhancement of
electrical conductivity, as well as capacitance, by interacting with anions in the alkaline
electrolyte [50,62,63]. These microporous materials offer sufficient space to allow electrolyte
ion transportation and thus improve performance in supercapacitors.

The specific capacity of the SGF-3:1 electrode increases from the initial value to
104 F g~ due to self-activation, then after 200 discharge cycles, there is a slow decrease in
the specific capacity value (97% (102%) retention after 1000 cycles). The SCS-3:1 electrode
exhibits a similar disposition. The specific capacity is slowly increased to 132 F g~! for
100 cycles, followed by a decrease in the specific capacity value, also at 97% (101%) reten-
tion after 1000 cycles (Figure 6b). These results indicate that microporous, sucrose-based
carbon electrodes used in supercapacitors have good stability and capacitance retention.
The plot presented in Figure 6¢ shows the relationship between energy densities and power
densities, calculated from the charge-discharge measurements. Materials obtained with the
proposed method show an energy density of 4.7 Wh kg1 ata power density of 2.8 kW kg~
for SGF-3:1 and an energy density of 6.2 Wh kg~ at a power density of 2.8 kW kg~ for
SCS-3:1. At the same time, cellulose materials show an energy density of 13 Wh kg~! ata
power density of 27 kW kg~!. In another example of activated carbon nanotubes exhibiting
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an energy density of 1.0 Wh kg ™! at a power density of 14.4 kW kg~! [64], the obtained
foams show similar electrochemical properties.
(2) (b)
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Figure 6. Electrochemical performance tests of the SCS-3:1 and SGF-3:1 samples: (a) specific ca-
pacitance as a function of current density; (b) specific capacitance as a function of cycle number;
(c) specific capacitance as a function of power density; (d) Nyquist plot.

Figure 6d shows the electrochemical impedance spectra of electrodes SCS-3:1 and
SGF-3:1, in a frequency range of 10~ to 10° Hz. Nyquist plots of the samples showed
typical features of porous electrodes with an irregular semicircle at high frequencies,
a relatively short 45° Warburg region at high-medium frequencies, and a slash at low
frequencies. At low frequencies, the SMC-800 electrode exhibits an almost vertical line,
owing to the high specific surface area and pore size distribution of SCS-3:1, coupled
with the electrolyte easily penetrating into its pores [65]. These results indicate that the
SCS-3:1 electrode has an almost ideal capacitance at low frequencies and good frequency
response performance in accordance with the capacity calculated from the galvanostatic
charge-discharge curves [6,66].

4. Conclusions

The obtained results fully meet the expectations arising from the previously presented
research motivation. The present synthesis procedure has the advantage of being a single-
step approach and only involving the use of simple organic precursors (sucrose and
chitosan as carbon and nitrogen sources), plus graphene and H3POy4 during carbonization.
The samples exhibit a correlation between the amount of sucrose used and their textural
properties, especially surface area and pore volume. When the ratio of graphene to sucrose
is 3:1, the BET is higher. The SGF-R and SCS-R samples show a microporous structure
with small mesopores below 4 nm. The sucrose-based carbon SCS-3:1 is a combination
of sucrose and chitosan (carbon and nitrogen source) with the highest specific surface
area of 1313 m? g~ 1. Cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge-discharge cycle tests have been applied to investigate
the capacitive performance of the SGF-R and SCS-R electrodes, in 6 M KOH, at room
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temperature. Electrochemical test results demonstrate that when the ratio of graphene
and sucrose is equal to 3:1, the composite cathode for supercapacitors has a more stable
performance than other samples. The SGF-R and SCS-R electrodes in 6 M KOH show
specific capacitance in excess of 143 F g~ ! at room temperature.
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7. Streszczenie

W  niniejszej rozprawie  doktorskiej  przedstawiono  wyniki  badan
przeprowadzonych w celu zaprojektowania i otrzymania nowych materiatow
domieszkowanych  heteroatomami  azotu do  zr6znicowanych  zastosowan.
Przeprowadzone badania skupiaty si¢ na poszukiwaniu alternatywnych katalizatorow dla
reakcji redukcji tlenu oraz jako elektrody dla superkondensatoréw. Prace obejmowaty
zoptymalizowanie metod syntezy materialow weglowych poprzez wykorzystanie
promieniowania mikrofalowego, templatéw twardych (CaCO3zi Na,COs), a takze poprzez
zastosowanie kwasu ortofosforowego (V) w celu zwigkszenia pola powierzchni
wlasciwej 1 rozwoju porowatosci materiatow weglowych. Otrzymane materiaty zostaty
w pelni scharakteryzowane za pomocg technik fizyko-chemicznych takich jak analiza
sorpcji azotu, spektrometria Ramana oraz metod mikroskopowych (HRTEM, SEM,
AFM). Wozbogacenie struktury grafenowej bylo mozliwe za sprawa naturalnych
no$nikow azotu (zelatyny, chitozanu, zielonych alg), a takze organicznego materiatu
chemicznego azodikarbonamidu (ADC). W celu okre$lenia procentowej zawartosci azotu
oraz pozostatych pierwiastkow zawartych w strukturze weglowej zastosowano analize
elementarna, dodatkowo w celu identyfikacji azotowych grup funkcyjnych
wzbogacajacych struktur¢ grafenowa wykorzystano rentgenowska spektroskopie

fotoelektronow (XPS).

Wszystkie otrzymane materiaty zostaty poddane elektrochemicznej weryfikacji w
celu ustalenia potencjalnego zastosowania. Otrzymane materialy weglowe
domieszkowane azotem zostaly przebadane w reakcji redukcji tlenu, a takze
wykorzystano jako elektrody w superkondensatorze. Badania elektrochemiczne dla
reakcji redukcji tlenu obejmowaty woltamperometrie cykliczng (CV) oraz liniowa (LSV),
a takze testy stabilno$ci materialow weglowych w srodowisku alkalicznym. Za pomoca
metod elektrochemicznych okre§lono mechanizm procesu redukcji tlenu. Ponadto
okreslono wplyw obecnosci azotowych grup funkcyjnych na wtasciwosci katalityczne w
reakcji ORR. Testy elektrochemiczne elektrod w superkondensatorach obejmowaty
woltamperometrie cykliczna, cykle galwanostatycznego tadowania 1
roztadowania (GCD), a takze spektroskopi¢ impedancyjng (EIS) dla uktadu
dwuelektrodowego. Dla otrzymanych materialow weglowych okreslony zostal wpltyw
morfologii, pola powierzchni wtasciwej, a takze obecnosci azotowych grup funkcyjnych

na pojemno$¢ wtasciwg otrzymanych materiatow.
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8. Abstract

This doctoral dissertation presents the research results conducted to design and
obtain new materials doped with nitrogen heteroatoms for various applications. The
research focused on searching for alternative catalysts for oxygen reduction reactions and
as electrodes for supercapacitors. The works included optimization of the method of
synthesis of carbon materials using microwave radiation, the use of hard templates
(CaCOs and Na.CO0:s), as well as the use of orthophosphoric acid (V) to increase the
specific surface area and develop the porosity of carbon materials. The obtained materials
were fully characterized using physicochemical techniques using methods such as
nitrogen sorption analysis, Raman spectroscopy, and microscopic methods (HRTEM,
SEM, AFM). The enrichment of the graphene structure was possible thanks to natural
nitrogen carriers (gelatine, chitosan, green algae) and organic chemical material
azodicarbonamide (ADC). To determine the percentage content of nitrogen and other
elements contained in the carbon structure, elemental analysis was used, and additionally,
X-ray photoelectron spectroscopy (XPS) was used to identify nitrogen functional groups
enriching the graphene structure.

Obtained materials were subjected to electrochemical verification in order to
determine their potential application. The obtained carbon materials doped with nitrogen
were tested in the oxygen reduction reaction and used as electrodes in a supercapacitor.
Electrochemical studies for the oxygen reduction reaction included cyclic (CV) and linear
(LSV) voltammetry, as well as tests of the stability of carbon materials in an alkaline
environment. Using electrochemical methods, the mechanism of the oxygen reduction
process was determined. In addition, the influence of the presence of nitrogen functional
groups on the catalytic properties of the ORR reaction was determined. Electrochemical
tests of supercapacitors electrodes included cyclic voltammetry, galvanostatic charge and
discharge cycles (GCD) and impedance spectroscopy (EIS) for a two electrodes system.
For the obtained carbon materials, the influence of morphology, specific surface area and
the presence of nitrogen functional groups on the specific capacity of the obtained

materials was determined.
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~f

.

Carbon Electrodes Ensuring High ORR Activity: A Review, Processes, 2022, 10(4), 643;
https://doi.org/10.3390/pr10040643

Moj wkiad polegal na: wspottworzeniu pomystu na napisanie manuskryptu, udziale w
zaplanowaniu koncepcji badan, udziale w przygotowaniu cz¢sci manuskryptu, sprawdzeniu i

uzupetnieniu odpowiedzi na recenzje.

M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, Modified graphene foam as a high-performance
catalyst for oxygen reduction reaction, RSC Advances, 2023, 13, 25437-25442,
https://doi.org/10.1039/D3RA04203K

Moj wkiad polegat na: udziale w zaplanowaniu koncepcji badan, udziale w zaplanowaniu
czg$ci metodyki, wykonaniu analizy czg$ci wynikow, udziale w przygotowaniu rysunkow,
udziale w przygotowaniu czg¢éci manuskryptu, sprawdzeniu i uzupetnieniu odpowiedzi na

recenzje.

Podpis

UNIWERSYTET MIKOtAJA KOPERNIKA W TORUNIU Wydziat Chemii
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: UNIWERSYTET
MIKOtAJA KOPERNIKA UCZELNIA
W TORUNIU BADAWCIA
Wydziat Chemii
Prof. dr hab. Jerzy P. Lukaszewicz Torun, 01.09.2023r.
Wydziat Chemii

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun

Oswiadczenie

W zwigzku z ubieganiem si¢ Pani mgr Malgorzaty Skorupskiej o stopien doktora w dziedzinie

nauk $cistych i przyrodniczych w dyscyplinie nauki chemiczne o$wiadczam, Ze w pracy:

1. M. Skorupska, A. Ilnicka, J.P. Lukaszewicz N-doped graphene foam obtained by microwave-
assisted exfoliation of graphite, Scientific Reports, 2021 11 (1), 1-11;
https://doi.org/10.1038/s41598-021-81769-5
Moj wkiad polegal na: wspoltworzeniu pomystu na przeprowadzenie badan, sprawdzeniu

manuskryptu, sprawdzeniu i uzupetnieniu odpowiedzi na recenzje.

2. M. Skorupska, A. Ilnicka, P. Kamedulski, J. P. Lukaszewicz, The Improvement of Energy
Storage Performance by Sucrose-Derived Carbon Foams via Incorporating Nitrogen Atoms,
Nanomaterials, 2021, 11(3), 760; https://doi.org/10.3390/nano11030760
Moj wkiad polegal na: wspoitworzeniu pomystu na przeprowadzenie badan, udziale w
zaplanowaniu czgsci metodyki, sprawdzeniu manuskryptu, sprawdzeniu i uzupelnieniu

odpowiedzi na recenzje.

3. M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, The effect of nitrogen species on the catalytic
properties of N-doped graphene, Scientific Reports, (2021), 11(1), 1-11;
https://doi.org/10.1038/541598-021-03403-8
Moj wklad polegal na: udziale w zaplanowaniu koncepcji badan, sprawdzeniu manuskryptu,

sprawdzeniu i uzupetnieniu odpowiedzi na recenzje.
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UNIWERSYTET
[ B MIKOLAJA KOPERNIKA UCZELNIA
W TORUNIU BADAWCZA
Wydziat Chemii
4. M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, Successful Manufacturing Protocols of N-Rich
Carbon Electrodes Ensuring High ORR Activity: A Review, Processes, (2022), 10(4), 643;
https://doi.org/10.3390/pr10040643

Mo¢j wkiad polegal na: udziale w zaplanowaniu koncepcji manuskryptu, sprawdzeniu

manuskryptu.

5. M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, Modified graphene foam as a high-performance
catalyst for oxygen reduction reaction, RSC Advances, 2023, 13, 25437-25442,
https://doi.org/10.1039/D3RA04203K
Moj wkiad polegal na: udziale w nadzorowaniu badan, sprawdzeniu manuskryptu,

sprawdzeniu i uzupelnieniu odpowiedzi na recenzje.
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chem.umk.pl

153



10. Dorobek naukowy

Publikacje naukowe z listy MEIN

1. P. Grabowska, M. Szkoda, M. Skorupska, J. P. Lukaszewicz, A. lInicka, Synergistic
Effects of Nitrogen-Doped Carbon and Praseodymium Oxide in Electrochemical
Water Splitting, Scientific Reports, 2023 (IF=4.6, MEIN=140), zaakceptowana przez
edytora

2. M. Skorupska, A. llnicka, J. P. Lukaszewicz, Modified graphene foam as a high-
performance catalyst for oxygen reduction reaction, RSC Advances, 2023, 13, 25437—
25442; https://doi.org/10.1039/D3RA04203K (IF=4.036, MEiN=100)

3. M. Skorupska, K. Kowalska, M. Tyc, A. llnicka, M. Szkoda, J. P. Lukaszewicz,
Exfoliated graphite with spinel oxide as an effective hybrid electrocatalyst for water
splitting, RSC Advances, 2023, 13 (15), 10215-10220;
https://doi.org/10.1039/d3ra00589¢ (IF=4.036 , MEIN=100)

4. A. linicka, M. Skorupska, M. Szkoda, Z. Zarach, J. P. Lukaszewicz N-doped carbon
materials as electrodes for highly stable supercapacitors, Materials Research Letters
2023, 11 (3), 213-221; https://doi.org/10.1080/21663831.2022.2139163 (IF=8.3,
MEiN=140)

5. M. Szkoda, A. llnicka, M. Skorupska, M. Wysokowski, J. P. Lukaszewicz,
Modification of TiO2 nanotubes by graphene-strontium and cobalt molybdate
perovskite for efficient hydrogen evolution reaction in acidic medium, Materials
Research Letters, 2022, 12, 22577; https://doi.org/10.21203/rs.3.rs-2116956/v1
(IF=8.3, MEIN=140)

6. P. Kamedulski, M. Skorupska, I. Koter, M. Lewandowski, V. K. Abdelkader-
Fernandez, J. P. Lukaszewicz, Obtaining N-Enriched Mesoporous Carbon-Based by
Means of Gamma Radiation, Nanomaterials, 2022, 12(18), 3156;
https://doi.org/10.3390/nan012183156 (IF=5.3, MEiIN=100)
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7. M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, Successful Manufacturing Protocols of
N-Rich Carbon Electrodes Ensuring High ORR Activity: A Review, Processes, 2022,
10(4), 643; https://doi.org/10.3390/pr10040643 (IF=3.5, MEiIN=70)

8. M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, The effect of nitrogen species on the
catalytic properties of N-doped graphene, Scientific Reports, 2021, 11(1), 1-11;
https://doi.org/10.1038/s41598-021-03403-8 (IF=4.6, MEiN=140)

9. A. llnicka, M. Skorupska, M. Szkoda, Z. Zarach, P. Kamedulski, W. Zielinski, J.
P. Lukaszewicz, Combined effect of nitrogen-doped functional groups and porosity of
porous carbons on electrochemical performance of supercapacitor, Scientific
Reports, 2021, 11 (1), 1-11; https://doi.org/10.1038/s41598-021-97932-x (IF=4.6,
MEiN=140)

10. P. Kamedulski, M. Skorupska, P. Binkowski, W. Arendarska, A. llnicka, J. P.
Lukaszewicz, High surface area micro-mesoporous graphene for electrochemical
applications, Scientific Reports, 2021, 11 (1), 1-12; https://doi.org/10.1038/s41598-
021-01154-0 (IF=4.6, MEiIN=140)

11. A. Ilnicka, M. Skorupska, M. Tyc, K. Kowalska, P. Kamedulski, W. Zielinski, J. P.
Lukaszewicz, Green algae and gelatine derived nitrogen rich carbon as an
outstanding competitor to Pt loaded carbon catalysts, Scientific Reports, 2021, 11
(1), 1-13; https://doi.org/10.1038/s41598-021-86507-5 (IF=4.6, MEiN=140)

12. M. Skorupska, A. llnicka, P. Kamedulski, J. P. Lukaszewicz, The Improvement of
Energy Storage Performance by Sucrose-Derived Carbon Foams via Incorporating
Nitrogen Atoms, Nanomaterials, 2021, 11(3), 760;
https://doi.org/10.3390/nan011030760 (IF=5.3, MEiIN=100)

13. M. Skorupska, A. llnicka, J. P. Lukaszewicz N-doped graphene foam obtained by

microwave-assisted exfoliation of graphite, Scientific Reports, 2021, 11 (1), 1-11;
https://doi.org/10.1038/s41598-021-81769-5 (IF=4.6, MEiIN=140)
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14

15.

16.

17.

18.

. W. Zielinski, P. Kamedulski, A. Smolarkiewicz-Wyczachowski, M. Skorupska, J.
P. Lukaszewicz, A. Ilnicka, Synthesis of Hybrid Carbon Materials Consisting of N-
Doped Microporous Carbon and Amorphous Carbon Nanotubes, Materials, 2020,
13 (13), 2997; https://doi.org/10.3390/mal13132997 (IF=3.4, MEiN=140)

A. llnicka, M. Skorupska, P. Romanowski, P. Kamedulski, J. P. Lukaszewicz,
Improving the Performance of Zn-Air Batteries with N-Doped Electroexfoliated
Graphene, Materials, 2020, 13(9), 2115; https://doi.org/10.3390/mal13092115
(IF=3.4, MEIN=140)

A. Ilnicka, P. Kamedulski, M. Skorupska, J. P. Lukaszewicz, Metal-free nitrogen-
rich carbon foam derived from amino acids for oxygen reduction reaction, Journal
of Materials Science, 2019, 54 (24), 14859-14871; https://doi.org/10.1007/s10853-
019-03969-9 (IF=4.5, MEiN=100)

A. Tlnicka, M. Skorupska, P. Kamedulski, J. P. Lukaszewicz, Electro-Exfoliation of
Graphite to Graphene in an Aqueous Solution of Inorganic Salt and the Stabilization
of Its Sponge Structure with Poly(Furfuryl Alcohol), Nanomaterials, 2019, 9 (7), 971;
https://doi.org/10.3390/nan09070971 (IF=5.3, MEiN=100)

P. Kamedulski, A. Ilnicka, J. P. Lukaszewicz, M. Skorupska, Highly effective three-
dimensional functionalization of graphite to graphene by wet chemical exfoliation
methods, Adsorption, 2019, 25, 631-638; https://doi.org/10.1007/s10450-019-
00067-9 (IF=3.3 , MEIN=70)

Czynny udzial w konferencjach

1. A. llnicka, M. Szkoda, D. Roda, P. Grabowska, M. Skorupska, J. P. Lukaszewicz,

Wodor paliwem przysztosci — wyzwania i perspektywy dla rozwoju wydajnych
elektrokatalizatoréw, 65. Zjazd Naukowy Polskiego Towarzystwa Chemicznego,
Torun, 18-22.09.2023, komunikat ustny.

A. llnicka, M. Skorupska, M. Szkoda, P. Grabowska, L. Kubinska, J. P.
Lukaszewicz, Highly stable and bifunctional catalysts based on graphene for
production of green hydrogen, 33" International Conference on Diamond and
Carbon Materials, Majorka (Hiszpania), 10-14.09.2023, komunikat ustny.
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10.

P. Grabowska, M. Skorupska, A. Ilnicka, Badanie wplywu heteroatoméw oraz
struktury grafenowej na wydajnos¢ elektrokatalityczng tlenku typu perowskit
domieszkowanego prazeodymem w reakcji elektrolizy wody, XVI Kopernikanskie
Seminarium Doktoranckie, Torun, 29-30.06.2023, komunikat ustny.

L. Kubinska, M. Skorupska, M. Szkoda, J. P. Lukaszewicz, A. Ilnicka, Hybrydowe
materiaty weglowe zawierajace tlenki niklu i kobaltu jako bifunkcyjne materiaty
elektrodowe, NanoBioMaterialy — od teorii do aplikacji, Torun, Torun,
14-16.06.2023, komunikat ustny.

P. Grabowska, M. Skorupska, M. Szkoda, J. P. Lukaszewicz, A. Ilnicka, Tlenki
typu perowskit domieszkowane prazeodymem jako efektywnie dziatajace
elektrokatalizatory procesu otrzymywania zielonego wodoru, NanoBioMateriaty -
od teorii do aplikacji, Torun, Torun, 14-16.06.2023, prezentacja posterowa.

A. llnicka, P. Grabowska, M. Skorupska, M. Szkoda, J. P. Lukaszewicz, Hybrid
electrode materials containing carbon and perovskite-like oxides as effective and
highly stable catalysts for water splitting, E-MRS European Materials Research
Society, Strasburg (Francja), 29.05-2.06.2023, komunikat ustny.

M. Szkoda, D. Roda, A. llnicka, M. Skorupska, J. P. Lukaszewicz, Molybdenum
sulfide modified with nickel nanoparticles as an effective catalyst for hydrogen
evolution reaction, E-MRS European Materials Research Society, Strasburg
(Francja), 29.05-2.06.2023, prezentacja posterowa.

P. Grabowska, M. Skorupska, S. Kurtulus, A. Ilnicka, Badanie wptywu
katalizatorow weglowych zawierajacych heteroatomy azotu i boru na aktywnos$¢
elektrochemiczng reakcji HER 1 OER, XVII Ogdlnokrajowa Konferencja Mtodzi
Naukowcy w Polsce Badania i Rozwoj, Lublin, 22.05.2023, prezentacja posterowa.
M. Skorupska, A. Ilnicka, J. P. Lukaszewicz ,,Nitrogen-doped graphene foams as
efective catalysts for oxygen reduction reaction”, Solar2Chem Winter School
“Materials and Methods for Solar Chemical Production” Universitat Politécnica de
Valéncia (UPV), Hiszpania, 22-24.02.2023, prezentacja posterowa.

P. Kamedulski, R. Szczesny, A. Scigata, M. Skorupska, N. Szubarga, P. Gauden,
“Eksperymentalne oraz teoretyczne badania nanostrukturalnych kompozytowych
warstw $wiattoczutych Alqg3/materiat weglowy”, XIII konferencja naukowo-
techniczna: Materialty weglowe i1 kompozyty polimerowe: nauka - przemyst,

Ustron-Jaszowiec, 23-26.11.2021, prezentacja posterowa.
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11.

12.

13.

14.

15.

16.

17

18.

J. P. Lukaszewicz, A. Ilnicka, P. Kamedulski, M. Skorupska, ,,Building 3D Porous
Graphene Electrode Platforms via Exfoliation of Commercial Graphene and
Graphite Powders”, Materials Research Meeting, Yokohama (Japonia), 13-
16.12.2021, komunikat ustny.
M. Skorupska, A. Ilnicka, M. Tyc, K. Kowalska, M. Szkoda, J. P. Lukaszewicz,
,,Graphene-based catalysts for water splitting technology”, The World Conference
on Carbon ,,Carbon for a Cleaner Future”, Londyn, 03-08-07.2022, komunikat
ustny.
M. Skorupska, M. Szkoda, A. llnicka, J. P. Lukaszewicz, ,,Modification of TiO>
nanotubes by strontium and cobalt molybdate perovskite for efficient hydrogen
evolution reaction in acid and alkaline media”, The World Conference on Carbon
,,Carbon for a Cleaner Future”, Londyn, 03-08-07.2022, prezentacja posterowa.

M. Skorupska, A. llnicka, J. P. Lukaszewicz, Synteza bez platynowych

materialdow 3D grafenowych do reakcji redukcji tlenu, XV Kopernikanskie

Seminarium Doktoranckie, Torun, 20-22.06.2022, komunikat ustny.

A. llnicka, M. Skorupska, M. Szkoda, M. Tyc, K. Kowalska, J. P. Lukaszewicz,
»Elektrokatalizatory na bazie grafenu dla technologii rozszczepiania wody
efektywnej metody produkcji zielonego wodoru”, XV Miedzynarodowe Targi
Wynalazkow i Innowacji, INTARG® 2022, Katowice, 11-12.05.2022, prezentacja
wynalazku/posteru.

M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, ,,Piany grafenowe domieszkowane
heteroatomami do zastosowan elektrodowych w bateriach metal-powietrze”, XV
Migdzynarodowe Targi Wynalazkow i Innowacji - INTARG® 2022, Katowice, 11-
12.05.2022, prezentacja wynalazku/posteru.

. P. Kamedulski, R. Szczesny, A. Scigata, M. Skorupska, N. Szubarga, P. Gauden,

“Eksperymentalne oraz teoretyczne badania nanostrukturalnych kompozytowych
warstw $wiattoczutych Alqg3/materiat weglowy”, XIII konferencja naukowo-
techniczna: Materiaty weglowe i kompozyty polimerowe: nauka - przemyst, Ustron-
Jaszowiec, 23-26.11.2021, prezentacja posterowa.

J. P. Lukaszewicz, A. Ilnicka, P. Kamedulski, M. Skorupska, ,,Building 3D Porous
Graphene Electrode Platforms via Exfoliation of Commercial Graphene and
Graphite Powders”, Materials Research Meeting, Yokohama (Japonia), 13-
16.12.2021, komunikat ustny.
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19

20.

21.

22.

23.

24.

25.

26.

27.

28.

. A. llnicka, M. Skorupska, M. Szkoda, Z. Zarach, P. Kamedulski, W. Zielinski,
J. P. Lukaszewicz, “Hybrid carbon materials based on activated carbon and graphene
as electrodes for highly stable supercapacitors”, The Next Generation Group of the
Carbon Society of Japan, konferencja on-line, 30.11.2021, komunikat ustny.

A. llnicka, M. Skorupska, M. Szkoda, P. Kamedulski, W. Zielinski, J. P.
Lukaszewicz, ,,Hybrid nanostructured nitrogen-doped carbon as electrode for
supercapacitors”, 31% International Conference on Diamond and Carbon Materials,
konferencja on-line, 6-9.09.2021, komunikat ustny.

M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, ,,Pt-free catalyst of graphene and
carbon foam for oxygen reduction reaction”, 31st International Conference on
Diamond and Carbon Materials, konferencja on-line, 6-9.09.2021, komunikat ustny.
A. Ilnicka, P. Kamedulski, W. Zielinski, M. Skorupska, J. P. Lukaszewicz,
Graphene-based hybrid carbon materials for electrochemical application Webinar
on Graphene Technology” iGRAPHENE 2021, 24-25.03.2021, komunikat ustny.
M. Skorupska, A. lInicka, J. P. Lukaszewicz, Synthesis Of Carbon-Graphene Foams
for Electrochemical Device, “Webinar on Graphene Technology” iGRAPHENE
2021, 24-25.03.2021, komunikat ustny.

A. llnicka, M. Skorupska, P. Kamedulski, W. Zielinski, J. P. Lukaszewicz, Hybrid
materials containing nitrogen-doped carbon and graphene, Webinar on Graphene
Technology” iGRAPHENE 2020, konferencja on-line, 19-20.10.2020, komunikat
ustny.

M. Skorupska, A. llInicka, J. P. Lukaszewicz, Synthesis of N-doped Graphene foams
by microwave exfoliation method, “Webinar on Graphene Technology”
IGRAPHENE 2020, 19-20.10.2020, komunikat ustny.

M. Skorupska, A. lInicka, J. P. Lukaszewicz, Synthesis of graphene foams using the
templating method, XII Interdyscyplinarna Konferencja Naukowa TYGIEL 2020 -
,Interdyscyplinarno$¢ kluczem do rozwoju”, on-line, 24-27.09.2020, komunikat
ustny.

M. Skorupska, A. llnicka, J. P. Lukaszewicz, Synteza pian grafenowych z
wykorzystaniem metody mikrofalowego rozwarstwienia, e-Kopernikanskie
Seminarium Doktoranckie, on-line, 07.09.2020, komunikat ustny.

P. Kamedulski, M. Skorupska, P. Binkowski, P. Lewicki, J. P. Lukaszewicz,

Innovative graphene-based materials and their electrochemical applications,
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29.

30.

31.

32.

33.

34.

35.

36.

37.

Graduate Student Symposium on Advantageous Electrochemistry, on-line, 10—
11.09.2020, komunikat ustny.

A. Ilnicka, W. Zielinski, M. Skorupska, A. Smolarkiewicz-Wyczachowski,
P. Kamedulski, J. P. Lukaszewicz, Synthesis of porous hybrid carbon materials
consist of activated carbon and carbon nanotube, 2nd Global Conference on Carbon
Nanotubes and Graphene Technologies, Lizbona, 3-14.02.2020, prezentacja
posterowa.

M. Skorupska, A. Ilnicka, W. Zielinski, J. P. Lukaszewicz, Carbon tubes — Activated
carbons hybrid materials obtained from chitosan and their structural properties, XXV
Conference of Polish Chitin Society ,,New aspects on chemistry and application of
chitin and its derivatives”, Torun, 25-27.09.2019, komunikat ustny.

A. Ilnicka, W. Zielinski, A. Smolarkiewicz-Wyczachowski, M. Skorupska,
R. Golembiewski, J. P. Lukaszewicz, Conversion of polymers to carbon tubes on a
carbon substrate obtained from chitin, Torun, 25-27.09.2019, prezentacja posterowa.
M. Skorupska, A. llnicka, P. Kamedulski, J. P. Lukaszewicz, Application of
electrochemical exfoliated graphene doped of nitrogen as a catalyst for oxygen
reduction reaction, Scientific Workshops Polish Carbon Society, Poznan,
27.09.2019, komunikat ustny.

A. llnicka, M. Skorupska, P. Kamedulski, J. P. Lukaszewicz, Electrochemically
exfoliated nitrogen and phosphorus doped graphene for use in oxygen reduction
reaction, Nano(&)BioMaterialy — from theory to application, Torun, 6-7.06.2019,
prezentacja posterowa

P. Kamedulski, J. P. Lukaszewicza,, M. Skorupska, Obtaining a photosensitive
carbon layer, Nano(&)BioMaterialy — from theory to application, Torun, 6-
7.06.2019, prezentacja posterowa.

P. Kamedulski, A. Ilnicka, J. P. Lukaszewicz, M. Skorupska, Three-dimensional
functionalization of graphene - achievements to date, Scientific Workshops Polish
Carbon Society, Ustron, 2-5.04.2019, prezentacja posterowa.

A. llnicka, M. Skorupska, P. Kamedulski, J. P. Lukaszewicz, Otrzymywanie
grafenu za pomocg elektrochemicznej eksfoliacji., I Scientific Workshops Polish
Carbon Society, Ustron, 2-5.04.2019, prezentacja posterowa.

J. P. Lukaszewicz, A. Ilnicka, P. Kamedulski, M. Skorupska, Electroexfoliation
Versus Wet Chemistry Exfoliations as a Preliminary Stage for 3D Functionalization
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38.

39.

40.

41.

of Graphene Flakes, Collaborative Conference on Materials Research (CCMR),
Seoul, 3-7.06.2019, komunikat ustny.

P. Kamedulski, A. Ilnicka, J. P. Lukaszewicz, M. Skorupska, Tréjwymiarowa
funkcjonalizacja grafenu: dotychczasowe osiagniecia, Scientific Workshops Polish
Carbon Society, Wroctaw, 21.09.2018, komunikat ustny.

J. P. Lukaszewicz, A. llnicka, P. Kamedulski, M. Skorupska, Towards new
synthesis of Graphene - CNTs hybrid materials, 22nd International Conference on
Graphene, Carbon Nanotubes and Nanostructures, Berlin, 17-18.09.2018, komunikat
ustny.

P. Kamedulski, A. Ilnicka, J. P. Lukaszewicz, M. Skorupska, Three Dimensional
Functionalization of Graphene Obtained from Commercial Graphite by Wet
Chemistry Exfoliation, Tenth International Symposium - Effects of Surface
Heterogeneity in Adsorption, Catalysis and related Phenomena, ISSHAC-10, Lublin,
27-31.08.2018, komunikat ustny.

A. lInicka, M. Skorupska, P. Kamedulski, J. P. Lukaszewicz, Synthesis of graphene
by electrochemical exfoliation of graphite foil in electrolyte solutions,

NanoBioMaterialy—theory and practice, Torun, 6-8.06.2018, prezentacja posterowa.

Odbyte staze zagraniczne

1.

2.

Odbycie stazu naukowego w ramach konkursu "Inicjatywa Doskonato$ci - Mobilnos¢
dla Doktorantoéw" w programie "Inicjatywa Doskonatosci - Uczelnia Badawcza.
Edycja I"
* Termin realizacji stazu: 12.10.2020- 08.11.2020
* Temat badawczy: Synteza materialéw grafenowych do zastosowan jako materiat
elektrodowy w superkondensatorach
* Miejsce realizacji stazu: Center for Cooperative Research on ALternative Energies
(CIC energiGUNE) w Vitoria — Gasteiz, Hiszpania

* Opiekun stazu: dr Daniel Carriazo

Tytul projektu: Projekt PROM - Migdzynarodowa wymiana stypendialna doktorantoéw
I kadry akademickiej
* Termin realizacji stazu: 09.11.2020- 06.12.2020
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» Temat badawczy: Synteza materiatdéw grafenowych do zastosowan jako materiat
elektrodowy w superkondensatorach
* Miejsce realizacji stazu: Center for Cooperative Research on ALternative
Energies (CIC energiGUNE) w Vitoria — Gasteiz, Hiszpania

* Opiekun stazu: dr Daniel Carriazo

3. Odbycie stazu naukowego w ramach konkursu "Inicjatywa Doskonatosci - Mobilnos¢
dla Doktorantow", edycja II w programie "Inicjatywa Doskonatosci - Uczelnia
Badawcza”

* Termin realizacji stazu: 01.02.2023- 31.03.2023

* Temat badawczy: Synteza materialow weglowych do zastosowan jako materialy do
elektrolizy wody

* Migjsce realizacji stazu: Politechnika w Walencji, Instytut Technologii Chemicznej
(ITQ) w Valencia, Hiszpania

* Opiekun stazu: prof. Hermenegildo Garcia

4. Odbycie stazu naukowego w ramach konkursu "Inicjatywa Doskonalo$ci - Mobilnos¢
dla Doktorantow", edycja III w programie "Inicjatywa Doskonatosci - Uczelnia
Badawcza"

* Termin realizacji stazu: 01.04.2020- 30.04.2023

» Temat badawczy: Synteza materialow weglowych do zastosowan jako materiaty do
elektrolizy wody

* Miejsce realizacji stazu: Politechnika w Walencji, Instytut Technologii Chemiczne;j
(ITQ) w Valencia, Hiszpania

* Opiekun stazu: prof. Hermenegildo Garcia

5. Staz naukowy w ramach konkursu im. Bekkera finansowanego przez NAWA, na
realizacje projektu
* Termin realizacji stazu: 01.08.2023- 01.02.2024
* Temat badawczy: Synteza i charakterystyka nowych nanoczgstek dwu- i
multimetalicznych w procesie restrukturyzacji galwanicznej do elektrokatalitycznej
konwersji energii
* Migjsce realizacji stazu: Wydziat Chemii, Uniwersytet w Oslo, Norwegia

* Opiekun stazu: dr Athanasios Chatzitakis
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Granty uzyskane i kierowane przez doktoranta

1.

Grant PRELUDIUM-18, finansowany przez Narodowego Centrum Nauki. Temat
projektu badawczego: Badania nad syntezqg pian grafenowych o zréznicowanym
zastosowaniu, nr DEC-2019/35/N/ST5/02691

. Grant Mlodych, przyznany przez Dziekana Wydziatu Chemii UMK w Toruniu. Temat

projektu: Synteza pian grafenowych do zastosowan elektrodowych, nr 2092/2019

. Grant Mtodych, przyznany przez Dziekana Wydziatu Chemii UMK w Toruniu. Temat

projektu: Synteza pian grafenowych z wykorzystaniem metody templatowania, nr
492/2020

. Grant Mlodych, przyznany przez Dziekana Wydziatlu Chemii UMK w Toruniu. Temat

projektu: Modyfikacja pian grafenowych domieszkowanych heteroatomami, nr

PDB/granty wydziatowe

. Grant Mlodych, przyznany przez Dziekana Wydziatu Chemii UMK w Toruniu. Temat

projektu: Synteza i modyfikacje pian grafenowo-weglowych z wykorzystaniem metody
migkkiego templatowania do zastosowan ORR, OER bgdz HER, nr WCh/podstawowa
dziatalnos$¢ badawcza (4001.00000001)

Granty promotorow z udzialem doktoranta

1.

Grant Norweski. Tytul: Katalizatory na bazie grafenu wolne od Pt dla technologii
rozszczepienia wody jako zielona metoda produkcji wodoru, nr grantu NOR/SGS/IL-
HYDROGEN/0202/2020-00, zrodto finansowania: Narodowe Centrum Badan i
Rozwoju (NCBR). Kierownik projektu: dr hab. Anna llnicka, prof. UMK. Rola

petniona w projekcie — wykonawca grantu.

Udziat Doktoranta w grancie, umowa o dzieto:

Temat: Opracowanie, synteza i charakterystyka grafenu i jego hybryd zawierajgcych

domieszki heteroatomow i tlenki metali (WP1), nr umowy 27/2022

2.

Grant LIDER-IX. Tytut: Hybrydowe materialy nanorurki weglowe—grafen i nanorurki
weglowe—wegiel aktywny: synteza 1 zastosowanie w elektrochemicznych
akumulatorach energii, nr grantu LIDER/32/0116/L-9/17/NCBR/2018, zrodto
finansowania: Narodowe Centrum Badan i Rozwoju (NCBR). Kierownik projektu: dr

hab. Anna llnicka, prof. UMK. Rola petniona w projekcie — wykonawca grantu.

Udziat Doktoranta w grancie, umowa o dzieto:
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a) Temat: Synteza i charakterystyka materiatow weglowych nanorurki weglowe — wegiel
aktywny (CNT-AC), nr umowy 46/2019

b) Temat: Synteza i charakterystyka materiatow weglowych nanorurki weglowe — grafen
(CNT-GR), nr umowy 43/2020

¢) Temat: Opracowanie, budowa i testowanie prototypowych magazynow energii z

wykorzystaniem materiatow elektrodowych typu CNT-AC i CNT-GR, nr umowy 5/2021

3. Grant OPUS-12. Tytul: Tréjwymiarowa funkcjonalizacja grafenu metodami
fizycznymi 1 chemicznymi, nr grantu 2016/23/B/ST5/00658, zrodto finansowania:
Narodowe Centrum Nauki (NCN). Kierownik projektu: Prof. dr hab. Jerzy P.

Lukaszewicz. Rola pelniona w projekcie — wykonawca grantu.

Udziat Doktoranta w grancie, umowa o dzieto:
a) Temat: Wykonanie eksperymentéow anodowej i katodowej elektro-eksfoljacji grafitu w
srodowisku NaCl, KCl, NaOH, Na2SOs, (NH4)2SO4 (I11 etap), nr umowy 54/2019

b) Temat: Wykonanie eksperymentow anodowej i katodowej elektro-eksfoljacji grafitu w
srodowisku NaCl, KCl, NaOH, Na>SOs, (NH4),SO4 (IV etap), nr umowy 20/2020

Z.gloszenia patentowe

1. P. Grabowska, A. Ilnicka, M. Skorupska, M. Szkoda, J.P. Lukaszewicz, Sposob

otrzymywania materiatu elektrodowego do zastosowania w reakcjach HER/OER,
numer zgloszenia patentowego P.444241 z dnia 29.03.2023, Urzad Patentowy

Rzeczpospolitej Polskiej.

Nagrody i osiagniecia doktoranta

1. I nagroda za najlepsza prezentacje ustng na XXV Konferenjcji PTChit, ,,New aspects
in chemistry and the use of chitin and its derivatives”, Torun (25-27.09.2019).

2. Nagroda zespolowa I stopnia JM Rektora Uniwersytetu Mikotaja Kopernika w
Toruniu za osiggniecia zespotowe w 2019 roku; sktad zespotu: prof. dr hab. Jerzy P.
Lukaszewicz, dr Anna llnicka, mgr Piotr Kamedulski, mgr Malgorzata Skorupska,
dr hab. Piotr A. Gauden, prof. UMK (data rozdania: 24.06.2020, Torun).

3. Nagroda JM Rektora Uniwersytetu Mikolaja Kopernika w Toruniu za wysoko
punktowang publikacj¢ naukowa, w roku 2020:
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1) W. Zielinski, P. Kamedulski, A. Smolarkiewicz-Wyczachowski, M. Skorupska,
J. P. Lukaszewicz, A. Ilnicka, Synthesis of Hybrid Carbon Materials Consisting of
N-Doped Microporous Carbon and Amorphous Carbon Nanotubes, Materials,
2020, 13(13), 2997.

2) A. llnicka, M. Skorupska, P. Romanowski, P Kamedulski, J. P. Lukaszewicz,
Improving the Performance of Zn-Air Batteries with N-Doped Electroexfoliated
Graphene, Materials, 2020 13 (9), 2115.

4. Nagroda JM Rektora Uniwersytetu Mikolaja Kopernika w Toruniu za wysoko
punktowang publikacje¢ naukowa, w roku 2021 :

1) A. llnicka, M. Skorupska, M. Tyc, K. Kowalska, P. Kamedulski, W. Zielinski,
J. P. Lukaszewicz, Green algae and gelatine derived nitrogen rich carbon as an
outstanding competitor to Pt loaded carbon catalysts, Scientific Reports, 2021,
11(1), 1-13.

2) M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, N-doped graphene foam obtained
by microwave-assisted exfoliation of graphite, Scientific Reports, 2021, 11, 2044.

5. Nagroda zespotowa III stopnia JM Rektora Uniwersytetu Mikotaja Kopernika w
Toruniu za osiggniecia zespotowe w 2020 roku; sktad zespotu: prof. dr hab. Jerzy P.
Lukaszewicz, dr Anna Ilnicka, mgr Piotr Kamedulski, mgr Wojciech Zielinski mgr
Malgorzata Skorupska, lic Aleksander Smolarkiewicz-Wyczachowski, lic Pawet
Nowak, lic Piotr Romanowski, dr Stanistaw Truszkowski, dr Aly Hesham (data
rozdania: 25.06.2021, Torun).

6. Nagroda JM Rektora Uniwersytetu Mikotaja Kopernika w Toruniu za wysoko
punktowang publikacje naukowa, w roku 2022:

1) M. Skorupska, A. Ilnicka, J. P. Lukaszewicz, The effect of nitrogen species on
the catalytic properties of N-doped graphene, Scientific Reports, 2021, 11(1), 1-
11;

2) P. Kamedulski, M. Skorupska, P. Binkowski, W. Arendarska, A. Ilnicka, J. P.
Lukaszewicz, High surface area micro-mesoporous graphene for
electrochemical applications , Scientific Reports, 2021, 11 (1), 1-12.

7. Srebrny medal za wynalazek pt. Piany grafenowe domieszkowane heteroatomami do
zastosowan elektrodowych w bateriach metal-powietrze, autorstwa mgr Malgorzata
Skorupska, dr Anna Ilnicka, prof. dr hab. Jerzy P. Lukaszewicz. Prace nad
zaprezentowanym rozwigzaniem zostaly przeprowadzone w ramach projektu

badawczego nr 2019/35/N/ST5/02691 finansowanego przez Narodowe Centrum
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Nauki, XV Migdzynarodowe Targi Wynalazkow i Innowacji, INTARG® 2022,
Katowice, 11-12.05.2022.

. Ztoty medal oraz nagrode specjalng przyznang przez Research Institute of Creative

Education (Wietnam) za wynalazek pt. Elektrokatalizatory na bazie grafenu dla
technologii rozszczepiania wody - efektywnej metody produkcji zielonego wodoru,
autorstwa dr Anna llnicka, mgr Malgorzata Skorupska, dr inz. Mariusz Szkoda, lic.
Magdalena Tyc, lic. Kinga Kowalska, prof. dr hab. Jerzy P. Lukaszewicz. Prace nad
zaprezentowanym rozwigzaniem zostaly przeprowadzone w ramach projektu
badawczego nr NOR/SGS/IL-HYDROGEN/0202/2020-00 finansowanego przez
Narodowe Centrum Badan i Rozwoju, XV Miedzynarodowe Targi Wynalazkow i

Innowacji, INTARG® 2022, Katowice, 11-12.05.2022.

Udzial w kursach

1.

Udziat w kursie pt: ,,Good Laboratory Practise Specialist Course”, certyfikat nr
21/GLP/T0O/05/2017, Torun (27.05.2017)

Udziat w kursie pt: ,,Communication within a team”, certyfikat nr 180/06/2021, Live
on-line (26.03.2021).

Odbycie kursow Interaktywnych Nature Masterclasses na temat pisania i
publikowania tekstow naukowych: Part 1: , Writing a research paper”, Part 2:
~Publishing a research paper”, Part 3: ,,Writing and publishing a review paper”, a
takze ,,Focus on Peer Review” (05.2021).

. Udzial w szkoleniu pt: ,Jak dobrze moéwi¢? Sztuka komunikacji.”, On-line

(02.03.2022)
Udziat w XVII Ogoélnopolskim Webinarze, pt. ,,Wystapienia publiczne - tego mozna
si¢ nauczy¢!”, On-line (02.03.2022).

Udzial w organizacji konferencji naukowych, olimpiad i warsztatow

1.

Organizator konferencji NanoBioMaterialy - od teorii do aplikacji, Torun,
14-16.06.2023

. Cztonek Polskiego Towarzystwa Chemicznego od 2022.
. Cztonek Polskiego Towarzystwa Weglowego od 2021.
. Organizator | etapu 68 Olimpiady Chemicznej, organizowany przez Komitet

Okregowy Olimpiady chemicznej w Toruniu, Torun, 20.11.2021.
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