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Nanokrystaliczne tlenki metali jako katalizatory reakcji wydzielania tlenu w Srodowisku
zasadowym
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mechanicznej (mielenie) w celu poprawy parametrow pracy katalizatora. Przeprowadzone zostaty
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Streszczenie rozprawy w jezyku angielskim: The topic of the synthesis and application
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using the sol--gel method or high-temperature solid-state synthesis. Attempts were made

to modify the materials by introducing new elements into the crystal structure or applying
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additional thermal or mechanical treatment to improve the catalyst's performance parameters.
Structural studies were conducted using microscopy and spectroscopy techniques, while the
electrocatalytic activity was evaluated using electrochemical measurements such as cyclic
voltammetry and electrochemical impedance spectroscopy. For the most promising materials,
stability studies of the performance parameters were conducted in a laboratory electrolyzer setup.
The obtained results indicate the possibility of improving material parameters through the
appropriate selection of chemical modification methods and mechanical processing. The research

results were published in international scientific journals and are part of this dissertation.
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WYKAZ WAZNIEJSZYCH OZNACZEN | SKROTOW

AWE - alkaline water electrolyzer (elektrolizer alkaliczny)

CCM — catalyst-coated membrane (membrana pokryta katalizatorem)

CCS - catalyst-coated substrate (elektroda pokryta katalizatorem)

CE - counter electrode (elektroda pomocnicza)

CPE - constant phase element

CV - cyclic voltammetry (woltamperometria cykliczna)

CVD - chemical vapour deposition (chemiczne osadzanie z fazy gazowej)

ECSA - electrochemically active surface area (powierzchnia elektrochemicznie aktywna)
EDS - energy dispersive spectroscopy (spektroskopia dyspersji energii)

EDTA - ethylenediaminetetraacetic acid (kwas wersenowy)

EIS — electrochemical impedance spectroscopy (elektrochemiczna spektroskopia
impedancyjna)

FCC - face-cantered cubic (komdrka $ciennie centrowana)

FTIR — fourier transform infrared (spektroskopia fourierowska w podczerwieni)
GD - glassy carbon (wegiel szklisty)

GDL - gas diffusion layer (warstwa gazodyfuzyjna)

HER - hydrogen evolution reaction (reakcja wydzielania wodoru)

ICP-OES - inductively coupled plasma optical emission spectroscopy (spektroskopia emisyjna

z wzbudzeniem plazmowym)

LSM — lanthanum strontium manganite (manganian lantanowo strontowy)

LSV - linear sweep voltammetry (woltamperometria liniowa)

MEA — membrane electrode assembly (zespdt elektrody-membrana)

MOF — metal-organic framework (szkielet metalo-organiczny)

NEXAFS — near edge x-ray absorption fine structure (blisko krawedziowa subtelna struktura
absorpcyjna)

OCV - open circuit voltage (napiecie obwodu otwartego)

OER - oxygen evolution reaction (reakcja wydzielania tlenu)

OZE - odnawialne zrédta energii

PEME - polymer electrolyte membrane water electrolyzer (elektrolizer z polimerowg membrang
elektrolityczng)

PLD - pulsed laser deposition (osadzanie laserem impulsowym)

RDE - rotating disk electrode (wirujgca elektroda dyskowa)

RE — reference electrode (elektroda odniesienia)

RHE - reversible hydrogen electrode (odwracalna elektroda wodorowa)

SEM — scanning electron microscopy (skaningowa mikroskopia elektronowa)
-2-
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SCR - soft chemistry route (synteza metodami mokrymi)

SLA — stereolithography (stereolitografia)

SSR - solid state reaction (synteza w fazie statej)

SOEC - solid oxide electrolyzer cell (elektrolizer tlenkowy)

TEM — transmission electron microscopy (transmisyjna mikroskopia elektronowa)

TEY — total electron yield (pomiar pradu proébki)

TGA — thermogravimetric analysis (termograwimetria)

WE - working electrode (elektroda pracujgca)

XAS - x-ray absorption spectroscopy (absorpcyjna spektroskopia promieni X)

XPS - x-ray photoelectron spectroscopy (rentgenowska spektroskopia fotoelektronéw)

YSZ — yttrium stabilized zirconia (tlenek cyrkonu stabilizowany itrem)

a — punkt przeciecia z osig rzednych

b — nachylenie krzywej Tafela

Cp. — double layer capacitance (pojemnos¢ warstwy podwdjnej)
Cs — specific capacitance (pojemnos¢ wtasciwa)

E — rzeczywisty potencjat elektrody

Eo — amplituda sygnatu

E. — energia aktywacji przewodnictwa

E(t) — sygnat wzbudzajacy (potencjat w czasie)

E° - napiecie rownowagowe

ErHE — zmierzony potencjat elektrody pracujgcej w odniesieniu do potencjatu rownowagowego

RHE

F — stata Faradaya

h — grubos$¢ proébki

i — natezenie pradu

I(t) — odpowiedz pradowa (natezenie prgdu w czasie)
lo — amplituda odpowiedzi

J— gestos¢ pradu

k — stata Boltzmanna

K — stata zwigzana z ksztattem reflekséw

n — liczba moli elektronéw biorgcych udziat w reakcji
R —rezystancja

T — temperatura

v — predkos¢ skanu (zmian potencjatu)
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Z — impedancja

Zo — modut impedancji

B — szerokos¢ refleksu zalezna od wielkosci krystalitéw
AG - zmiana energii swobodnej Gibbsa
n — nadpotencjat

6 — kat Bragga

A — dtugos¢ fali promieniowania

0 — przewodnos$¢ probki

O, — czynnik przedwyktadniczy

T — 8redni rozmiar krystalitow

@ — przesuniecie fazowe

w — pulsacja
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1. WSTEP

Dynamicznemu rozwojowi cywilizacji od zawsze towarzyszy zwiekszajgce sie
zapotrzebowanie na energie. Obecnie ok. 80% Swiatowego zapotrzebowania energetycznego
jest zaspokajane poprzez produkcje energii opartg na paliwach kopalnych [1]. Eksploatacja paliw
kopalnych jako zrodta energii powoduje emisje zanieczyszczen do atmosfery w postaci dyméw,
gazéw i pytébw. Ponadto, przy zatozeniu rosngcej konsumpcji, szacunki wskazujg, ze rezerwy
paliw kopalnych sg nastepujgce: ropa naftowa - 30 lat, gaz ziemny - 40 lat, wegiel - 70 lat [2].
W zwigzku z powyzszym panuje konsensus, ze nieodzowne jest poszukiwanie nowych,
zréwnowazonych, czystych i odnawialnych zrodet energii (OZE). Sezonowos$¢ oraz podatnosc na
zmiany pogody ograniczajg mozliwo$¢ odnawialnych zrodet energii do zapewnienia ciggtosci
dostaw energii, dlatego konieczne jest magazynowania energii w momencie gdy jej produkcja
przewaza nad zuzyciem. Sposrod wielu metod magazynowania energii (elekirownie
szczytowo-pompowe, akumulatory elektryczne, kota zamachowe) wodér uznawany jest
za przysztosciowy nosnik energii [3-5].

Wodor jest najprostszym i najczesciej wystepujgcym pierwiastkiem we Wszechswiecie.
W temperaturze pokojowej ma postaé czasteczkowg H: jako bezwonny i bezbarwny gaz.
Na Ziemi wodér nigdy nie wystepuje w prostej formie czgsteczkowej, a w postaci substanc;ji
ztozonej tj. wody lub zwigzkéw organicznych. W zwigzku z tym wodoru nie mozna traktowac jako
zrédta energii ale jako jej nosnik, ktéry moze zosta¢ wyprodukowany przy pomocy innych zrodet
energii, takich jak paliwa kopalne, energia jgdrowa czy odnawialne Zzrodta energii. Ponadto wodér
znajduje szerokie zastosowanie w przemysle chemicznym, metalurgicznym i spozywczym [6,7].
Aby wyrdzni¢ wptyw metod produkcji wodoru na $rodowisko wprowadzono nomenklature
bazujgcag na ,kolorze wodoru” [3]. M.in. wyréznia sie: wodér szary — pochodzacy z paliw
kopalnych, woddr niebieski — rowniez pochodzgcy z paliw kopalnych, ale w procesie produkgji
zastosowano metody wychwytu dwutlenku wegla, wodor turkusowy otrzymany w procesie pirolizy
metanu lub w wyniku przetwarzania odpadowych tworzyw sztucznych, wodér
rézowy/czerwony/purpurowy produkowany w procesie elektrolizy zasilanej energig jgdrows,
wodor zétty wytwarzany w procesie elektrolizy z bezposrednim wykorzystaniem energii
stonecznej oraz wodér zielony — wytwarzany w procesie elektrolizy wody zasilanym z OZE.

Wyrdznia sie m.in. nastepujgce metody produkcji wodoru:

-termiczne, np. reforming parowy gazu ziemnego,

-biologiczne np. procesy wykorzystujgce fotosynteze lub fermentacje

-elektrochemiczne np. elektroliza wody [8].

Roczna produkcja wodoru wynosi ok. 50 milionéw ton, z czego 96% pochodzi
z reformingu weglowodoréw, 4% z elektrolizy wody, natomiast pozostate metody produkcji
pozostajg w sferze badan i rozwoju (B+R) [4,5]. Ze wzgledu na nadzieje poktadane w wodorze
jako przysztosciowym nosniku energii kluczowa jest zmiana tego trendu, tak, aby najwigkszy

udziat miaty technologie oparte na elektrolizie. W dalszej czesci pracy przedstawione sg
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perspektywy oraz ograniczenia zwigzane z elektrochemicznym rozkiadem wody oraz opis prac
nad rozwojem tej metody, ktére zostaty wykonane w ramach dysertacji.

Na rysunku 1 przedstawiono schematyczny koncept systemu zarzgdzania energia,
w ktérym elektroliza wody odgrywa wazng role w produkcji wodoru jako paliwa gazowego oraz
nosnika energii. W momencie, gdy produkcja energii elektrycznej z OZE przewyzsza
zapotrzebowanie, nadmiar energii wykorzystywany jest do produkcji wodoru w procesie
elektrolizy. W sytuacji odwrotnej zmagazynowany wodor moze by¢ wykorzystany bezposrednio
jako paliwo gazowe lub do wytwarzania energii elektrycznej w ogniwie paliwowym, ktéra

nastepnie trafia do sieci.

j M
/i\ Transport

Elektrolizer > I I I l

& Energia zmagazywnowana Magazyny energii

Energia wiatrowa

w postaci wodoru
Energia stoneczna
#
[ 2 2 2 | Power to Gas
Energia wodna
= 2

Przemyst

Rys. 1 Schematyczny koncept systemu zarzgdzania energig z wykorzystaniem elektrolizy wody [9]

W niniejszej pracy przedstawiono elektrolize wody jako obiecujgcg metode produkciji
zielonego wodoru. Omowione zostaly zachodzgce procesy elektrochemiczne, aktualnie
stosowane typy elektrolizeréw, wady, zalety i perspektywy rozwoju materiatéw wykorzystywanych
do konstrukgji elektrolizeréw. Badania wtasne skoncentrowane byty na niezwykle istotnym
zagadnienia tj. reakcji utleniania tlenu (OER — oxygen evolution reaction), jednej z dwéch reakcji
zachodzacych podczas elektrolizy. Ze wzgledu na 4-elektronowy charakter tej reakcji jest ona
obarczona wysokimi nadpotencjatami, wiec ma znaczacy wptyw na catosciowy proces elektrolizy
wody. Dlatego niezwykle istotne jest znalezienie materiatéw elektrokatalitycznych, ktére pozwolg
na redukcje nadpotencjatu reakcji OER.

Za pomocg syntezy zol-zel oraz wysokotemperaturowej syntezy w fazie statej
przygotowano nanokrystaliczne materiaty tlenkowe o strukturze krystalicznej spinelu i perowskitu.
Jako materialy nanokrystaliczne definiuje sie materialy zbudowane z elementéw (krystalitow,
ziaren, warstw, wtdkien etc.), ktérych rozmiar nie przekracza 100 nm w przynajmniej jednym

wymiarze [10]. Sprawdzona zostata aktywnos¢ elektrokatalityczna oraz stabilnos¢ tych
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materiatdw w srodowisku zasadowym. Ponadto wskazano posyntezowg obrobke cieping lub
mechaniczng jako metody modyfikacji wtasciwosci fizykochemicznych tych materiatéw majgcych
wplyw na ich wydajno$¢. Zaproponowane elektrokatalizatory stanowig alternatywe dla

dotychczas stosowanych materiatéw elektrodowych.

1.1. Elektroliza wody

Elektroliza wody nazywamy elektrochemiczng reakcje rozktadu wody w wyniku czego

powstaje wodor i tlen, zgodnie z réwnaniem (1) i przedstawione na rys. 2:

2H,0 - 2H, + 0, (1)

0,

‘

pr
Anoda Katoda -' - ‘_
<

Rys. 2 (a) Schemat uktadu do elektrollzy wody [1 1] oraz (b) prosty dwuelektrodow;; uk+ad laboratoryjny

Podczas elektrolizy wody na elektrodach zachodza dwie reakcje:

o Katoda: reakcja wydzielania wodoru (HER — hydrogen evolution reaction)

e Anoda: reakcja wydzielania tlenu (OER — oxygen evolution reaction)

Rozktad wody, w warunkach idealnych (odwracalnych) powinien nastgpi¢ przy napieciu
1,23 V pomiedzy katodg i anodg. W praktyce ze wzgledu na wystepowanie strat w rzeczywistych
uktadach, ktérymi obarczone sg reakcje elektrodowe, do utrzymania procesu wymagane sg
wyzsze wartosci napiecia; roznice pomiedzy wartosciami napiec okresla sie nadpotencjatami.

Kinetyka procesu elektrolizy wody zalezy od wielu czynnikéw, m.in.: materiatu elektrod,
mikrostruktury elektrod, np. stanu ich powierzchni (gtadkie, porowate itp.) oraz parametréw
zewnetrznych (temperatura i cisnienie) [12]. Uzyskiwany wodér wykazuje wysokg czystosé
(99,9%, a nawet 99,999%)[13—15], co jest wielkg zaletg w poréwnaniu do produkcji opartej na
paliwach kopalnych i biomasie. Ponadto przy zatozeniu zasilania elektrolizera z OZE otrzymuje
sie zeroemisyjny - zielony wodor.

W celu zapewnienia wysokiej przewodnosci jonowej pomiedzy elektrodami stosuje sie
silne kwasy lub zasady jako elektrolity, w ktérych zachodzg reakcje elektrolizy wody. W zalezno$ci

od pH roztworu nosnikami tadunku elektrycznego sg protony lub jony wodorotlenkowe.
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Sumaryczna reakcja elektrolizy nie jest zalezna od pH zastosowanego elektrolitu natomiast rézne

mogg by¢é mechanizmy poszczegolnych reakcji elektrodowych co jest przedstawione ponize;.

1.1.1. Reakcja wydzielania wodoru — HER

Reakcja wydzielania wodoru zachodzi na katodzie zgodnie z ponizszymi rownaniami:

Roztwor Reakcja catkowita Poszczegolne etapy
H* + e~ - H,4s (Volmer) (2)
Kwasny 2H* +2¢” - H, H* +e” + H,y — H, (Heyrovsky) (3)
(PH<7) lub
2H,q4s = H, (Tafel) (4)
H,0 + e~ - H,qs + OH (Volmer) (5)

Zasadowy 2H,0+ 2e~ — H, + 20H™ H,0+ e™ + H,gs — H, + OH (Heyrovsky) (6)
(pH>7) lub
2H,4s — Hy(Tafel) (7)

W pierwszym etapie, w roztworze kwasnym, w wyniku transferu protonu z elektrolitu i jego
rekombinacji z elektronem dostarczonym przez elektrode nastepuje adsorpcja atomu wodoru
(Hags) na powierzchni elektrody. W roztworze zasadowym dodatkowo zachodzi dysocjacja
czagsteczki wody. Ten krok nosi nazwe reakcji Volmera. W nastepnym kroku sg dwie mozliwosci,
reakcja Heyrovsky’'ego, w ktérej zaadsorbowany atom wodoru taczy sie z elektronem
przeniesionym z powierzchni elektrody i protonem z elektrolitu tworzac jedng czgsteczke wodoru;
druga to reakcja Tafela, w ktérej dwa sgsiadujgce, zaadsorbowane atomy wodoru tgczag sie

tworzac jedng czgsteczke wodoru [12,16].

1.1.2. Reakcja wydzielania tlenu — OER

Ponizej przedstawione sa ogdlnie przyjete przebiegi reakcji wydzielania tlenu
w roztworach kwasnych i zasadowych, obejmujgce przeniesienie czterech elektrondw.
W roztworach kwasnych wydzielanie tlenu zachodzi poprzez bezposrednie utlenianie czgsteczki
wody, natomiast w roztworach zasadowych nastepuje przeniesienie fadunku i adsorpcja rodnika
OH [12,16].

Roztwor Reakcja catkowita Poszczegdlne etapy
H,0 - OH,gqs + H* + e~ (8)
Kwasowy 2H,0 - 0, + 4H* + 4e” OHggqs = Oags + HY + €7 9)
(PH<7) Oags + Hy0 > OOH,qs + H + €~ (10)
OOH,4s = Oza4s + HT + €~ (11)
03 aas = O3 (12)
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OH™ - OH,q + €~ (13)

Zasadowy 40H™ — 0, + 2H,0 + 4e” OH,4s + OH™ = H,0+ O,4s + €~ (14)
(pH>7) 0,45 + OH™ — OOH4s + €~ (15)
OOH_4s + OH™ = 0y 445 + €~ (16)

0,.4s = 0, (17)

1.1.3. Elektrolizer wody jako obwdd elektryczny

Zanim zajdzie catoSciowy proces elektrolizy wody musi zosta¢ pokonany szereg barier,
do ktérych zaliczy¢ mozna np.:

e energie aktywacji reakcji elektrochemicznych zachodzgcych na powierzchniach elektrod,

o dostepnosé powierzchni elektrod ograniczona przez czesciowe pokrycie powstajgcymi
pecherzykami gazéw,

e opor elektryczny elektrolitu,

e 0por elektryczny obwodu.

Rezystancje zwigzane z reakcjami elektrodowymi wynikajg z nadpotencjatow
wymaganych do pokonania energii aktywacji wydzielania tlenu i wodoru na powierzchniach
anody i katody. Pozostate rezystancje zwigzane sg z transportem reagentow w elektrolicie jak
i ograniczonym kontaktem pomiedzy elektrodami a elektrolitem wynikajgcym z pokrycia
powierzchni elektrod produktami reakcji tj. pecherzykami gazéw Oz i H2. Na op6r elektryczny
obwodu skfadajg sie rezystancje zwigzane z okablowaniem i kontaktem elektrycznym elektrod.
S3 one obliczane z prawa Ohma i wynikajg z przewodnos$ci wtasciwiej i przekroju poprzecznego

przewodnikéw.

1.1.4. Napiecie elektrolizera

Aby wyprodukowaé wodoér (i tlen) z wody poprzez jej elektrolize nalezy przytozy¢ napiecie
o warto$ci przewyzszajgcej napiecie rownowagowe E°. Teoretyczne napiecie potrzebne aby
doszto do rozktadu wody w warunkach standardowych wynosi 1,23 V. Korzystajgc z warto$ci
napiecia rownowagowego mozna obliczy¢ zmiane energii swobodnej Gibbsa AG:

AG = nFE° (18)

, gdzie n — liczba moli elektronéw biorgcych udziat w reakcji, F — stata Faradaya [C mol],
E°- napiecie réwnowagowe [V]. Jest to minimalna energia potrzebna do produkcji jednego mola
wodoru i w warunkach standardowych wynosi 237,2 kJ mol-'.

W praktyce przytlozenie napiecia rownego potencjatowi rownowagowemu jest
niewystarczajgce do przebiegu reakcji rozktadu wody. Wartos¢ przytozonego napiecia nalezy
powiekszy¢ o pewng wartos¢ nazywang nadpotencjalem (nadnapieciem) n. Wartos¢

nadpotencjatu wynika z wystepowania przedstawionego powyzej szeregu rezystancji w celce
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elektrochemicznej. Catkowite napiecie potrzebne do przeprowadzenia procesu elektrolizy
wyznacza sie ze wzoru:

E = Eanody - Ekatody + Z|77| + iR (19)

, gdzie: E — napiecie przytozone do elektrolizera [V], Eanoay i Ekatody — potencjaty anody i katody,
> |n| - suma nadpotencjatéw reakcji elektrodowych [V], i — natezenie pradu przeptywajgcego przez
elektrolizer [A], R — suma rezystancji omowych pochodzgcych od elektrolitu i konstrukciji
elektrolizera [Q].

1.1.5. Sprawno$¢ elektrolizera

Z elektrochemicznego punktu widzenia napieciowg sprawnos¢ elektrolizera mozna
obliczy¢ z nastepujgcego réwnania:
(Eanody - Ekatody) -100%
E
Fizyczne znaczenie tej definicji sprowadza sie do stosunku efektywnego napiecia rozpadu wody

Sprawno$¢ napieciowa =

(20)

do catkowitego napiecia przytozonego do elektrolizera.

) Anoda Diafragma Katoda

Warstwa dyfuzyjna

-
g
o

Napiecie elektrolizera (V)

Warstwa dyfuzyjna

A
Y.

Odlegto$é miedzy elektrodami

Rys. 3 Schemat rozktadu potencjatu w elektrolizerze [4]

Najwicksza czesS¢ energii elektrycznej dostarczanej do elektrolizera (> 60%)
wykorzystywana jest do zmiany energii swobodnej Gibbsa zwigzanej z zachodzgcg reakcjg
endoenergetyczng [4]. Istnieje jednak kilka miejsc, w ktdérych nastepuje rozpraszanie energii
w postaci ciepta. Ich lokalizacja oraz znaczenie zalezg od zastosowanej konstrukcji elektrolizera.
Na rysunku 3 przedstawiono przekrdj poprzeczny elektrolizera z cieklym elektrolitem
i wystepujgce w nim spadki potencjatu. Spadki te wystepujg: w catej objetosci elektrod (1, 1°) ze
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wzgledu na ich wewnetrzng rezystancje; na warstwach elektrokatalitycznych (2, 2’), ktére nie
zawsze sg dobrymi przewodnikami pradu elektrycznego; na powierzchniach na ktérych zachodzg
procesy przeniesienia tadunku (3, 3’); w roztworze przez warstwy dyfuzyjne blisko powierzchni
elektrod, gdzie wystepujg zjawiska transportu masy lub tworzg sie formy gazowe (4, 4’);
w objetosci elektrolitu w wyniku transportu jondéw; oraz w diafragmie (separatorze) potogniw
elektrolizera.

Na rysunku 4 przedstawiony jest ksztatt krzywej polaryzacyjnej elektrolizera wody
pracujgcego w warunkach standardowych. Jak juz wspomniano napiecie rownowagowe wynosi
1,23 V. Powyzej tej wartosci przez elektrolizer zaczyna przeptywacé prad elektryczny. Natomiast
przy napieciu 1,48V nazywanym napieciem termoneutralnym dostarczana energia jest
wystarczajgca zaréwno do napedzenia reakcji elektrochemicznej jak i utrzymaniu statej
temperatury. Powyzej napiecia termoneutralnego dodatkowa energia jest wykorzystywana do
pokonania wewnetrznych rezystancji i rozpraszana w postaci ciepta do otoczenia. Przy matych
gestosciach pragdu omowe spadki napiecia sg mate przy czym te zwigzane z przeniesieniem
tadunku sg maksymalne. Logarytmiczny ksztatt krzywej polaryzacyjnej wynika wtasnie ze zjawisk
przeniesienia tadunku na anodzie i katodzie. W przypadku elektrolizy wody nadpotencjat reakciji
anodowej (OER) jest wyraznie wyzszy niz reakcji katodowej (HER), ze wzgledu na wolniejszg
kinetyke reakcji OER. Wraz ze wzrostem gestosci pradu maleje rezystancja przeniesienia
tadunku a krzywa polaryzacyjna przyjmuje charakter liniowy. Swiadczy to o omowym charakterze
elektrolizera (suma rezystancji elektronowej ijonowej). Pasozytnicze straty omowe sg
szczegoblnie widoczne w przemystowych uktadach do elektrolizy wody o duzej powierzchni

i odpowiadajg za zwiekszone zuzycie energii i zmniejszong sprawnos$¢ konwersji energii.

S a
]
@
o N
e 8
o X
23 AHB 0
© Napiecie termoneutralne V9 (298 K,1b) = 2—[__2
1.48 -4
Welekm}(f) & Re'f
0 lizera
; . 0 AG?‘! 0
Potencjat rownowagowy E° (298 K,1b) = ——=
1.23 |-¥. ik
|
1
A
0.0) Gestosé pradu (A cm™)

Rys. 4 Schematyczna krzywa polaryzacyjna elektrolizy wody [17]

llo§¢ gazdéw powstajgcych w trakcie elektrolizy jest wprost proporcjonalna do pradu

przeptywajgcego przez obwodd elektryczny co wynika z prawa Faradaya. Za kazdym razem gdy
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przez obwdd przeptywajg 4 elektrony powstaje jedna czgsteczka tlenu i dwie czgsteczki wodoru

(w przypadku idealnym).

1.2. Rodzaje elektrolizerow

Technologie elektrolizy wody klasyfikuje sie na podstawie zastosowanego elektrolitu,
oddzielajgcego dwie reakcje potbwkowe przebiegajgce na anodzie (OER) oraz katodzie (HER).

Ponizej przedstawiono budowe gtéwnych typow elektrolizeréow wody:

1.2.1. Elektrolizery z polimerowg membrang elektrolityczng

Tak jak wskazuje nazwa elektrolizery z polimerowg membrang elektrolityczng (ang.
polimer electrolyte membrane water electrolyser — PEMWE) skfadajg sie z anody i katody
odseparowanych od siebie za pomocg polimerowej membrany elektrolitycznej (rys.5).

Na poszczegdinych elektrodach zachodzg nastepujgce reakcje elektrodowe:

2H* + 2e”~ - H, (katoda) (21)
H,0 - l02 + 2H* + 2e~ (anoda) (22)
2

Membrana PEM (np. Nafion™) powinna wykazywaé wysokie przewodnictwo protonowe.
Ponadto zastosowanie membrany pozwala na odseparowanie produktéw gazowych oraz prace
przy wysokim cisnieniu, do 100 baréw, zmniejszajgc objeto$é powstajacych pecherzy gazowych,
a zatem rezystancji omowej. Kluczowym aspektem jest zastosowanie katalizatoréow HER oraz
OER, ktoére oprocz aktywnosci katalitycznej wykazujg stabilnosé w srodowisku pracy elektrolizera
PEME, tj. sSrodowisku kwasowym. Aktualny stan wiedzy wskazuje odpowiednio tlenek irydu oraz
platyne jako materiaty spetniajgce powyzsze wymagania, jednak ich ograniczone zasoby, a wiec

wysoKi koszt, ograniczajg mozliwos¢ zastosowania ich w skali przemystowej [18].

- +
Katoda Anoda

o,

Rys. 5 Schemat elektrolizera z polimerowg membrang elektrolityczng [19]
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1.2.2. Elektrolizery alkaliczne

W elektrolizerach alkalicznych (AWE - ang. alkaline water electrolyzer) elektrody
zanurzone sg w elektrolicie o odczynie zasadowym, najczesciej 20 - 30% wodorotlenku potasu.
Elektrolizery te pracujg w temperaturach nieco ponizej 100°C i cisnieniu atmosferycznym.
Przedstawione na rys. 6 elektrody sa odseparowane diafragma przewodzgcg jony
wodorotlenkowe OH-, co ma na celu odseparowanie i zapobieganie rekombinacji powstajgcych

czgsteczek wodoru i tlenu. Ponizej przedstawione sg reakcje zachodzgce na elektrodach:
2H,0 + 2e™ —» H, + 20H" (katoda) (23)

20H - %02 + H,0 + 2e™ (anoda) (24)

Sposrod wyrdznianych typow elektrolizerow to elektrolizery AWE stanowig najbardziej
rozwinietg technologie dostepng komercyjnie. Konstrukcje pierwszego przemystowego
elektrolizera alkalicznego przypisuje sie Dmitrowi Lachinov i datuje na koniec XIX wieku [20].
Pomimo dtugiej historii technologia ta wcigz jest obarczona pewnymi wadami, np. zastosowanie
diafragmy prowadzi do wysokich strat omowych i ogranicza maksymalng uzyskiwang gestos¢
prgdu. Wykorzystywane diafragmy nie sg przystosowane do pracy przy wysokim cisnieniu,
poniewaz moze dochodzi¢ do mieszania produktow gazowych, wodoru i tlenu. Najwiekszg zaletg
jest brak potrzeby stosowania kosztownych katalizatoréw z grupy platynowcéw, gdyz duzo tansze
alternatywny, np. nikiel, wykazujg wysokg aktywnos¢ katalityczng przy jednoczesnej odpornosci

na korozje w srodowisku zasadowym pozwalajgcej na czas pracy wynoszacy 20-30 lat [21].

30
’0
O
O
Katoda (@) Anoda
2H,0+2e > 0O [ OH‘> 40H >
H, +2 OH- 0, +2H,0+ 4 e
O
O
O
/ —u\\\_
Elektrolit: KOH, NaOH Diafragma

Rys. 6. Schemat elektrolizera alkalicznego [22]
1.2.3. Ogniwa fotoelektrochemiczne

W ogniwach fotoelektrochemicznych energia promieniowania jest przeksztatcana
w energie chemiczng. Tak jak przedstawiono na rys. 7 powstajgca para elektron-dziura oddziatuje

z elektrolitem w wyniku czego powstaje wodor i tlen. Elektron i dziura generowane sg poprzez
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foton zaabsorbowany w pétprzewodniku typu n. Na fotoanodzie powstaje tlen w wyniku utleniania
wody przez dziure, natomiast na fotokatodzie elektron redukuje wode i powstaje wodér [23]. Ze
wzgledu na specyfike pracy wyrdznia sie trzy podstawowe rodzaje ogniw fotoelektrochemicznych

tj. fotoelektrolizery, fotoelektrolizery wspomagane oraz elektrolizery fotowoltaiczne [24].

T
pélprzewodnikitypu n . |
)

H*/H, '_;_ Ey H'/H, _Q-_-_ !
_____ ) ! 3 8 e | 2
1
I | ® I
)
0 1 s
| S S
: H,0/0, RN H,0/0,
! El‘.p: )
/ i 2H,0+4h" —»4H" 40,
M M
W o TR
L polprzewodnik typu n: elektrolit: przeciwelektroda:
fotoanoda woda katoda Pt

Rys. 7. Diagram energetyczny ogniwa fotoelektrochemicznego [25]
1.2.4. Elektrolizery tlenkowe

Elektrolizery tlenkowe (ang. solid oxide electrolyzer cell - SOEC) zbudowane sg z katody
i anody odseparowanych statym, przewodzgcym jony OZ elektrolitem (rys. 8). Typowy SOEC
skiada sie z elektrolitu w postaci tlenku cyrkonu stabilizowanego itrem (YSZ), cermetowej katody
Ni/YSZ (elektroda wodorowa), oraz anody z kompozytu manganianu lantanowo strontowego

(LSM)/YSZ (elektroda powietrzna). Na elektrodach zachodzg nastepujgce reakcje:
H,0 + 2e~ - H, + 202 (katoda) (25)

0%~ - %02 + 2e” (anoda) (26)

H,0—=—
=

Elektroda
Wodorowa

it Elektroda
Ot powietrzna

Elektr

Rys. 8. Elektrolizer tlenkowy [26]
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Cecha wyroézniajaca ten rodzaj elektrolizera w poréwnaniu do poprzednich jest wysoka
temperatura pracy w zakresie 700°C — 900°C, wynikajgca ze stabego przewodzenia
0% w nizszych temperaturach. Elektrolizery tlenkowe odznaczajg sie wysoka wydajnoscig
faradajowskg produkcji wodoru siegajgcg 100%. Wysoka wydajnos¢ wynika z poprawionej
kinetyki reakcji oraz wykorzystaniu dostarczonego ciepta. Z drugiej strony wysoka temperatura

pracy wptywa na szybszg degradacje materiatéw sktadowych, szczegdlnie anody [5].

1.3. Szczegotowa charakterystyka elektrolizerow alkalicznych

Jak juz wspomniano najwickszg zaletg elektrolizerow alkalicznych jest mozliwosé
zastosowania stosunkowo tanich materiatow elektrodowych (stopy zelaza i niklu) do produkc;ji
wodoru i tlenu. Elektrody zanurzone sg w stezonym elektrolicie zasadowym, np. 6 M KOH, i sg
odseparowane diafragma lub membrang przenoszgcg jony hydroksylowe (OH-) jednocze$nie
stanowigcg bariere dla powstajgcych czasteczek Hz i O2. Zastosowanie separatora przeciwdziata

mieszaniu sie powstajgcych gazow i zapobiega powstaniu mieszanki wybuchowe;.

1.3.1. Elektrolit

Objetos¢ elektrolitu zapetniajgca celke elektrochemiczng wynika z odlegto$¢ pomiedzy
elektrodami. W typowych uktadach odlegtos¢ ta miesci sie w zakresie od milimetréw do
centymetrow. Rezystancje omowe wewnatrz elektrolizera rosng wraz z odlegtoscia miedzy
elektrodami, jednak gdy odlegtosé jest zbyt mata, co za tym idzie mata objetosc¢ elektrolitu
wypetnia wnetrze celki, stezenie substratow dynamicznie zmienia sie w okolicach elektrod
powodujgc spadek wydajnosci uktadu.

Podstawowym kryterium wyboru elektrolitu jest jego przewodnos¢ elektryczna. Na rys. 9
przedstawione sg zmiany przewodnosci roztworow KOH oraz NaOH. Na podstawie tej
charakterystyki czesto stosowanym elektrolitem jest 30% KOH (6,9 M KOH).

1400 -

KOH 60 °C
1200 — = NaOH 60 °C
i KOH 25 °C
7210005 NaOH 25 °C e S oy
-
] ] ' =
») 800 /’
= ] 7
3 600 ’ ,
o ] /
i ] 2 > "
© 400 - .
% ] f ' ez
5_'3 200 /
177/
0 -!" T T T T LI T T T T T LE— T T T T T T T T Lo |
0 10 20 30 40 50

Stezenie roztworu(%wag.)

Rys. 9 Przewodnos¢ elektryczna roztwordw KOH i NaOH [4]
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1.3.2. Materiaty elektrodowe

Materiaty, z ktérych wykonane sg elektrody uktadu alkalicznego elektrolizera muszg
spetnia¢ szereg wymagan podyktowanych przez specyfike warunkéw pracy. Przede wszystkim
sg to: dobra odpornos¢ korozyjna, wysoka przewodnosé elektryczna i dobre wiasciwosci
katalityczne reakcji wydzielania wodoru/tlenu. Kinetyka przebiegu reakcji HER i OER silnie zalezy
od doboru materiatu z jakiego wykonano elektrody, ale nie jest to jedyny parametr. Ponadto
wyrazny wplyw majg zastosowana obrobka (np. historia termiczna) oraz mikrostruktura
i morfologia elektrod.

Najbardziej aktywnym materiatem katodowym jest platyna oraz pozostate metale z grupy
platynowcéw. Jednak ze wzgledu na ich zaporowe ceny zwykle wybierang alternatywg sg stale
nierdzewne oraz stopy niklu [22]. W celu poprawy stabilnosci i aktywnosci elektrod na bazie niklu
stosowane sg powtoki z bardziej aktywnych lub stabilniejszych materiatéw np. kobaltu, glinu czy
zelaza. Innym podejsciem jest zastosowanie dodatkéw stopowych np. siarki w celu poprawy
mikrostruktury powierzchni stopu. Ma to szczegdlne znaczenie w zwigzku z powierzchniowym
charakterem reakcji HER.

Ze wzgledu na wysokie nadpotencjaty reakcji OER, warto$¢ potencjatu procesu
anodowego wydzielania tlenu jest zawsze dodatnia, niezaleznie od zastosowanego katalizatora.
W zwigzku z tym powierzchnia anody zawsze pokrywa sie warstwg tlenkowag. Co wiecej,
w dtuzszym czasie, wysoki nadpotencjat prowadzi do korozji zaréwno katalizatora jak
i przewodzgcego rdzenia anody. Jest to jedna z gtdwnych przeszkdédd wystepujgcych przy
zwiekszaniu zywotno$ci katalizatora OER. Oprécz aktywnosci w kierunku OER oraz
dtugoterminowej stabilnosci materialy anodowe muszg cechowac sie niskg ceng i fatwg
dostepnoscig, a metody ich wytwarzania powinny by¢ proste i fatwe do skalowania do rozmiaréw
przemystowych. Podobnie jak w przypadku katalizatoréw katodowych dobrymi wtasciwosciami
katalizy OER wyrdzniajg sie pierwiastki z grupy platynowcow, tj. platyna, iryd, ruten i pallad oraz
nikiel i jego stopy. Ponadto wyrazng aktywnoscig katalityczng wyrdzniajg sie nanokrystaliczne
materiaty tlenkowe o strukturze spinelu lub perowskitu, ktére sg szczegétowo opisane w dalszej

czesci pracy.
1.3.3. Separatory

Zastosowanie separatoréw w konstrukcji elektrolizera zapobiega mieszaniu sie
powstajgcych gazéw pomimo bliskiego sgsiedztwa elektrod. Wiadciwo$ci separatoréw muszg byé
tak dobrane, zeby jednoczesnie przewodzity jony OH- oraz stanowity bariere dla gazowego tlenu
i wodoru. Ponadto muszg wykazywa¢ dobrg odpornosé¢ korozyjng w silnie zasadowym
srodowisku o pH 14. Na rynku dostepnych jest wiele rodzajow separatorow, ktére w ogélnosci
mozna podzieli¢ na dwie grupy, tj. mikroporowate diafragmy i membrany jonowymienne.
Mikroporowata budowa diafragmy hamuje transport czgsteczek o rozmiarach wiekszych niz
Srednica porow natomiast membrany przewodzg jonowo jony OH-. Separator spetniajgcy swojg

role musi utrzymywac czystos¢ produkowanych gazéw na poziomie 99,5%. Dodatek tlenu

-16 -


http://mostwiedzy.pl

Pobrano z mostwiedzy.pl

AN\ MOST

w wodorze juz powyzej 4% stanowi mieszanine wybuchowg [27]. Dodatkowo musi mie¢ niska
rezystancje jonowa ponizej 0,5 Q cm?.

Porowate diafragmy mozna uznaé za klasyczna technologie rozwijang od dziesiecioleci.
Prad jonowy przeptywa przez ciekly elektrolit wypetniajgcy pory diafragmy. Dlatego przewodnos¢
zalezy od stopnia porowatos$ci i kretosci poréw oraz przewodnosci wtasciwej samego elektrolitu.
Aby zmaksymalizowa¢ przewodno$¢ jonowg materiaty, z ktérych zbudowane sg diafragmy
powinny wykazywac¢ sie hydrofilowoscig. Pierwszym komercyjnym separatorem byta diafragma
azbestowa stosowana juz w roku 1890 [28]. Jednak diafragmy azbestowe nie sg odporne na
korozje w silnie zasadowym srodowisku w podwyzszonych temperaturach oraz sg klasyfikowane
jako silnie rakotwércze. Jako alternatywe zaproponowano kompozyty cermetowe w postaci
ceramiki (np. YSZ, NiTiO3s/NiO, BaTiO3/ZrO2/K2TisO13) osadzonej na metalowym szkielecie. Takie
rozwigzanie okazato sie nie by¢ skalowalnym ze wzgledu na wysokie koszty produkcji. Z drugiej
strony materiaty organiczne takie jak polisulfon, siarczek polifenylenu czy politetrafluoroetylen nie
sg wystarczajgco hydrofilowe. Dobrym rozwigzaniem okazujg sie kompozyty sktadajgce sie
z hydrofobowego polimerowego spoiwa zmieszanego z hydrofilowg ceramika, taczgc wysokag
stabilnos¢ chemiczng, wytrzymato$¢ mechaniczng i zdolnos¢ do wypetniania poréw elektrolitem.

Sposrod nowych projektow diafragm szeroko stosowana jest diafragma Zirfon® (AGFA)
zbudowana z tlenku cyrkonu (ZrO2) osadzonego w polisulfonowym szkielecie (rys. 10). Zirfon®
charakteryzuje sie doskonatg separacjg gazéw (99.9%), dlugoterminowg stabilnoscig
i rezystancjg na poziomie 0,3 Q cm? (30°C, 30% KOH) dla diafragmy o grubosci 0,5 mm [29].

Rys. 10 Diafragma Zirfon® (a) widok z géry oraz (b) przekrdj poprzeczny.

Membrany anionowymienne umozliwiajg konstrukcje bardziej kompaktowych
elektrolizeréw o mniejszych stratach omowych. Sktadajg sie z polimerowego szkieletu (np.
polistyren, tlenek polifenylynu, polisulfon) potgczonego z jonowymi grupami funkcyjnymi
np. (-NHs*, -RN2H*, =R2N?*, -R3P*, -R2S*). W tabeli 1.1. przedstawiono wiasciwosci wybranych
komercyjnych membran anionowymiennych.
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Tabela 1.1. Charakterystyka komercyjnych membran jonowymiennych [30]

Przewodno$é
Nazwa Grubos¢ )
Producent Materiat jonowa
handlowa [um]
[mS cm]
o Dioxide Material Sfunkcjonalizowany
Sustainion® . 50 70-80
(USA) polistyren
lonomer

_ _ HMT-PMBI (Heksametylo-p-
Aemion™ Innovation Co. . o 50 80
terfenylopoli(benzimidazol))
(Canada)

] Orion Polymer ]
Orion™ Poli(p-fenylen) 30 60
(USA)

Przykladem membrany znajdujgcej szerokie zastosowanie w elektrolizie wody
i elektrolizie dwutlenku wegla jest membrana anionowymienna Sustainion® (Dioxide Material).
Membrana ta bazuje na tanim, powszechnym i przede wszystkim stabilnym w $rodowisku
zasadowym szkielecie polistyrenowym. W celu nadania docelowych wiasciwosci polimer jest
sfunkcjonalizowany 1,2,4,5-tetrametylimidazolem [31]. Liu i inni przetestowali membrane
Sustainion® do konstrukgji alkalicznego elektrolizera wody. Badania wykazaty stabilno$¢ przez

2000 h podczas pracy w 1 M KOH przy przeptywie 1 A cm-2 przy napieciu 1,9 V [32].

a) b)
F
| Styren e
+N:(
Imidazol
N A

Rys. 11 (@) Membrana Sustainion oraz (b) jej wzor strukturalny [33,34]
1.3.4 Konstrukcja elektrolizera

Elektrolizery alkaliczne wystepujg w dwéch podstawowych konfiguracjach, jedno
i dwubiegunowych (rys. 12). W ukfadzie jednobiegunowym obydwie elektrody sg bezposrednio
potgczone ze zrédtem napiecia, przez co celki w stosie sg potgczone rownolegle. Napiecie catego
stosu ma takg samg wartosc¢ jak pojedynczej celki, a na kazdej elektrodzie zachodzi reakcja
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redukcji lub utleniania. W uktadzie dwubiegunowym tylko dwie zewnetrzne elektrody podtgczone
sg do zasilacza. W tej konfiguracji prad przeptywa przez szeregowo potgczone celki polaryzujgc
kazdg elektrode w taki sposob, ze na jednej stronie elektrody zachodzi reakcja utleniania, a na
drugiej stronie reakcja redukcji. W takim wypadku kazda elektroda pracuje zaréwno jako anoda
i katoda.

a) jednobiegunowy 0, + elektrolit b) dwubiegunowy

@ N N N A ha H, +elektrolit
o e Bl TG e U AR DR CR2 © [ | .
RARAR AR AR AR AR NS VI P i D
131510020180 E R R
EIEIEILIEIIE: Oipipipini—®
shatelibitilit MoEm om v M
SEARE AR RARRE TTTTTTTTTT etektrote
M =membrana B =plyta

dwubiegunowa

Rys. 12 Konfiguracja elektrolizera (a) jednobiegunowa i (b) dwubiegunowa [35]

Typowa warto$¢ napiecia zasilajgcego ukfad jednobiegunowy to 2 V. Odpowiednio
w uktadzie dwubiegunowym bedzie to 2x(n-1), gdzie n to liczba elektrod, wiec na jedng celke
przypada ~2 V. Wynika z tego, ze aby zapewni¢ takg samg moc uktadu, korzystajgc z zaleznosci
P = Ul, wuktadzie jednobiegunowym generowane sg znacznie wyzsze wartosci pradu
wprowadzajgce wysokie straty omowe [27].

W klasycznej wersji pojedynczego ogniwa elektrolitycznego pomiedzy powierzchnig
elektrod oraz separatorem wystepuje przestrzen wypetniona elektrolitem (rys.13a). Pecherzyki
gazu powstajgce na powierzchniach elektrod czesciowo wypetniajg objetos$¢ elektrolitu i w ten
sposob stanowig opdr dla przemieszczajgcych sie jondw wodorotlenkowych, obnizajgc
sprawnos¢ ogniwa. Elektrolit réwniez stanowi opdr dla przemieszczajgcych sie jondéw, ktory
mozna zredukowaC poprzez minimalizacje przestrzeni pomiedzy elektrodami ogniwa
a membrang. Odlegto$¢ ta moze wynosi¢ nawet zero w konstrukcji ,zero gap”, czyli z zerowg
przestrzenia pomiedzy separatorem i elektrodami [36]. Tak jak pokazano na rys. 13b w tej
konfiguracji porowate elektrody sg rozsuniete tylko o grubos¢ separatora gazéw. Kompaktowa
struktura i porowate elektrody niejako wymuszajg uwalnianie pecherzykéw gazdéw po tej stronie
elektrody, ktéra nie jest w kontakcie z separatorem, co ufatwia usuwanie pecherzykéw przez
przeptywajgcy elektrolit i zmniejsza straty omowe [37]. Na rys. 14 przedstawiony jest prototyp
elektrolizera ,zero gap” wykonany w technologii druku 3D SLA (stereolitografia). Korpus
wykonany z zywicy polimerowej ma przewidziane kanaty zapewniajgce rownomierny przeptyw
elektrolitu wewnatrz ogniwa. Elektrody stanowig pianki niklowe a jako separator wykorzystano
membrane anionowymienng Sustainion X37-50 RT. Szczelnos¢ uktadu zapewniajg silikonowe

uszczelki oraz stalowe ptytki odpowiadajace za sztywno$¢ oraz Scisk.
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Rys. 13 Ogniwo elektrolizera (a) klasyczne i (b) z zerowa przestrzenig [37]

Rys. 14 Prototyp elektrolizera ,zero gap” wykonany w technologii druku 3D SLA

W centralnej cze$ci elektrolizera ,zero gap” znajduje sie zespot elektrody-separator (MEA
— membrane electrode assembly). Ze wzgledu na sposéb przygotowania tego zespotu wyréznia
sie dwa podstawowe typy przedstawione na rys. 15, w ktérych katalizatorem pokryte sg elektrody
(CCS - catalyst-coated substrate) lub bezposrednio separator (CCM - catalyst-coated

membrane). W konfiguracji CCS warstwa elektrokatalitycznie aktywnego materiatu jest
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nanoszona bezposrednio na porowate poditoze. Podtoze to petni role zaréwno elektrody jak
i warstwy gazodyfuzyjnej (GDL — gas diffusion layer). Materiaty stosowane na elektrody CCS to
najczesciej stalowe lub niklowe siatki i pianki oraz roznorodne materiaty weglowe np. tkaniny lub
papier [38—40]. W przypadku konfiguracji CCM katalizator w postaci nanoczastek jest mieszany
z lepiszczem oraz rozpuszczalnikiem i w formie atramentu nanoszony na kazdg strone
separatora. Porowate warstwy GDL Scisniete z membrang stanowig kontakt elektryczny oraz

Sciezki umozliwiajgce uwalnianie produkowanych gazow.

Uszczelka

a) Kolektor Pradowy
CCs

Kanat Przeplywu
Elektrolitu

b)
GDL

CCM

Kolektor Pradowy
Uszczelka

Rys. 15 Zespdt elektrody-separator (MEA) typu (a) CCS oraz (b) CCM [37]
1.4. Wybrane materialy elektrokatalityczne

Tak jak zauwazono w poprzednich sekcjach reakcje HER i OER obarczone sag
nadpotencjatami zmniejszajgcymi wydajnos¢ procesu elektrolizy wody. Reakcja utleniania tlenu
(OER) jest tg bardziej ztozong, co wynika z 4-elektronowego charakteru, wiec ma gtéwny wptyw
na catosciowg sprawnosé¢ procesu. W zwigzku z tym duzy nacisk ktadziony jest na poszukiwanie
materiatow elektrokatalitycznych pozwalajgcych na obnizenie wspomnianych nadpotencjatéw.

Wydajny katalizator OER musi:
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e odznaczac sie stabilno$cig pracy w szerokim zakresie pH,
e odznaczaé¢ sie niskimi nadpotencjatami przy wysokich gestosciach pradu,
e by¢ wyprodukowany z szeroko dostepnych materiatéw,

e byC¢ wyprodukowany za pomocg prostych, dostepnych i niedrogich metod.

Ponadto, optymalny materiat elektrokatalityczny musi posiada¢ duzg powierzchnie
wiasciwg, tak aby zminimalizowa¢ jego ilo§¢ potrzebng do przeprowadzenia reakcji.
Podstawowym rozwigzaniem jest synteza porowatych lub nanometrycznych struktur. Innym
aspektem jest zwilzalnos¢ elektrod wyprodukowanych przy uzyciu danego materiatu. W zwigzku
z powstawaniem czgsteczek tlenu i wodoru w trakcie elektrolizy wody na powierzchni elektrod
powstajg pecherze gazu. Dopdki pecherze nie osiggng krytycznej wielkosci dopoty pozostajg
przyczepione do powierzchni elektrod, znacznie zwiekszajgc rezystancje omowg uktadu. Na
fragmentach powierzchni, ktére sg pokryte pecherzami, tymczasowo blokowany jest transfer
elektronow, wiec w tych miejscach nie zachodzg procesy elektrokatalityczne. Powoduje to wzrost
lokalnej gestosci pradu w miejscach nie pokrytych, co moze wptywac na stabilnos¢ katalizatora.
Jedng z mozliwosci na utatwienie odrywania pecherzy gazowych jest zastosowanie
wymuszonego przeptywu elektrolitu. Innym sposobem, bezposrednio zwigzanym z materiatem
elektrodowym, jest redukcja napiecia powierzchniowego pomiedzy elektrolitem a elektroda.
Mozna to osiggng¢ poprzez zastosowanie dodatkowych substancji w elektrolicie lub poprawiajgc
zwilzalnos¢ elektrody. Zwiekszajgc hydrofilowos¢ katalizatora elektrolit moze fatwiej zastgpi¢
mate pecherze gazu na powierzchni elektrod [41].

Materiatem, ktory jest najczesciej stosowany jako anoda w alkalicznych elektrolizerach
jest nikiel. Metal ten wykazuje wysokg odporno$¢ korozyjng w zasadowym Srodowisku oraz
zadowalajgca aktywno$¢ elektrokatalityczng przy zachowaniu rozsgdnej ceny w poréwnaniu do
aktywniejszych, ale zarazem bardziej kosztownych platyny, irydu oraz rutenu [4]. W celu
zwiekszenia elektrochemicznie aktywnej powierzchni wtasciwej elektrody, produkowane sg
elektrody o ztozonej morfologii (rys. 16). Zastosowanie elektrod o réznej morfologii wptywa na
opor omowy pojedynczego ogniwa elektrolizera. Wynika to z réznic w sredniej odlegtosci
przewodzenia jonow przez elektrolit [42]. Z drugiej strony, podczas pracy przy wysokich
gestosciach pradu, drobno oczkowe elektrody, ktdre wykazujg niskg rezystancje omowg, mogg

zapychac sie bgblami generowanego gazu, co powoduje nagty wzrost rezystancji ogniwa.

Rys. 16 Zdjecia SEM typowych elektrod niklowych o ztozonej morfologii: (a) siatka ekspandowana, (b) grubo i (c) drobno
oczkowa siatka pleciona oraz (d) pianka [42].
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Innym cieszgcym sie popularnoscig rozwigzaniem jest przygotowanie porowatych
elektrod niklowych, nazywanych niklem Raney’a. Nazwa pochodzi od opatentowanego w 1925
roku, przez Murray’a Raney’a, procesu syntezy proszkéw niklu o duzej powierzchni wasciwe;j
[43]. W metodzie tej nikiel oraz krzem lub glin sg mieszane i topione tworzgc stop o proporciji niklu
do drugiego metalu w zakresie od 10 do 80%. Stop jest nastepnie tugowany wodorotlenkiem sodu
powodujgc powstawanie rozpuszczalnych w wodzie zwigzkéw krzemu/glinu. Po ich usunieciu
pozostaje wysoce porowaty czysty nikiel.

Ponadto inne zdobywajgce popularnos¢ materiaty stosowane jako elektrokatalizatory
OER w srodowisku zasadowym to tlenki, selenki, fosforki, wegliki oraz hydrotalkity [44]. Ze
wzgledu na termodynamiczng stabilnos¢ przy potencjatach utleniajgcych to tlenki sg najbardziej
atrakcyjng grupa. Z racji niskiej przewodnos$ci elektrycznej tlenki metali nie sa stosowane do
produkcji samonosnych elektrod. W zwigzku z tym powszechnym rozwigzaniem jest synteza
nanokrystalicznych proszkéw o wysoce rozwinigetej powierzchni wiasciwej, ktére nastepnie
nanoszone sg na przewodzgce poditoza, np. elektrody niklowe [45]. W celu poprawienia
przewodnictwa elektrycznego materiatdw elektrodowych, proszki katalizatorow miesza sie
z weglem przewodzgcym. Inng mozliwoscig jest bezposredni wzrost tlenkowych nanowarstw na
powierzchni przewodzacej elektrody [46]. Typowo elektrokatalizatory tlenkowe dzieli sie na dwie

grupy na podstawie ich struktury krystalicznej, tj. spinele oraz perowskity.

1.4.1. Spinele

Spinele jest to grupa mineratéw o typowej kompozycji AB204, w ktérej A i B sg to jony
metali. W strukturze spinelu moze wystepowac jeden lub wiecej pierwiastkéw. Jest to obszerna
grupa materiatbw obejmujgca niemal wszystkie metale przejsciowe. Ze wzgledu na szerokie
spektrum pierwiastkéw tworzgcych spinele, w wyniku réznorodnych konfiguracji elektronowych,
ta grupa materiatowa wykazuje niezwykie wiasciwosci katalityczne, optyczne, magnetyczne
i elektryczne [47-51]. Dotychczas spinele zostaty zastosowane jako katalizatory w reakcjach
redukcji NOx, utlenianiu CO, redukcji COz2, reakcjach HER, ORR, OER, utlenianiu NHs, utlenianiu
formaldehydu, spalaniu metanu, dekompozycji H20z2, utlenianiu glukozy, utlenianiu alkoholi i wielu
innych [52,53].

Struktura spinelu zostata odkryta przez Bragga i Nishikawe w 1915 roku i zostata
sklasyfikowana jako regularna nalezgca do grupy przestrzennej Fd3m [54,55]. Komorka
elementarna spinelu sktada sie z osmiu komoérek $ciennie centrowanych (FCC - face-centered
cubic), ktérych wezty zajete sg przez aniony tlenu O%. Ponadto 64 pozycje sg skoordynowane
tetraedrycznie oraz 32 oktaedrycznie, z ktérych kolejno 8 i 16 jest zajmowanych przez kationy
metali. Zwyczajowo pozycje tetraedrycznie oznaczane sg literg A, natomiast oktaedryczne literg
B.
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O B - poz. oktaedryczne

o A - poz. tetraedryczne

Rys. 17 Struktura regulama spinelu (w celu zwigkszenia przejrzystosci przedstawiona jest potowa komarki elementamej)

[56]

W niektdrych specyficznych przypadkach spinele krystalizujg w strukturze tetragonalnej

0 grupie przestrzennej l41/amd. Przyktadowo spinel MgMn2O4 podlega odksztatceniu
Jahna-Tellera ze wzgledu na wystepowanie jonéw Mn3*, co powoduje powstanie fazy
tetragonalnej zamiast regularnej [57]. W artykule opublikowanym w ramach tej rozprawy réwniez
zaobserwowano wystepowanie struktury tetragonalnej spinelu. W serii MnxCo03xO4
syntezowanych materiatow wykryto faze regularng dla stechiometrii Co30s4, MnosC02504
i MnCo0204, faze mieszang dla Mn15C01.504 (85% regularna i 15% tetragonalna) oraz wytgcznie

faze tetragonalng dla Mn2CoQO4 [58].
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Rys. 18 Reprezentatywne struktury spinelu: (a) spinel normalny — MgAlzOs4, (b) spinel odwrdcony — NiFe2O4 oraz (c)
spinel mieszany - CuAlO4 [52]

W zaleznosci od sktadu pierwiastkowego spinelu moze on przyjmowaé rézne typy

struktury tj. normalng, ztozong i odwrécong. Aby dobrze zobrazowac z jakim przypadkiem mamy

do czynienia prawidtowym zapisem jest A1.\BA(A\B1-0)O4. Kationy zapisane przed nawiasem sg
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zlokalizowane w pozycjach tetraedrycznych, natomiast te zapisane w nawiasie w pozycjach
oktaedrycznych. Jezeli A = 0, to spinel traktujemy jako normalny, jezeli A = 1 to spinel jest
odwrotny, natomiast w przypadku kiedy 0 < A < 1 to spinel ma strukture mieszang (rys. 18).

To jakie jest rozmieszczenie kationdw w strukturze spinelu zalezy od kilku czynnikow, tj.
promienia jonowego danych kationéw, oddziatywan kulombowskich pomiedzy kationami i energig
stabilizacyjng pola krystalicznego z ktérej wynika preferencyjnos¢ zajmowania pozycji

skoordynowanych oktaedrycznie przez dany kation.

1.4.2. Perowskity

Perowskity zostaty odkryte w 1839 roku na Uralu przez niemieckiego mineraloga
Gustawa Rosa i nazwane na czes¢ rosyjskiego mineraloga Lwa Pierowskiego. Wzér ogdiny tych
mineratow to ABOs, gdzie mniejsze jony metali zajmujg pozycje B w oktaedrach o koordynacji 6,
natomiast wieksze kationy zajmujg pozycje A o 12-krotnej koordynac;ji (rys. 19). W pozycjach A
najczesciej znajdujg sie metale alkaliczne lub ziem rzadkich, natomiast w pozycjach B metale
przejsciowe. Perowskity krystalizujg we wszystkich mozliwych symetriach, przyktady niektérych

struktur to:

e regularna,
e tetragonalna,
e rombowa,
e jednoskosna,

e trojskosna.

AB 03

Rys. 19 Struktura regulama perowskitu [59]
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Perowskity otrzymywane w laboratorium majg szeroki wachlarz kompozycji chemicznych,
a co za tym idzie, wiele ciekawych wiasciwosci i zastosowan. Wiasciwosci te Scisle zalezg od
wartosciowosci kationdw, struktury krystalicznej i metody syntezy. Najwazniejsze, ktére nalezy
wymieni¢ to: wysokie przewodnictwo (jonowe, elektronowe Ilub mieszane), wtasciwosci

katalityczne, piezoelektrycznosc¢, wiasciwosci magnetyczne i nadprzewodzgce [60,61].

1.5. Metody otrzymywania materialow elektrokatalitycznych

Materiaty tlenkowe stosowane jako elektrokatalizatory reakcji utleniania tlenu moga by¢
wytwarzane wieloma metodami, w zaleznosci od planowanego sktadu chemicznego i wtasciwosci

fizykochemicznych. Generalny podziat tych metod to:

e synteza w fazie statej (SSR — solid state reaction),
e synteza metodami mokrymi (SCR — soft chemistry route),

e o0sadzanie z fazy gazowej (CVD/PVD — chemical/physical vapor deposition).

Pierwsze dwie metody stuzg do syntezy proszkéw ceramicznych, natomiast metoda CVD

umozliwia otrzymywanie warstw ceramicznych na podfozach/nosnikach.

1.5.1 Synteza w fazie statej

Do metod syntezy w fazie statej zalicza sie synteze wysokotemperaturowg (rys.20).
W metodzie tej prekursory zawierajgce metale (czyste metale, tlenki, halogenki, siarczki,
wodorotlenki i/lub wegliki) sg mieszane w odpowiednich proporcjach i poddane wysokim
temperaturom zapewniajgcym procesy dyfuzyjne i powstanie nowych materiatéw. Niewatpliwg
zaletg tej metody jest mozliwos¢ zastosowania na duzg skale. Jednak jak wspomniano, inicjacja
procesow dyfuzyjnych wymaga stosowania wysokich temperatur, co generuje dodatkowe koszty

oraz jest czasochtonne.

Reagenty
e
T a¥ o992 )
o )
; .‘.. 4 o
“.'. . Mielenie
s i . Kalcynacja HA wysokoenergetyczne
Mieszanie \
4 T AN &y
° Formowanie
-.@ # pastylek
y i OO0

NWV~ \
« o000
NVWV

Polikrystaliczny produkt Spiekanie

Rys. 20 Schemat przebiegu wysokotemperaturowej syntezy w fazie statej [62]
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Aby zmieni¢ stan rzeczy stosowana jest dodatkowa obrébka przed obrobkg termiczng
t. mechaniczne rozdrabnianie za pomocg miynéw kulowych lub planetarnych.
Wysokoenergetyczne mielenie powoduje rozdrabnianie czgstek reaktantow zapewniajgc szybszg
kinetyke reakcji oraz wptywajgc na pozadane rozdrobnienie finalnego produktu. Ponadto
generowane wysokie naprezenia w mielonym materiale mogg powodowaé powstawanie
wakanséw tlenowych modyfikujgcych wiasciwosci wytwarzanego materiatu.

Kolejng metodg jest spalanie w fazie statej, podczas ktérego zachodzgca reakcja
egzotermiczna przyspiesza proces syntezy nowego materiatu. Przykladem metody spaleniowej
jest wykorzystanie sproszkowanego zelaza zaréwno jako paliwa jak i reagenta do syntezy spineli
zelazowych (ferrytow) [52].

Metodg pozwalajgcg na synteze nanoczgstek jest rozktad termiczny. W przeciwienstwie
do spalania w fazie statej, w ktérym Zrédtem energii jest reakcja termitowa, w tej metodzie azotany
petnig role utleniacza i zrodta metali, a zwigzki organiczne takie jak mocznik, glicyna, celuloza lub
kwas cytrynowy petnig role paliwa.

Innowacyjng metodg jest otrzymywanie tlenkéw metali ze szkieletow
metalo-organicznych (MOF - metal-organic framework). Kalcynacja szkieletéw
metalo-organicznych w kontrolowanych warunkach umozliwia otrzymywanie ztozonych struktur

0 wysoce rozwinietej powierzchni wtasciwiej np. porowatych nanoklatek.

Reakcja pomiedzy

. o o . . Kontrolowana
organicznymi linkerami i jonami metali

kalcynacja

Szkielet Tlenek o ztozonej
metalo-organiczny strukturze

Rys. 21 Otrzymywanie tlenkéw metali ze szkieletow metalo-organicznych [63]

Cienkie warstwy katalizatorow moga by¢ wytwarzane za pomocg osadzania laserem
impulsowym (PLD — pulsed laser deposition). Fotony lasera wysokiej mocy bombardujg cel
wykonany z docelowego materialu powodujgc wybijanie jego atomow. Nastepnie uwolnione
atomy osadzajg sie na wybranym podiozu tworzgc cienkg warstwe. Morfologia otrzymywanych
warstw moze by¢é modyfikowana poprzez zmiane parametréow PLD np. moc impulsu, predkosé
przeptywu gazéw oraz temperature podtoza.

1.5.2. Synteza metodami mokrymi

Ponizej przedstawiono kilka wybranych mokrych metod syntezy materiatow.
Powszechnie stosowang metodg zaliczang do metod mokrych jest metoda zol-zel. Sole

metali sg uzywane jako prekursory, a kwasy organiczne sg substancjami chelatujgcymi.
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Reagenty po rozpuszczeniu w wodzie sg mieszane do uzyskania jednorodnego zolu. Wraz
z odparowaniem rozpuszczalnika w trakcie ogrzewania zol stopniowo zamienia sie w Zzel.
W wyniku kalcynacji zelu otrzymywany jest materiat w postaci tlenku. Za pomoca zmian
temperatury kalcynacji mozna kontrolowaé powstawanie defektdw w materiale. Dobor
odpowiednich reagentéw wptywa na morfologie koncowego produktu.

Odmiang syntezy zol-zel jest metoda Pechiniego, w ktorej wybrane kwasy
a-hydroksylowe tworzg zwigzki kompleksowe z kationami metali. Nastepnie kompleksy te ulegajg
reakcji estryfikacji po dodaniu wielohydroksyalkoholi, a w kolejnym etapie po podwyzszeniu
temperatury zachodzi polimeryzacja. Kalcynacja powstatego zelu prowadzi do powstania
nanokrystalicznego produktu w postaci proszku lub cienkich warstw. W poréwnaniu do innych
metod klasyfikowanych jako metody zol-zel metoda Pechiniego wyrdznia sie wiekszg

homogenicznos$cig otrzymanych produktéw.

a4~ ea/n\

e (\ Ciepto ,

Kompleksy Glikol A
cytrynianowe * etylenowy b \7/ l
: e )
% H
0 95N g A /r /ij & &
- - i Mieszanina cytrynianu Sie¢ kowalencyjna
OH oraz glikolu etylenowego z uwiezionymi jonami metali

Rys. 22 Schemat przebiegu syntezy metodg Pechiniego [64]

W syntezie hydrotermalnej reakcje pomiedzy rozpuszczalnikiem a reagentami
zachodzg w warunkach wysokiego cisnienia (>20 bar) oraz podwyzszonej temperatury (~300°C).
Syntezowane materialy powstajg na drodze hydrolizy lub rekrystalizacji reagentéw. Dzieki kontroli
wzrostu krystalitéw wyeliminowane jest zjawisko aglomeracji. W przypadku materiatéw
wrazliwych na wode stosowana jest odmiana tej techniki tj. metoda solwotermalna, w ktorej
stosowane sg rozpuszczalniki bezwodne, np. etanol, glikol etylenowy, izopropanol,
dimetyloformamid itp. Co ciekawe morfologia ostatecznego produktu moze by¢ modyfikowana
poprzez odpowiedni dobdr proporcji roznych rozpuszczalnikow.

W metodzie stracania z roztworu sél metalu jest rozpuszczona w wodzie, a kationy majg
posta¢ hydratow (np. Fe(H20)e%*). Hydraty sg zobojetniane poprzez dodanie zasady, a produktem
zobojetnienia jest uwodniony tlenek lub wodorotlenek metalu. Stracony osad jest przemywany,
filtrowany oraz suszony, a nastepnie poddany kalcynaciji. Ostatecznie wtasnosci fizykochemiczne
otrzymanego materiatu zalezg od zastosowanego odczynnika strgcajacego, pH roztworu, czy
temperatury kalcynaciji.

Metoda mikroemulsji, zwana réwniez metodg odwréconych miceli polega na
przygotowaniu emulsji, w ktérych krople wodnych roztworéw prekursoréw stabilizowanych za
pomocg surfaktantéw sg rozproszone w oleju. Wewnatrz kropli zachodzg reakcje hydrolizy oraz
redukcji, prowadzgce do powstania nanoczgstek jako produktu. Mozna powiedzieé, ze krople te
stanowig role reaktoréw, w ktérych powstajg czgstki o kontrolowanych rozmiarach, ograniczonych

przez wielkos¢ kropli.
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Elektrochemiczne metody syntezy katalizatorow tlenkowych mozna podzieli¢ na dwie
kategorie, elektroosadzanie oraz elektroprzedzenie. Elektroosadzanie jest stosunkowo tanig
i szybka metoda pozwalajacg na otrzymanie tlenkowych produktow. Typowa celka do
elektroosadzania skfada sie z klasycznego ukfadu trdjelektrodowego. Proces polega na
osadzaniu na podtozu materiatu z roztworow elektrolitéw w wyniku zachodzenia reakgji utleniania
i redukcji. Proces elektroosadzania jest wspomagany poprzez przytozenie zewnetrznego zrodia
prgdu elektrycznego. Sterowanie parametrami procesu takimi jak: temperatura elektrolitu,
gestos¢ pradu, sktad elektrolitu, predko$¢ mieszania i rodzaj poditoza, pozwala

otrzymac powloki o pozadanych wtasciwosciach fizycznych.

......

prekursora CoFe,0,@N-CNFs

Rys. 23 Schemat elektroprzedzenia nanowidkien zintegrowanych z nanoczastkami spinelu CoFe204 [65]

Metoda elektroprzedzenia polega na przedzeniu z wykorzystaniem sity elektrostatycznej
do wyciggania cienkich widkien z ciektego roztworu lub stopionego polimeru. Dodatkowo, aby
otrzymac¢ witdkna kompozytowe ze zintegrowanymi nanoczgstkami tlenku metalu, w roztworze
rozpuszczane sg sole metali. Otrzymane nanowidkna prekursora poddawane sg dodatkowej
obrébce cieplnej w okreslonej atmosferze. Metoda elektroprzedzenia jest procesem
skalowalnym, w zwigzku z czym otrzymywanie wtdkien mozna przeprowadza¢ w skali zaréwno

laboratoryjnej jak i przemystowe;.

1.5.3. Osadzanie z fazy gazowej

Chemiczne osadzanie z fazy gazowej (CVD — chemical vapour deposition) polega na
wytwarzaniu warstw, proszku lub monokrysztalu ze sktadnikéw atmosfery gazowej na
przygotowanym, podgrzewanym podtozu. Zmieniajgc warunki eksperymentalne, w tym materiat
podtoza, jego temperature, sklad mieszaniny gazoéw reakcyjnych, przeptyw tych gazow itp.
otrzymuje sie materialy o szerokim zakresie witasciwosci fizycznych i chemicznych. Cechg
charakterystyczng procesu CVD jest mozliwos¢ wytwarzania powtok o jednolitej grubosci, niskiej
porowatosci i powtarzalnych wiasciwosciach na podtozach o ztozonym ksztatcie. Metoda CVD
jest wykorzystywana w wielu zastosowaniach np. do produkcji cienkich warstw dielektrycznych,

przewodzgcych, pasywacyjnych, powtok Zzaroodpornych oraz warstw elektrokatalitycznych [66].

-29-


http://mostwiedzy.pl

A\ MOST

Piroliza aerozolowa jest to technika, w ktorej cienkie warstwy naktadane sg przy uzyciu
roztworu prekursora, dyszy napylajgcej oraz podgrzewanego podtoza. Roztwor jest atomizowany
za pomocg dyszy napylajgcej do postaci aerozolu, nastepnie rozproszone krople sa
transferowane do docelowego podfoza, na ktérym zachodzi wzrost powloki. Powstata warstwa
cechuje sie wysokg jednorodnoscig przy jednoczesnej mozliwosci pokrywania duzych
powierzchni. Morfologia finalnej powloki zalezy od parametréow procesu takich jak stezenie
roztworu prekursora, cisnienie gazu nosnego, temperatura podtoza. Piroliza aerozolowa jest
metodg wydajng, a do jej stosowania nie jest wymagany wysoce specjalistyczny sprzet, co czyni
ja metodag stosunkowo niedrogg [67].

Rozpylanie magnetronowe (magnetron sputtering) jest metodg klasyfikowang jako
fizyczne osadzanie z fazy gazowej, wykorzystujgcg magnetron czyli uktad diodowy z zimng
katoda. Silne pole elektryczne jonizuje gaz roboczy, ktérego jony bombardujg target, ktéry jest
ujemnie spolaryzowang elektrodg. W trakcie bombardowania jony przekazujg swojg energie
atomom targetu i powodujg ich wybijanie. W ten sposob powstaje strumien par metalu, ktory jest
przenoszony w kierunku podtoza, na ktérym kondensuje i tworzy warstwe. Metoda ta jest
wykorzystywana do osadzania warstw zabezpieczajgcych, dielektrycznych, elektrokatalitycznych
oraz dekoracyjnych [68].
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2. CELE | TEZY PRACY

Technologia alkalicznej elektrolizy wody do wytwarzania wodoru i tlenu znana jest juz od
ponad 100 lat, jednak wcigz nie wynaleziono atrakcyjnych materiatéw elektrodowych mogacych
zastgpi¢ kosztowne i trudno dostepne elektrody platynowe, irydowe i rutenowe. Celem pracy
i przeprowadzonych badah bylo opracowanie aktywnych materiatdw nanokrystalicznych
dziatajgcych jako elektrokatalziatory jednej z reakcji zachodzgcych podczas elektrolizy wody,
tj. reakcji wydzielania tlenu (OER). Ponadto zwrécono uwage, aby materiaty byty wytwarzane
metodami syntezy dostepnymi w typowym laboratorium chemicznym z mozliwoscig skalowania
do warunkdéw przemystowych. Na podstawie doniesien literaturowych, sposréd réznych
alternatywnych grup materiatowych, wytypowano tlenki o strukturze krystalicznej spinelu
i perowskitu jako materiaty potencjalnie mogace zastgpi¢ te z grupy platynowcéw. Tlenki te
wykazujg szereg wyjatkowych wiasciwosci fizykochemicznych, a ze wzgledu na szerokg game
pierwiastkbw mogacych budowac¢ ich strukture otrzymuje sie niezliczone mozliwosci
modyfikowania tych wtasciwosci.

Na podstawie obecnego stanu wiedzy zauwazono, ze wcigz brakuje elektrokatalizatoréw
skladajgcych sie z fatwo dostepnych pierwiastkdw, ktére oferujg niskie nadpotencjaty reakcji
i stabilnos¢ parametréw pracy w sSrodowisku zasadowym. Jedng z mozliwych drég do
opracowania takiego materiatu jest modyfikacja znanej struktury poprzez wigczenie w nig
dodatkowego pierwiastka, a zatem modyfikacje struktury krystalicznej, co moze wptynga¢ na
zmiane wiasciwosci fizykochemicznych i poprawe aktywnosci elekirokatalitycznej. Przedstawiony
kierunek rozwoju badah dotyczacych elektrokatalizatorow OER umozliwit sformutowanie
nastepujgcej tezy:

1. Mozliwe jest zwigkszenie aktywnosci elektrokatalitycznej spinelu MnCo204 oraz
perowskitu SrTiOs.q w kierunku wydzielania tlenu z zachowaniem stabilnosci chemicznej
poprzez wprowadzenie zelaza do struktury krystaliczne;.

Ponadto wiasciwosci materiatow elektrokatalitycznych mogg by¢ modulowane bez zmian
sktadu chemicznego. Na postawie analizy literatury wytypowano obrobke mechaniczng lub
cieplng jako metody wptywu na zaréwno morfologie wytworzonych proszkow jaki i stopnie
utlenienia kationéw metali w zewnetrznych warstwach atomowych. Do tej pory nieznany byt
rezultat takich modyfikacji poczynionych na spinelach o stechiometriach MnCo204 oraz
MnCo1,s5Feos504. W zwigzku z powyzszym sformutowano drugg teze:

2. Mozliwe jest poprawienie aktywnosci elektrokatalitycznej spineli MnCo,04 oraz
MnCo15Feo 504 w kierunku reakcji wydzielania tlenu poprzez zastosowanie posyntezowej
obroébki cieplnej lub mechanicznej.

Badania udowodniajgce powyzsze tezy zostalty opublikowane w czasopismach
naukowych znajdujgcych sie na liscie Journal Citation Reports (JCR) i sg przedstawione

w rozdziale 4.
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3. SYNTEZA MATERIALOW | METODY POMIAROWE

3.1. Synteza materiatow

Przeglad metod wytwarzania materiatébw elektrokatalitycznych zostat przedstawiony
w pierwszym rozdziale niniejszej pracy. W tej sekcji szczegétowo omowione zostang procesy
wytwarzania materiatéw spinelowych i perowskitowych wykorzystane podczas realizacji badanh
w ramach studiéw doktoranckich.

3.1.1. Synteza spineli metodg zol-zel

Proszki elektrokatalizatoréow o strukturze spinelu otrzymane zostaty za pomocg syntezy
zol-zel (rys. 24). Jako zrédto jondw metali wybrano sole kwasu azotowego (azotany), natomiast
substancjami chelatujgcymi byty kwas cytrynowy  oraz kwas wersenowy
(EDTA - ethylenediaminetetraacetic acid). Substancje te byly rozpuszczane w wodzie
dejonizowanej korzystajgc z mieszadta magnetycznego. W trakcie przygotowywania zolu pH
roztworu bylo kontrolowane imodyfikowane poprzez dodatek wody amoniakalnej w celu
zapobiegania wytrgceniu wodorotlenkow metali. W niektorych przypadkach do roztworu
dodawany byt glikol etylenowy w celu wywotania reakcji poliestryfikacji i utworzenia sieci
polimerowej. Podczas syntezy manganianu kobaltu, MnCo204, zaobserwowano krystalizacje
dwufazowej mieszaniny (~70% Mn1.4C01604 oraz ~30% Co0s04) jedynie w sytuacji, gdy
zastosowano dodatek glikolu etylenowego, dlatego w dalszych pracach zaniechano dodawania
glikolu. Przygotowane zole byty podgrzewane do 80°C na ptycie grzewczej i utrzymywane w tej
temperaturze przez ok. 12 h w celu odparowania rozpuszczalnika i utworzenia zelu. Nastepnie
zele umieszczano w suszarce laboratoryjnej w temperaturze 180°C, aby odparowac¢ wode
pozostatg w objetosci zelu. Kolejno zel byt rozdrabniany w mozdzierzu laboratoryjnym
i poddawany spalaniu w piecu komorowym w odpowiedniej temperaturze zapewniajgcej
krystalizacje fazy regularnej bgdz tetragonalnej spinelu. Minimalna temperatura potrzebna do
samospalenia  organicznego szkieletu zostata wyznaczona za pomocg analizy
termograwimetrycznej i jest przedstawiona na rys. 25. Ostatnim etapem bylo mechaniczne
mielenie otrzymanych proszkéw za pomocg medium mielgcego, tj. kulek wytworzonych z tlenku
cyrkonu stabilizowanego itrem (YSZ — yttria-stabilised zirconia). Kulki wraz z mielonym proszkiem
byly umieszczane w szklanych fiolkach i zalewane izopropanolem. Tak przygotowane naczynie
bylo umieszczane na wytrzgsarce rolkowej i obracane przez okreslony czas. Celem mielenia byto
rozbicie aglomeratow krystalitow, w zwigzku z tym, zwiekszenie powierzchni materiatu dostepnej
dla zachodzgcych reakcji elektrokatalitycznych. Zaobserwowano wyrazny wptyw czasu mielenia
na wzrost aktywno$¢ elektrokatalityczng materiatéw, a wyniki badan zostaty szczegotowo opisane

w jednym z artykutdéw wchodzgcych w sktad tej rozprawy.
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Rys. 25 Wykres analizy termograwimetrycznej prekursora zelowego wykorzystanego do otrzymania spinelu MnCoFeO4
3.2.1. Synteza w fazie statej

Perowskity SrTitxFexOs-d (STFx) zostaty przygotowane za pomoca
wysokotemperaturowej syntezy w fazie statej. Prekursorami byly weglan strontu (SrCOs3), tlenek
zelaza(lll) (Fe203) oraz dwutlenek tytanu (TiO2). Reagenty byly wymieszane za pomocg mielenia
w miynie planetarnym. Nastepnie z uzyskanego proszku sprasowano pastylki, ktére poddano
kalcynacji w odpowiedniej temperaturze w zaleznosci od spiekalnosci danego materiatu. Pastylki
ponownie rozdrobniono, sprasowano i kalcynowano. Korcowy proszek zostat wygrzany

w temperaturze 600°C w powietrzu w celu uzyskania stechiometrycznych perowskitow.
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3.2. Badania strukturalne
3.2.1. Dyfraktometria rentgenowska - XRD

Dyfraktometria rentgenowska (XRD — x-ray diffraction) jest podstawowg technikg badan
strukturalnych pozwalajgcg na okreslenie sktadu fazowego badanego materiatlu oraz
wyznaczenie statych sieci krystalicznej. W tej metodzie wigzka monochromatycznego
promieniowania X kierowana jest w kierunku probki, na ktérej zachodzi zjawisko dyfrakcji i wigzka
jest odbijana od ptaszczyzn krystalicznych. W przypadku, gdy wigzka promieniowania pada pod
kgtem spetniajgcym prawo Bragga (rys. 26) zachodzi interferencja konstruktywna odbitych
promieni i trafiajg one do detektora. Wyniki badania przedstawiane sg w postaci dyfraktogramu,
czyli liczby zaliczen detektora w zaleznosci od kata padania wigzki promieniowania. Poréwnanie
dyfraktogramu z danymi literaturowymi i dyfraktogramami wygenerowanymi komputerowo na

podstawie modeli struktur krystalicznych pozwala na identyfikacje faz w polikrysztale.

2dsin @

Prawo Bragga
® o o o o o nA =2d sin 0

Rys. 26 Prawo Bragga

W ramach tej pracy dyfraktogramy rentgenowskie prébek zostaty wykonane za pomocg
dyfraktometru Bruker D2 Phaser wyposazonego w detektor Lynxeye XE-T. Pomiary zostaly
przeprowadzone w zakresie katowym od 5 do 110° w temperaturze pokojowej. Rozmiar komorki
elementarnej oraz sktad fazowy zostat obliczony za pomocg oprogramowania FullProf Suite lub

GSAS-Il. Korzystajac z réwnania Scherrera obliczono $redni rozmiar krystalitow:

KA (27)
BcosB’

, gdzie T — sredni rozmiar krystalitow [nm], K — stata zwigzana z ksztattem reflekséw (K=0,9), A —

dtugosé fali promieniowania [nm], 8 — szerokos¢ refleksu zalezna od wielkosci krystalitow, 6 — kat
Bragga [°].

3.2.2. Skaningowa i transmisyjna mikroskopia elektronowa — SEM i TEM

Skaningowa mikroskopia elektronowa polega na skanowaniu powierzchni probki za
pomocg nanometrowej wigzki elektrondw uformowanej przez uktad elektromagnetycznych
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soczewek (rys. 27). Sygnatem z powierzchni probki, ktéry dociera do detektora sg elektrony
wtorne lub wstecznie rozproszone. W poréwnaniu do mikroskopii optycznej, mikroskopia SEM
pozwala uzyska¢ znacznie wyzsze powiekszenia z zachowaniem wysokiej rozdzielczosci.
Mikroskopia ta pozwala na precyzyjng obserwacje topografii powierzchni z mozliwoscig
rozréznienia obiektéw o Srednicach ponizej 1 nm. Stosowana jest do analizy morfologicznej
tj. oceny ksztattu, wielko$ci i rozmieszczenia ziaren, wtrgcenh oraz faz w badanym materiale.

Nieco inng odmiang mikroskopii elektronowej jest transmisyjna mikroskopia elektronowa.
W tym przypadku wigzka elektronéw jest transmitowana przez cienkg prébke (5 — 100 nm).
Obraz powstajgcy na ekranie ma ciemniejsze obszary w miejscach, w ktérych doszio do
rozproszenia elektrondw. Techniki transmisyjnej mikroskopii elektronowej umozliwiajg
uzyskiwanie obrazow z rozdzielczoscig rzedu 0,1 — 0,05 nm.

Obserwacje mikroskopowe przygotowanych proszkéw, elektrod oraz pastylek byly
realizowane za pomocg mikroskopéw FEI Quanta 250 FEG, Thermo Fisher Phenom XL oraz
Titan Cubed G2 60-300. Badania przeprowadzono we wspoétpracy z Miedzynarodowym Centrum
Mikroskopii Elektronowej dla Inzynierii Materiatowej (Akademia Gérniczo-Hutnicza im. Stanistawa
Staszica w Krakowie).

obraz na ekranie

| dziato
| elektronowe

soczewka

kondensora
pompa
prozniowa

soczewka

obiektywu

cewka
skanujaca

oscyloskop

szczelina

i
kat 2a

detektor elektronéw, promieniowania
rentgenowskiego lub swiatla

Rys. 27 Uproszczony schemat budowy mikroskopu SEM [69]
3.2.3. Spektroskopia dyspersji energii— EDS
Spektroskopia dyspersji energii EDS (energy disspersive spectroscopy), zwana inaczej

mikroanalizg rentgenowska, jest to metoda analityczna stosowana w skaningowych

mikroskopach elektronowych pozwalajgca wyznaczy¢ lokalny sktad chemiczny prébki. Tak samo
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jak w mikroskopii SEM badany materiat jest naswietlany zogniskowang wigzkg elektrondw.
Wigzka ta moze wybijaé¢ elektrony z powtok atoméw, a wiec je jonizowaé. Luki powstate na
powtokach elektronowych sg uzupetniane poprzez elektrony z zewnetrznych powtok danego
atomu. Przy takim przejsciu elektronu emitowany jest kwant promieniowania rentgenowskiego
o dyskretnych wartosciach charakterystycznych dla pierwiastkdw wchodzacych w sktad probeki.
Fotony promieniowania X sg zbierane przez detektor umieszczony nad probkg. Doktadne
pomiary EDS umozliwiajg wykrywanie pierwiastkdw o zawartosci 0,1% atomowego. Technika ta
umozliwia analize rozmieszczenia pierwiastkdw na powierzchni prébki w trybie punktowym,
liniowym lub obszarowym (mapa). Gdy detektor EDS jest uzywany w potgczeniu z mikroskopem
TEM, to uzyskuje sie wiekszg rozdzielczos¢ przestrzenng co wynika z matej grubos$ci probki.

Za pomocy tej metody okre$lano sktad chemiczny przygotowanych materiatéw oraz
badano stabilnos¢ wybranych materiatéw w srodowisku zasadowym poprzez obserwacje zmian

skfadu chemicznego po ekspozycji probki w elektrolicie.

3.2.4. Izoterma adsorpcji BET

Jednym z kluczowych parametréw materiatu elektrokatalitycznego jest powierzchnia
witasciwa, wyrazonaw m? g, ktéra méwi o liczbie aktywnych katalitycznie miejsc przypadajgcych
na dang mase probki. Podstawowg metodg wyznaczania powierzchni wtasciwej jest pomiar
objetosci gazu zaadsorbowanego w okreslonej masie probki w funkcji preznosci gazu lub
w funkcji wzglednej preznosci gazu. Taki pomiar nazywamy izotermg adsorpcji. Odwazona
prébka badanego materiatu jest odgazowywana w prézni i schtadzana do niskiej temperatury.
Nastepnie przeprowadzana jest kontrolowana adsorpcja fizyczna gazu (np. helu lub azotu).
Otrzymana izoterma adsorpcji ma charakterystyczny ksztatt, ktéry zalezy od witasciwosci
fizycznych substancji adsorbujgcej i substancji adsorbowanej. Analiza takiej krzywej polega na
dopasowaniu do odpowiedniego modelu teoretycznego.

W ramach tej pracy zastosowano izoterme BET (Brunauera, Emmetta i Tellera), czyli
prosty model adsorpcji wielowarstwowej. Model ten zakfada, ze czgsteczki adsorbatu adsorbujg
w sposob zlokalizowany, tj. nie mogg sie przemieszczac po powierzchni adsorbentu ze wzgledu
na silne oddziatywania adsorbent-adsorbat. Ponadto model ten zaktada, ze na powierzchni prébki
znajdujg sie centra adsorpcyjne, ktére adsorbujg czgstki gazu tworzgc monowarstwy jak i kolejne
warstwy, gdzie centrami adsorpcyjnymi stajg sie juz zaadsorbowane czgsteczki. Kolejnymi
zatozeniami sg brak oddziatywania pomiedzy czgstkami zaadsorbowanymi wzdtuz powierzchni
adsorbentu, zalezno$ci ilosci zaadsorbowanych czastek od cisnienia pary nasyconej, oraz rozne
wartosci ciepta adsorpcji pierwszej i kolejnych warstw adsorbatu.

Do pomiaru powierzchni witasciwej wytworzonych proszkow elektrokatalizatoréw

wykorzystano urzadzenia Quantachrome Instruments Autosorb iQ oraz Nova-Touch LX1.

3.2.5. Rentgenowska spektroskopia fotoelektronéw - XPS

Rentgenowska spektroskopia fotoelektronéw (XPS — x-ray photoelectron spectroscopy)

jest to metoda badawcza stosowana w badaniach powierzchni materiatéw. W technice XPS
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prébka jest wzbudzana za pomocg wigzki monochromatycznego promieniowania X o niskiej
energii. Z atoméw ulokowanych na powierzchni prébki nastepuje emisja fotoelektronéw, a energia
tych fotoelektrondéw jest mierzona przez analizator. Do analizy wykorzystywane sg elektrony
o energii od 10 do 2000 eV. Kazdy atom posiada elektrony rdzenia atomowego, ktére nie tworzg
bezposrednio wigzah chemicznych, mimo to, energia wigzania takiego elektronu zalezy od
chemicznego otoczenia atomu. Warto$¢ energii wigzania elektronu rdzenia jest wartoscig
charakterystyczng dla danego atomu oraz orbitalu do ktérego nalezy ten elektron. W zwigzku ze
znajomoscig energii padajgcych fotondw, zmierzona warto$¢ energii kinetycznej fotoelektronéw
jest przypisywana odpowiedniej energii wigzania. Na typowym widmie XPS widoczne s3 piki od
fotoelektrondéw, natomiast tto pochodzi od fotoelektrondéw rozproszonych niesprezyscie. Dzigki
stabelaryzowanym wartosciom energii wigzania charakterystycznych pikow fotoelektronowych
w fatwy sposodb mozna przeprowadzi¢ jakosciowg analize sktadu chemicznego prébki. Ponadto,
jezeli orbitale atomow tego samego pierwiastka znajdujg sie w réznym otoczeniu chemicznym, to
wykazujg réznice w energii wigzania. Takie przesuniecie energii wigzania wynika z oddziatywania
otoczenia chemicznego atomu, jego stopnia utlenienia i liczby koordynacyjne;.

Badania XPS zostaty przeprowadzone za pomocg spekirometréw Axis Supra Kratos

Analytical oraz Omicron Nanotechnology.

3.2.6. Absorpcyjna spektroskopia promieni X — XAS

Badania absorpcji promieniowania rentgenowskiego wykonuje sie korzystajgc ze zrodet
promieniowania synchrotronowego. Promieniowanie generowane przez synchrotrony jest
charakteryzowane duzg intensywnos$cig wigzki i stabilnoscig dtugosci fali. Spektroskopia
absorpcyjna polega na jonizacji atoméw poprzez wysokoenergetyczng wigzke fotonéw. Padajgce
fotony przekazujg energie elektronom, ktére nastepnie przechodzg do pustego pasma
przewodnictwa. Poczatek absorpciji promieniowania zachodzi dla dtugosci fali charakterystyczne;j
dla danej powtoki pierwiastka. W metodzie XAS mierzona jest zmiana wspétczynnika absorpcji
w funkcji energii padajgcego promieniowania.

W ramach charakteryzacji struktury wytworzonych elektrokatalizatoréw zastosowano
spektroskopie XAS w zakresie miekkiego promieniowania rentgenowskiego (250-1800 eV),
okreslang jako spektroskopie subtelnej struktury w poblizu krawedzi absorpcji promieniowania
rentgenowskiego NEXAFS (near edge x-ray absorption fine structure). Metodg tg otrzymuje sie
informacje o stanie chemicznym i lokalnej strukturze materiatu z pierwiastkowg selektywnoscig.
Badania przeprowadzono na linii pomiarowej PIRX Narodowego Centrum Promieniowania
Synchrotronowego SOLARIS w Krakowie (rys. 28). Pomiary wykonano przy pomocy pomiaru
prgdu prébki (TEY— - total electron yield). Wyniki analizowano za pomocg dedykowanego

oprogramowania PyMCA oraz Bessy.
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Rys. 28 (a) Stacja koricowa linii pomiarowej PIRX Narodowego Centrum Promieniowania Synchrotronowego SOLARIS
oraz (b) ptytka typu Omicron z natozonymi proszkami badanych materiatow

3.2.7. FTIR

Fale podczerwone (IR — infrared) majg energie wywoltujgce oscylacje wiekszosci
czgsteczek. Ze wzgledu na to mozliwe jest wywotanie i zaobserwowanie tych oscylacji poprzez
naswietlanie probki falami o diugosci w zakresie od 2 do 16 um.

W spektrometrii FTIR (fourier transform infrared) wigzka wytworzona przez zrédio
promieniowania jest rozdzielana na dwie wigzki. Jedna z nich jest odbita od probki lub przez nig
przechodzi, zas druga petni role wigzki referencyjnej. Wigzka, kitdéra oddziatuje z probkag
interferuje z pierwotng wigzkg. Transformata Fouriera powstatego obrazu interferencyjnego daje
zalezno$¢ intensywnosci promieniowania w funkcji dtugosci fali. W momencie gdy czasteczka
jest wzbudzona na dany stan oscylacyjny to pochtania energie fali o okreslonej czestotliwosci,
wiec nastepuje zmniejszenie intensywnosci wigzki przechodzacej w stosunku do pierwotne;.
Grupy funkcyjne znajdujgce sie w czgsteczce réznig sie czestotliwoscig oscylacji wynikajgcych
z rozciggania lub zginania wigzan chemicznych. W zwigzku z tym mozna zidentyfikowaé
poszczegolne grupy funkcyjne.

Pomiary FTIR zostaly wykonane na Wydziale Inzynierii Materiatowej i Ceramiki Akademii
Gdrniczo-Hutniczej im. Stanistawa Staszica w Krakowie za pomocg spektrometru Bruker Vertex

70v w warunkach prézni i trybie transmisji.

3.2.8. Termograwimetria — TGA

Termograwimetria (TGA — thermogravimetric analysis) jest to instrumentalna metoda
analityczna, w ktérej rejestrowana jest zmiana masy probki przy zmianie temperatury wediug
kontrolowanego programu. Wyniki analizy przedstawiane sg graficznie w formie termogramu.
Urzadzeniem wykorzystywanym do przeprowadzenia termograwimetrii jest termowaga.
Najczesciej stosowane jest badanie dynamiczne, ktére przebiega w warunkach liniowego wzrostu
lub spadku temperatury. W wyniku otrzymywana jest krzywa termograwimetryczna, gdzie

przedstawiana jest zmiana masy probki w funkcji czasu lub temperatury. Technikg tg
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charakteryzuje sie materiaty, ktérych zmiana masy moze wynika¢ z powodu rozktadu, utleniania
lub przebiegu innych reakcji chemicznych.

Pomiary TGA zostaty przeprowadzone za pomocg termowagi Netzsch TG 209 F3.
3.2.9. ICP-OES

ICP-OES (inductively coupled plasma optical emission spectroscopy) jest to
spektroskopowa metoda analityczna wykorzystywana do analizy sktadu chemicznego prébek.
Podstawowym elementem tej techniki jest indukcyjnie sprzezona plazma generowana przez
podgrzanie gazéw, np. argonu, w cewce indukcyjnej. Prébka w postaci statej lub cieklej jest
rozpylana i w formie drobnych kropel wprowadzana do generowanej plazmy, gdzie dochodzi do
jonizacji pierwiastkéw zawartych w probce. Powstajgce jonu pierwiastkdw przechodzg do stanow
wzbudzonych energetycznie, a nastepnie powracajg do standéw podstawowych emitujgc energie
w postaci promieniowania elektromagnetycznego o charakterystycznych dla siebie dtugosciach
(widmo emisyjne). Promieniowanie to jest rejestrowane przez spektrometr optyczny. Na
podstawie intensywnos$ci emisji mozna okresli¢ zawartos¢ pierwiastkdw w prébce.

Badania ICP-OES =zostaty zlecone =zewnetrznie akredytowanemu laboratorium

badawczemu.

3.3. Pomiary elektryczne i elektrochemiczne

W tej czesci przedstawione zostang wykonane pomiary elektryczne i elektrochemiczne.
Hastem pomiary elektrochemiczne okres$lone sg badania wchodzgce w protokét pomiarowy
stuzacy do ewaluacji aktywnosci elektrokatalitycznej katalizatora.

Badania te byty przeprowadzane za pomoca bipotencjostatu w typowym uktadzie
trojelektrodowym przedstawionym na rysunku 29. Elektroda pracujgca (WE — working electrode)
jest to elektroda na powierzchni ktérej zachodzi reakcja utleniania lub redukcji. Elektroda
odniesienia (RE — reference electrode) jest to pétogniwo o znanym potencjale, ktéry nie zalezy
od stezenia analitu ani zadnego jonu obecnego w elektrolicie pomiarowym. Elektroda
pomocniczal/przeciwelektroda (CE — counter electrode) jest to elektroda, ktéra przyjmuje prad
ptynacy przez elektrode pracujgcg. Po zamknigciu obwodu elektrycznego prad przeptywa miedzy
elektrodg pracujgcg i pomocniczg. W badaniach opublikowanych w artykutach w ramach
rozprawy jako elektrody pracujgce stosowano pianke niklowg lub wirujgcg elektrode dyskowa
zrdzeniem z wegla szklistego (RDE-GC - rotating disk electrode— - glassy carbon), jako
elektrode odniesienia elektrode tlenkowo-rteciowg (Hg/HgO), chlorosrebrowg (Ag/AgCl) lub
odwracalng elektrode wodorowg (RHE — reversible hydrogen electrode), natomiast jako elektrode
pomochniczg platynowg blaszke lub drut. Pianka niklowa przedstawiona na rys. 30 w dobry sposob
odwzorowuje elektrode CCS przedstawiong w rozdziale 1.3.4, ktéra potencjalnie moze by¢
stosowana w elektrolizerze ,zero gap”. Natomiast w badaniach podstawowych gtéwny nacisk
ktadziony jest na wnikliwe poznanie cech fizykochemicznych konkretnego materiatu, a jeszcze
nie jego zastosowanie w rozbudowanych uktadach elektrolizeréow. W tym przypadku
popularniejszym rozwigzaniem jest wykorzystanie obrotowych elektrod RDE. Ich przewagg jest
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$cisle zdefiniowana powierzchnia, tj. powierzchnia przewodzacego rdzenia (0,196 cm?2), co
pozwala na precyzyjne, ilosciowe wyznaczenie wilasciwej aktywnosci elektrokatalitycznej
materiatu. Ponadto obroty elektrody w trakcie eksperymentu wspomagajg usuwanie produktéw

reakcji w postaci pecherzykéw gazowych.
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Rys. 29 Uktad pomiarowy wykorzystywany do ewaluacii elekirokatalizatoréw: (a) bipotencjostat BP-300, (b) uktad
elektrody wirujgcej ALS RRDE-3A, (c) wirujgca elektroda dyskowa z rdzeniem z wegla szklistego, (d) tréjelektrodowy
uktad pomiarowy, (e) teflonowe naczynko pomiarowe oraz (f) krzywa kalibracyjna elektrody Hg/HgO w nasyconym Hz

roztworze 0.1 M KOH

Pomiary byly wykonywane w teflonowym naczynku pomiarowym, w roztworze
wodorotlenku potasu o temperaturze 25°C utrzymywanej przez zewnetrzny termostat. Naczynie
to zostato specjalnie zaprojektowane i wytoczone z teflonowego watka na potrzeby niniejszej
pracy. Niezaleznie od wyboru elektrody odniesienia mierzony potencjat elektrody pracujgcej
zawsze przedstawiany byt wzgledem RHE. W przypadku uzycia elektrod Ag/AgCl oraz Hg/HgO
wymagato to przeprowadzenia eksperymentalnej kalibracji w celu przeliczenia ich potencjatéw
réwnowagowych wzgledem RHE [70,71].

Katalizator byt naktadany na powierzchnie elektrody roboczej w postaci zawiesiny za
pomocg pipety. Zawiesina sktadata sie z proszku katalizatora, fazy ciggtej (etanolu lub
izopropanolu) oraz dodatku jonomeru Nafion, ktéry pehit funkcje dyspersanta w zawiesinie, a po
wyschnieciu dziatat jako lepiszcze sklejajgce czastki katalizatora z podtozem. Na rys. 31

przedstawiona jest interakcja pomiedzy Nafionem a czgstkami katalizatora w zaleznosci od ich
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wzajemnego stosunku. Brak dodatku jonomeru skutkuje organizacjg czagstek katalizatora
w aglomeraty, odpowiednio dobrana ilo$¢ poprawia dyspersje czgstek, przy czym zbyt duza ilosé
powoduje ponowne formowanie aglomeratéw [72]. Ponadto, zeby zapewni¢ réwnomierne
roziozenie czgstek katalizatora na powierzchni elektrody, zawiesineg naktadano na RDE-GC

w trakcie wirowania [73].

Rys. 30 Piankowa elektroda niklowa (a) przed modyfikacjg oraz (b) pokryta ceramicznym katalizatorem.

Y Naﬁon;kammm;ﬁ

Aglomeraty
katalizatora .. .. Nafion Nafion .
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# : .r. Katallzator"!’. o

........... Iro, 9. -
Nafion czesciowo otacza Nafion pokrywa calg Nafion otacza
Brak Nafionu czastki katalizatora warstwe katalizatora aglomeraty
(/IC=0) (0<lIC=1/2) (IIC = 1/2) (Vc>1/2)
b) |zopropanol |zopropanol Izopropanol
+ + +
2% Nafion 5% Nafion 9% Nafion

Rys. 31 (a) Schematyczny wplyw dodatku Nafionu na formowanie warstwy katalizatora [72] oraz (b) obserwacje
eksperymentalne
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Ponizej, na rys. 32, przedstawiono przyktadowy protokdt pomiarowy do ewaluacji
aktywnosci katalizatoréw w uktadzie wirujgcej elektrody dyskowej RDE. Pierwszym etapem jest
polaryzacja elektrody pracujgcej w niskim zakresie potencjatéw utleniajgcych
(aktywacja/kondycjonowanie) w celu otrzymania stabilnej odpowiedzi. Nastepnie wyznaczana
jest powierzchnia elektrody za pomocg woltamperometrii cyklicznej. Aby wyznaczy¢ wartosc strat
omowych wynikajgcych z konfiguracji uktadu pomiarowego, w gtéwnej mierze odlegtosci miedzy
elektrodami, wyznacza sie rezystancje elektrolitu za pomocg elektrochemicznej spektroskopii
impedancyjnej (EIS - electrochemical impedance spectroscopy). Kolejnym krokiem jest
woltamperometria cykliczna w szerszym zakresie potencjatéow niz w przypadku kondycjonowania.
Z otrzymanych krzywych polaryzacyjnych wyznacza sie wskazniki aktywnosci elektrokatalityczne;j
tj. nadpotencjat reakcji OER oraz nachylenie krzywej Tafela. W ostatnim kroku rezystancja
przeniesienia tadunku w trakcie reakcji OER wyznaczana jest za pomocg EIS przy zadanym
potencjale.

Protokot pomiarowy

Stabilizacja katalizatora Wyznaczenie powierzchni
Elektrolit: 0.1 M KOH WV katalizatora
25°C 0.03 - 1.7 V vs. RHE oV
Nasycanie O, — (30 min) 10 cykli (10 mV s) 0.9-1.0Vvs. RHE
1600 RPM Predkos$¢ skanu (5 — 100 mV s™')
0 RPM
Rezystancja przeniesienia . Rezystancja
tadunku LIS R elektrolitu
EIS — EIS
10 kHz — 100 mHz 1.0-1.7 Vvs. RHE 10 kHz — 100 mHz
10 MV e (10 mV s) 10 MV ;e
1.7 V vs. RHE 1600 RPM 0V vs. OCV
1600 RPM 1600 RPM

Rys. 32 Podstawowy protokdt pomiarowy do ewaluacii aktywnosci elektrokatalitycznej katalizatora w ukfadzie obrotowe;j
elektrody dyskowej RDE
W przypadku wybranych katalizatoréw protokét pomiarowy zostat rozszerzony o testy
stabilnosci pracy materiatu jako katalizatora OER. W tym celu wykorzystano komercyjny uktad
laboratoryjnego elektrolizera Micro Flow firmy ElectroCell, ktéry jest przedstawiony na rys. 33.
W uktadzie tym proszek katalizatora naktadany jest na powierzchnie elektrody pracujgcej (np.
papier weglowy) w postaci zawiesiny tak samo jak w przypadku RDE. W elektrolizerze Micro Flow
powierzchnia elektrody pracujgcej wynosi 10 cm?, duzo wiecej niz elektrody RDE (0,196 cm?),
wiec lepiej odwzorowuje skale rzeczywistego elektrolizera alkalicznego w warunkach
laboratoryjnych.
W dalszej czesci przedstawione sg elektrochemiczne i elektryczne techniki pomiarowe
wykorzystywane w opublikowanych pracach.
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Rys. 33 (a) Elektrolizer Micro Flow oraz (b) elektroda pracujgca w postaci papieru weglowego pokrytego proszkowym
elektrokatalizatorem

3.3.1. Woltamperometria

Woltamperometria jest to elekirochemiczna technika, ktéra polega na pomiarze
natezenia prady przeptywajgcego przez elektrode w funkcji przytlozonego potencjatu. Jezeli
elektrodg pracujgcg, na ktérej zachodzi reakcja elektrochemiczna jest elektroda o statej
powierzchni to obowigzuje okreslenie woltamperometria. Jezeli wykorzystywana jest elektroda
ciekta z powierzchnig odnawiajgcg sie to okreslamy te technike polarografia. Zaleznos¢
rejestrowanego natezenia pradu w funkcji potencjatu elektrody przedstawiana jest na wykresie
nazywanym woltamperogramem.

Jezeli do elektrody pracujgcej przyktadany jest liniowo zmieniajgcy sie potencjat to
technike te nazywamy woltamperometrig liniowg (LSV — linear sweep voltammetry). Natomiast,
jezeli do elektrody jest przyktadany potencjat liniowo zmieniajacy sie od wartosci poczatkowej do
wartosci koncowej i zmiany potencjatu sg okresowo odtwarzane (rys.34), tak diugo jak to

konieczne, to technika nosi nazwe woltamperometrii cyklicznej (CV — cyclic voltammetry).

E b

NN

Rys. 34 Woltamperometria cykliczna — przebieg zmian potencjatu
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Technika  woltamperometrii  cyklicznej wykorzystywana byla do okreslania
elektrochemicznie aktywnej powierzchni (ECSA — electrochemically active surface area)
badanych elektrokatalizatoréw. W tym celu przeprowadzano elektrochemiczny pomiar
pojemnosci elektrycznej warstwy podwajnej. Elektryczna warstwa podwdjna powstaje na granicy
faz elektroda/elektrolit i w uproszczeniu moze by¢ przedstawiona jako kondensator o przeciwnie
natadowanych oktadkach, gdzie jedng oktadka jest powierzchnia elektrody, a drugg nieruchoma
warstwa jonow przylegajgca do elektrody od strony roztworu. Aby wyznaczy¢ pojemnos¢ warstwy
podwojnej wyznaczane sg cykliczne krzywe woltamperometryczne w zakresie potencjatow
niefaradajowskich (w tym zakresie nie zachodzg procesy obejmujgce transfer elektronéw
pomiedzy elektrodg a elektrolitem). W efekcie zmian potencjatu elektrody nastepuje tadowanie

warstwy podwadjnej. Pojemnos¢ warstwy podwadjnej oblicza sie z zaleznosci:

Co=v - i (28)
, gdzie: Cp. — pojemnos¢ warstwy podwajnej (double layer capacitance) [mF], v — predkos¢ skanu
(zmian potencjatu) [V s™'], i — prad pojemnosciowy [mA].

a) 0.10F T T T T T L b) 010F Sjop‘e Z -OY_OQZ r’nF T g T r ]
i
) | R*=0.994 e
05 F o - 0.05+ 5 4
0.05 . . o
[ = o
< | eF80F———— ]l < - i
L y——— — = 0008
~ e = : ..
-0.05} - | 0,05} . 4
. | Slope = -0.090 mF -
010 . . . J _ 010 R’ = 0.996 . . T
-0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.0 0.2 04 0.6 0.8
E/V vs SCE v/iVs'

Rys. 35 (a) Pomiary pojemnosci warstwy podwojnej elektoosadzonej warstwy NiOx przy réznych predkosciach skanu
woltamperometrii cyklicznej oraz (b) wartosci katodowego i anodowego pradu pojemnosciowego w funkcji predkosci
skanu [74].

Tak jak pokazano na rys. 35 krzywe woltamperometryczne wyznaczane sg przy réznych
predkosciach zmian potencjatu. Nastepnie wykresla sie wartosci prgdu katodowego i anodowego
(wartosci odczytane przy potencjale w potowie mierzonego zakresu) w funkcji predkosci skanu.
Nachylenie prostej otrzymanej za pomocg dopasowania krzywej regresji liniowej odpowiada
pojemnosci warstwy podwojnej, a ostateczna warto$¢ to Srednia wyznaczona dla prgdow
katodowych i anodowych.

Nastepnie wartos¢ ECSA danego katalizatora mozna wyznaczy¢ z zaleznosci:
ECSA = — (29)
, gdzie: ECSA - powierzchnia elektrochemicznie aktywna [cm?], Cp. — pojemno$¢ warstwy

podwoijnej [F], Cs — pojemnos¢ wiasciwa [F cm-2].
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Pojemnos¢ wiasciwa jest to wielkos¢ Scisle zwigzana z wiasciwosciami danego materiatu
i elektrolitu, w ktérym jest wyznaczona. Dla katalizatoréw tlenkowych literaturowo przyjmuje sie
warto$¢ 0,040 mF cm2 w 1.0 M NaOH [74].

Aktywnos¢ w kierunku elektrokatalizy OER byta wyznaczana za pomocg
woltamperometrii cyklicznej w zakresie dodatnich potencjatéw obejmujacych wydzielanie tlenu
na elektrodzie pracujgcej. W przypadku, gdy pomiary wykonywano na wirujgcej elektrodzie RDE,
to predkosc¢ obrotowa elektrody byta ustawiona na 1600 obrotdw na minute. Zastosowana
predkos¢ skanu to 10 mV s-'. Przy tak niskiej predkosci skanu zachowany jest stan ustalony na
powierzchni elektrody, natomiast obroty pomagajg w usuwaniu produktu i tworzeniu pecherzykéw
tlenu na powierzchni elektrody. Zebrane dane poddawane sg obrdbce majgcej na celu
wyznaczenie rzeczywistych krzywych OER z pominieciem wptywu rezystancji elektrolitu czy
tadowaniem elektrody. Tak jak przedstawiono na rys. 36 woltamperogramem zbierany jest
w pelnym zakresie potencjatéw, tj. w kierunku rosngcym i malejgcym, a nastepnie wyznaczana
jest srednia arytmetyczna reprezentujgca krzywg OER z pominieciem prgdéw pojemnosciowych.
Zeby wyznaczy¢ rzeczywisty potencjat elektrody pracujgcej kluczowe jest wyeliminowanie
wptywu strat omowych szczegdlnie wynikajgcych z rezystancji elektrolitu pomiedzy elektrodg
pracujgcg i referencyjng oraz wszelkich rezystancji kontaktowych. Zmierzony potencjat
poddawany jest korekcie spadku omowego zgodnie z ponizszg zaleznoscia:

E = Egpp — iR (29)
, gdzie E — rzeczywisty potencjat elektrody, Erxe — zmierzony potencjat elektrody pracujgcej
w odniesieniu do potencjatu rownowagowego RHE [V], i—zmierzone natezenie pradu [A],

R — rezystancja elektrolitu [Q].

a) 0.2 b) 16 1 — — Raw data

14 1 iR+bckgr corrected
o 124

114 12 13 14 15 4011121314 151617 18
E vs. RHE [ mV] E vs. RHE [ mV]

Rys. 36 Krzywa polaryzacyjna OER po korekcie pojemno$ciowej oraz (b) po korekcie iR.

Aby w prosty sposob poréwnaé aktywnos¢ badanego materialu z wynikami
literaturowymi, niezaleznie od rodzaju wykorzystywanej elektrody, zmierzony prad jest
normalizowany. Znormalizowana gesto$¢ pragdu wyznaczana jest poprzez podzielenie
zmierzonego natezenia pradu przez geometryczng powierzchnie elektrody, elektrochemicznie
aktywng powierzchnie katalizatora ECSA, powierzchnie wiasciwg katalizatora wyznaczong

z izotermy adsorpcji lub przez mase katalizatora znajdujgcego sie na elektrodzie pracujgce;j.
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Typowym parametrem wyznaczanym do oceny aktywnosci elektrokatalizatora OER jest
nadpotencjat no, czyli roznica pomiedzy potencjatem potrzebnym do osiggniecia gestosci pradu
o warto$ci 10 mA cm-ceo(normalizacja geometryczna) a potencjatem réwnowagowym OER
(1,23 V wzgledem RHE).

Drugim podstawowym kryterium oceny jest nachylenie krzywej Tafela, ktére pokazuje
zalezno$¢ pomiedzy nadpotencjatem a gestoscig pradu elektrokatalizy. Jest to wazny wskaznik
kinetyki zachodzgcej reakgciji, ktéry wyznaczany jest z réwnania Tafela:

n=a+blogj (30)
, gdzie n - nadpotencjat reakcji [mV], a — punkt przeciecia z osig rzednych, b — nachylenie
krzywej Tafela [mV dec], j — gestos¢ prgdu [mA cm2]. Eksperymentalnie wyznacza sie je po
wykresleniu wykresu Tafela, tj. nadpotencjatu w funkcji logarytmu gestosci prgdu i dopasowaniu
prostej w prostoliniowym regionie grafu. W przypadku reakcji wieloelektronowych, takich jak
OER, nachylenie krzywej Tafela dostarcza informacji na temat mechanizmu reakcji, poniewaz
wartos¢ nachylenia zalezy od wspétczynnika przenoszenia tadunku i liczby przenoszonych
elektronéw. Nachylenie krzywej Tafela podaje rowniez bezposrednig korelacje miedzy zmianami
prgdu a przylozonym napieciem. Mniejsza wartos¢ nachylenia krzywej Tafela wskazuje na
szybszy wzrost pradu katalitycznego po przytozeniu wyzszego napiecia, wiec niska wartos¢ jest

cechg pozadang dla idealnego katalizatora OER.

3.3.2. Elektrochemiczna Spektroskopia Impedancyjna

Elektrochemiczna spektroskopia impedancyjna (EIS — electrochemical impedance
spectroscopy) jest to szeroko stosowana metoda badawcza polegajgca na przytozeniu napiecia
przemiennego (AC — alternating current) do uktadu elektrochemicznego i pomiarze odpowiedzi
pradowej. Technika ta umozliwia badanie uktadéw o duzym stopniu skomplikowania. Mozliwe jest
zbadanie oddzielnych elementéw i zjawisk zachodzgcych w uktadzie np. oporu elektrolitu lub
warstwy pasywnej, wyznaczenie pojemnosci warstwy podwojnej, zbadanie reakcji przeniesienia
tadunku i procesoéw dyfuzyjnych. Odpowiedz ukfadu elektrochemicznego po naruszeniu jego
réwnowagi poprzez zmiennopragdowy sygnat o danym potencjale i czestotliwosci, przyjmuje forme
prgdowg o amplitudzie pomniejszonej o opér badanego materiatu i przesunietg w fazie wzgledem

wzbudzenia. Impedancje uktadu wyznacza sie z ponizszych zaleznosci:

E(t) = E,cos (wt) (31)
I(t) = Iycos (wt + @) (32)
B @ B cos (wt)

T I@)  "%cos (wt + @) (53)

, gdzie E(t) — sygnat wzbudzajgcy (potencjat w czasie) [V], Eo—amplituda sygnatu [V],
w — pulsacja [Hz], /(t) — odpowiedZz prgdowa (natezenie prgdu w czasie) [A], lo— amplituda
odpowiedzi [A], ¢ — przesuniecie fazowe, Z — impedancja [Q], Zo — modut impedanc;ji [Q].

Dane zebrane podczas pomiaru EIS sg najczesciej prezentowane w postaci wykresow

Nyquista lub Bodego. Na wykresie Nyquista widma impedancyjne przedstawione sg na
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ptaszczyznie zmiennej zespolonej, gdzie na osi rzednych umieszczona jest czes¢ urojona
impedancji (Z”), a na osi odcietych czes¢ rzeczywista impedancji (Z’). Wykres Bodego
przedstawia modut impedancji (Zo) oraz przesuniecie fazowe (¢) w funkcji czestotliwo$ci.

W ramach tej pracy pomiary EIS byly wykonywane w tym samym tréjelektrodowym
ukfadzie co pozostate techniki. Widma EIS byty zbierane w zakresie malejgcych czestotliwo$ci
od 100 kHz do 100 mHz przy napieciu 0 V wzgledem OCV (open circuit voltage — napiecie
obwodu otwartego) oraz 1,7 V wzgledem RHE. Widma byly interpretowane na wykresach
Nyquista. Dane eksperymentalne byly dopasowywane do uktadu zastepczego za pomoca
programu EC-Lab. Wybranym modelem byt zmodyfikowany uktad Randlesa (rys. 37), w ktérym
Rs to rezystancja elektrolitu, Rct to rezystancja przeniesienia tadunku (z ang. charge transfer
resistance), a element statofazowy (CPE — constant phase element) Q jest interpretowany jako
pojemnos¢ warstw podwdjnej. Na wykresie Nyquista rezystancja elektrolitu moze zostac
odczytana jako przeciecie z osig odcietych przy wysokich czestotliwosciach, natomiast
rezystancja przeniesienia fadunku to szerokos¢ wykreslonego pétokregu.

a) b) 15
Q
N\ 10+ Rct
// = = P
= T =
Rs R N5 i,
 — -t l\.\
%5 40 45
7' 9]

Rys. 37 (a) Zmodyfikowany uktad zastepczy Randlesa oraz (b) przyktadowy wykres Nyquista otrzymany dla prébki
MnCo15Feos0a.

3.3.3. Chronopotencjometria

Chronopotencjometria jest to metoda galwanostatyczna, w ktérej ustala sie state
natezenie pradu, natomiast mierzone sg zmiany napiecia w czasie. Technika ta jest
wykorzystywana do badania stabilnosci pracy elektrokatalizatoréw OER.

Ze wzgledu na odrywanie sie warstwy katalitycznej od powierzchni elektrody RDE wraz
z powstawaniem pecherzy tlenu, pomiary chronopotencjometryczne zostaty przeprowadzone
w ukfadzie laboratoryjnego elektrolizera Micro Flow. Mierzona byta stabilno$¢ sygnatu w postaci

napiecia potrzebnego do utrzymania przeptywu pradu o gestosci 10 mA cm2 w czasie 48 h.

3.3.4. Pomiar przewodno$ci metodg Van der Pauwa

Metoda Van der Pauwa stuzy do pomiaru przewodnosci elektrycznej ptaskich prébek
przewodzgcych o dowolnym ksztatcie [75]. W ramach pracy nad perowskitami SrTi1xFexOs.q,
probki zostaty przygotowane w formie pastylek o okreslonej srednicy oraz grubosci. Cztery
kontakty elektryczne zostaly przygotowane ze srebrnej pasty i umiejscowione na obrzezach
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pastylki, tak jak jest to przedstawione na rys. 38. W trakcie badania wywotywano przeptyw pradu
elektrycznego pomiedzy kontaktami A(C) i B(D) i jednoczes$nie mierzono napiecie pomiedzy
kontaktami C(D) i D(B). Przewodno$¢ badanego materiatu wyznacza sie z zaleznosci:

_ In2 2 (34)

Tth Rap,cp + Reaps
, gdzie: o — przewodno$¢ préobki [S cm ], h — grubosé¢ probki [m], R — rezystancja wyznaczona z
wynikow pomiaru metodg Van der Pauwa [Q].
Ponadto korzystajgc z rownania Arrheniusa wyznaczono energie aktywacji przewodnictwa:
E, (35)
k
, gdzie E, — energia aktywacji przewodnictwa [eV], T —temperatura [K], k — stata Boltzmanna

1
Ino = X=+1
no T+ noy

[J K], 0, — czynnik przedwykfadniczy.

a)A 7

B D

Rys. 38 (a) Schemat pastylki na ktdrej mierzono przewodnos¢ wytworzonych materiatdw oraz (b) zdjecie uktadu
pomiarowego

Pomiary zostaty wykonane w atmosferze syntetycznego powietrza (20% O2) w zakresie
temperatur od 200°C do temperatury pokojowej. Dane zostaly zebrane za pomocag

automatycznego systemu logujgcego.
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4. WYKAZ PUBLIKACJI WCHODZACYCH DO ZBIORU ARTYKULOW

W tym rozdziale =zawarte sg artykuly publikacji naukowych opracowanych
i opublikowanych w ramach studiow doktoranckich. Kazda publikacja poprzedzona jest
streszczeniem w jezyku polskim oraz oswiadczeniami autorow stanowigcymi o ich wkiadzie
w powstanie pracy.

W pozycji nr 1 wytypowana zostata stechiometria materiatu wykazujgca najwiekszg
aktywnos¢ elektrokatalityczng; praca to stanowi swoiste wprowadzenie do tematu spineli
manganowo-kobaltowych jako elektrokatalizatoréw OER. Natomiast praca nr 2 skupia sie na
metodach modyfikacji wlasciwosci fizykochemicznych struktury spinelu MnCo204 poprzez
wprowadzenie zelaza do struktury krystalicznej w celu polepszenia jego aktywnosci. Publikacja
nr 3 zwraca uwage na mozliwos¢ zastosowania alternatywnych elektrokatalizatoréw o strukturze
perowskitu, w ktérych sktad wchodzg stosunkowo niedrogie i bezpieczne dla srodowiska
pierwiastki, tj. Sr, Ti oraz Fe. Szczegdlng uwage poswiecono wpltywowi obecnosci zelaza
w strukturze perowskitu na jego aktywnos¢ elektrokatalityczng oraz réwnie wazng stabilno$é
chemiczng w zasadowym elektrolicie. Ostatnie dwie publikacje pokazujg, ze wiasciwosci
materiatow elektrokatalitycznych mogg byé modulowane bez zmian skfadu chemicznego.
W pracach opisany zostat wptyw obrébki mechanicznej lub cieplnej na zarébwno morfologie
wytworzonych proszkow jaki i stopnie utlenienia kationow metali w zewnetrznych warstwach

atomowych.

W sktad rozprawy wchodzg nastepujgce publikacje:

Wprowadzenie do tematu spineli manganowo-kobaltowych jako elektrokatalizatoréw OER:

1. Lankauf K, Cysewska K, Karczewski J, Mielewczyk-Gryh A, Gérnicka K, Cempura G, Chen
M, Jasifski P, Molin S. Mn«Co3.xO4 spinel oxides as efficient oxygen evolution reaction
catalysts in alkaline media. Int J Hydrogen Energy 2020;5., IF: 7,139, Liczba punktéw

ministerialnych: 140, liczba cytowan?: 34.

Publikacje zwigzane z wykazaniem tezy 1:
1. Mozliwe jest zwigkszenie aktywnosci elektrokatalitycznej spinelu MnCo.0,; oraz
perowskitu SrTiOs.q w kierunku wydzielania tlenu z zachowaniem stabilnosci chemicznej

poprzez wprowadzenie zelaza do struktury krystalicznej:

2. Lankauf K, Gérnicka K, Btaszczak P, Karczewski J, Ryl J, Cempura G, Zajgc M, Bik M, Sitarz
M, Jasinski P, Molin S. Tuning of e4 electron occupancy of MnCo.0y4 spinel for oxygen
evolution reaction by partial substitution of Co by Fe at octahedral sites. Int J Hydrogen
Energy 2023;48:8854-66., IF: 7,139, Liczba punktow ministerialnych: 140,

liczba cytowan? 6

2 Wedtug Scopus na dzien 26.01.2024
-49 -


http://mostwiedzy.pl

A\ MOST

3. Lankauf K, Mrozinski A, Btaszczak P, Gérnicka K, Ignaczak J, tapinski M, Karczewski J,
Cempura G, Jasinski P, Molin S. The effect of Fe on chemical stability and oxygen evolution
performance of high surface area SrTix.1FexOs.q mixed ionic-electronic conductors in alkaline

media 2021;6. IF: 7,139, Liczba punktéw ministerialnych: 140, liczba cytowans3: 14.

Publikacje zwigzane z wykazaniem tezy 2:
2. Mozliwe jest poprawienie aktywnosci elektrokatalitycznej spineli MnCo.0, oraz
MnCo1s5Feo 504 w kierunku reakcji wydzielania tlenu poprzez zastosowanie posyntezowej

obrébki cieplnej lub mechanicznej:

4. Pawlowska S, Lankauf K, Btaszczak P, Karczewski J, Gdornicka K, Cempura G, Jasinski P,
Molin S. Tailoring a Low-Energy Ball Milled MnCo,O4 Spinel Catalyst to Boost Oxygen
Evolution Reaction Performance. SSRN Electron J 2022;619., IF: 6.86, Liczba punktow
ministerialnych: 140, liczba cytowan3: 4.

5. Lankauf K, Lemieszek B, Gérnicka K, Btaszczak P, Zajgc M, Jasinski P, Molin S. Enhanced
Electrochemical Performance of MnCoisFeos04 Spinel for Oxygen Evolution Reaction
through Heat Treatment. Energy & Fuels, IF: 5.3, Liczba punktéw ministerialnych: 100, liczba

cytowan3: 0

3 Wedtug Scopus na dzien 26.01.2024
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W tej pracy za pomocg syntezy zol-zel przygotowano serie tlenkéw
manganowo-kobaltowych o strukturze spinelu MnxCosxO4 (x = 0, 0,5, 1, 1,5, 2) i zbadano ich
wiasciwosci pod katem aktywnosci elektrokatalitycznej reakcji utleniania tlenu w $rodowisku
zasadowym. Przygotowany prekursor byt kalcynowany w temperaturze 400°C, a nastepnie
600°C. W kolejnym kroku w celu rozdrobnienia ziaren, a zatem zwiekszania powierzchni
wiasciwej, proszki spineli byly mielone przy uzyciu kulek mielgcych (¢ = 3 mm) wykonanych
zYSZ. Za pomocg dyfraktometrii rentgenowskiej zbadano, ze w zaleznosci od stosunku
skladowych pierwiastkdw metalicznych spinel MnxCo3xO4 krystalizuje w strukturze regularnej lub
tetragonalnej. Ponadto w przypadku stechiometri MnCo204 badania wykazaty uzyskanie
dwufazowej mieszaniny tlenkdw Mn14Co01604 oraz CosOs w stosunku 7:3. Analizujgc obrazy
wykonane za pomocg mikroskopii TEM mozna wyodrebni¢ dwie grupy nanokrysztatow,
tj. o srednicach ziaren ponizej 50 nm oraz powyzej 100 nm. Analizy EDS pokazujg segregacje
pierwiastkbw pomiedzy poszczegdlnymi ziarnami, co dodatkowo potwierdza utworzenie
mieszaniny dwéch faz.

Seria przygotowanych materiatéw zostata zbadana pod kgtem elektrokatalizy reakc;ji
utleniania tlenu w 1 M KOH. Proszki tlenkéw spineli w postaci roztworéw z dodatkiem Nafionu
i wegla przewodzacego byly nanoszone za pomocg pipety na podfoze z pianki niklowej i w takiej
formie wykorzystywane jako elektrody pracujgce (anody) podczas elektrolizy wody. Wykazano,
ze dodatek Mn (maksymalnie do poziomu x < 1) do struktury regularnej Co3Os4 polepsza
wlasciwosci elektrokatalityczne tej grupy materiatdw. Najnizszy nadpotencjat reakcji OER
o wartosci 327 mV zostat osiggniety przez dwufazowg strukture Mn1.4Co1.604 oraz Co3Os. Za
pomocg pomiaréw chronopotencjometrycznych zbadano stabilnos¢ pracy katalizatoréw. Badania
wykazaly dobrg stabilnos¢, poréwnywalng z referencyjnym dwutlenkiem irydu, dla wszystkich
materiatdéw poza dwufazowym MnCo20a.

Do oryginalnych wynikéw zaliczam synteze zol-zel serii spineli manganowo-kobaltowych
dla celéow elekirokatalizy reakcji OER. taczgc kompleksowe badania strukturalne
i elektrochemiczne wykazatem, ze najwiekszg aktywnosc elektrokatalityczng posiada hybrydowa
dwufazowa mieszanina Mn14Co01604 oraz Co30s4 otrzymana podczas syntezy zwigzku
o stechiometrii MnCo0204. Co wiecej, aktywnosc ta jest obserwowana tylko dla $cisle okreslonej
mieszaniny, a nie dla poszczegdlnych faz.

W przedstawionej publikacji samodzielne przeprowadzitem synteze materiatéw oraz
przygotowatem elektrody niklowe z naniesionym katalizatorem. W dalszej kolejnoéci
przeprowadzitem cze$¢ pomiaréw elektrochemicznych. Ponadto odpowiadatem za analize
otrzymanych wynikéw, przygotowanie rysunkéw oraz napisanie manuskryptu. Jako autor
korespondencyjny zgtositem artykut do publikacji w czasopismie oraz przygotowatem poprawki

w odpowiedzi na recenzje.
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Spinel oxides
Water splitting

Stabilities of the electrodes were tested for 25 h, showing degradation of the MnCo,0,
powder, but no degradation, or even a slight activation for other spinels.

© 2020 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Among different hydrogen production methods, water elec-
trolysis seems to be a viable process to provide clean hydrogen
[1,2], especially when coupled with renewable electricity
production. The key point impeding the electrolysis process is
the sluggish oxygen evolution reaction (OER) kinetics of the
multi-electron charge transfer reaction resulting in high re-
action overpotentials [3,4]. For this reason, effective electro-
catalysts may be applied to accelerate the reaction and reduce
the overpotential. The most active catalysts for water splitting
reactions, hydrogen and oxygen evolution, are based on
precious elements: Pt and IrO,, respectively. Their low abun-
dance in the Earth's crust coupled with high costs significantly
limits those elements' application for water splitting
electrodes.

Recently, researchers have shown an increased interest in
3d transition-metals OER electrocatalysts, especially in oxides
with perovskite [5—7] and spinel structures [8—14], layered
double hydroxides (LDH) [15—17] and carbides [18—20]. For
example, She et al. reported an Sr(Cop gFeo 2)0.7B0.303_5 (SCFB-
0.3) perovskite realising ultrafast oxygen evolution with
overpotential (n) at 10 mA cm ™2 of 240 mV in 1.0 M KOH
aqueous electrolyte [21]. Cubic structure Co3;0, spinel nano-
particles with average diameters of 5.9 nm were synthesised
by Esswein et al. and demonstrated n of 328 mV at 10 mA cm ™2
in 1.0 M KOH [22]. One of the promising spinel group materials
is mixed-valent Mn,Co3.,O4 due to the possibility of tuning the
cation distribution by changing the synthesis parameters and
composition. Mn-Co spinels have interesting flexible proper-
ties and have been reported both for oxygen reduction [23] and
evolution processes. Han et al. fabricated mixed phases of Co-
and Mn-based oxides which for OER demonstrated n of
450 mV at 10 mA cm 2 in 1.0 M KOH with a low Tafel slope of
35.8 mV dec* [24]. The hybrid nanostructure of manganese
cobaltite/nitrogen-doped multi-walled carbon nanotubes
(MnyCos xO4,@NCNTs) was proposed by Zhao et al. and
exhibited an overpotential of 470 mV at 10 mA cm2in 0.1 M
KOH [25].

The physicochemical properties of the spinels can be
tailored by manipulating different cations and also by altering
their preparation methods. Spinels can be synthesised by
different approaches, including physical and preferably
chemical processes: hard-template [26], wet-chemical [27],
hydrothermal [28,29], solvothermal [30], spray pyrolysis [31],
co-precipitation [32], and sol-gel [22,33—35]. Depending on the
thermal history, the cation distribution may vary resulting in
data scattering and uncertainties.

In this work, series of MnyCos.xO4 (x = 0, 0.5, 1, 1.5, 2) spi-
nels were prepared by an ethylenediamine tetra acetic acid -

citric acid - ethylene glycol (EDTA-CA-EG) process, and were
tested as OER catalysts in an alkaline media (1M KOH). The
purpose of this study was to explore the relationship between
the Mn content in the Co-based spinel structure and its elec-
trocatalytic activity.

Experimental section
Powder synthesis

The spinel powders evaluated in this work were synthesised
via a sol-gel EDTA-citric acid-ethylene glycol method. The
initial compounds with thermogravimetrically standardised
cation content: Mn(NOj3),-4H,0 and Co(NO3),-6H,0 (analytical
grade) were dissolved in deionised water and added to a
mixture of CA and EDTA. The solution was stirred for 10 min
on a magnetic stirrer at room temperature. In order to avoid
the risk of citrate protonation or metal hydroxide precipita-
tion, the pH of the solution was sustained at a level of 6 by the
addition of ammonia solution (25% solution, POCH, Poland).
Ethylene glycol (EG, Aldrich) was added and the temperature
of the solution was increased up to 80 °C in order to initiate the
transesterification reaction, and was kept overnight until all
solvents evaporated, leaving a semi-solid gel. The specific
molar ratio of the reagents was maintained, ie.
TMIL:CA:EDTA:EG = 1:2:1:2 (TMI -Total Metal Ions). The obtained
gel was heated in a muffle furnace first at 130 °C to ensure the
evaporation of residual solvents. Subsequently, the gel was
pre-calcined at 400 °C, ground in an agate mortar and calcined
at a final temperature of 600 °C. The calcined powders were
ball-milled in isopropanol with yttria-stabilised zirconia (YSZ)
spherical grinding media (¢3 mm) for the purpose of
agglomerate defragmentation with the intention of improving
electrocatalytic performance [4]. After milling, powders were
dried in a laboratory drier at 100 °C in the air.

Powder analysis

Crystalline phases were identified by powder X-ray diffraction
(pXRD), conducted at room temperature on a Bruker D2 Phaser
diffractometer with CukK, radiation (A = 1.5404 A) and a Lyn-
xEye XE-T detector. The results were analysed by Rietveld
refinement using the Fullprof software package [36]. The.cif
files required to perform the analyses were downloaded from
the Crystallography Open Database [37,38]. Calculation of
MnOx-CoOx phase diagram in air was done utilising the
Thermo-Calc software [39] with the thermodynamic descrip-
tion of Co-Mn-O developed by Weiland [40]. FEI Quanta 250
FEG, and Thermo Fisher Phenom XL scanning Electron
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Microscopes (SEM), and a Cs-corrected Titan Cubed G2 60-300
(FEI) Scanning Transmission Electron Microscope (S/TEM)
were used to investigate the morphologies and chemical
composition (using the ChemiSTEM EDX system based on 4
windowless Silicon Drift Detectors (Super X) of the as-
prepared powders). The powders for TEM investigations
were prepared traditionally: a drop of a water suspension
containing the powder was placed onto a copper grid followed
by vacuum drying. The specific surface areas were determined
by means of the 10-point Brunauer—Emmett—Teller (BET)
method: the N, adsorption isotherms were measured by a
Quantachrome Instruments Autosorb iQ analyser. Assuming
a spherical geometry, the mean sizes of the powders’ particles
were calculated by the following equation:

4_ 6000 "

"~ Agrp

where d is particle diameter, Appr is the BET specific surface
area, and p is the theoretical density calculated based on data
obtained from Rietveld.

Preparation of electrodes for OER

Highly porous Ni foam (1.6 mm thick, 110 ppi, Shanghai Tankii
Alloy Material Co. Ltd., China) was cut into smaller samples in
the shape of a square with a working (active) area of 1 cm?
with an additional holding/electrical connection part. Before
the deposition of the catalyst inks, the nickel was cleaned in
deionised water and, subsequently in acetone for 5 min in an
ultrasonic bath. Then, the Ni foam was dried in a laboratory
drier at 100 °C in the air for atleast 1 h. The electrocatalystinks
were prepared by mixing 100 mg of the prepared spinel pow-
ders, 100 mg Timcal Super C45 Conductive Carbon Black
(Imerys, Belgium), and 6 ml of Ethyl Alcohol Absolut 99.8%
Pure (POCH, Poland). The prepared mixture was ball-milled for
24 h. Afterwards, the milling balls were rinsed with 4 ml of
ethanol and the powder drying step was skipped to avoid re-
agglomeration. After the milling step, 1 ml of 5% Nafion 117
solution was added to the mixture as an ink dispersant and a
catalyst binder [41,42]. At the end, the ink was sonicated in a
water bath for 30 min to obtain a homogeneous colloid. The
catalyst ink was pipetted onto the cleaned Ni foam to achieve
a mass loading of 1.3 mg, and dried overnight in ambient
conditions.

For comparison, reference IrO, (PK Catalyst, FuelCellStore,
USA) electrodes were prepared in the same manner as the
other ones.

Electrochemical tests

The electrochemical measurements were performed in a
three-electrode glass cell system in 1.0 M KOH aqueous solu-
tion. A HydroFlex reversible hydrogen reference electrode
(RHE) (Gaskatel, Germany), a Pt sheet, and a coated Ni foam
were used as the reference (RE), counter (CE), and working
(WE) electrodes, respectively. The electrochemical tests were
performed using an Ametek VersaSTAT 4 potentiostat/galva-
nostat/impedance meter. All measurements were carried out
at 25 °C, maintained by a Julabo F12 thermostat. Before each
measurement, the electrolyte was purged with high purity

argon for 20 min. After purging, the working electrode was
cycled between 1.1 V and 1.6 V vs. RHE at a scan rate of
100 mV s~* for 40 (example of activation procedure is shown
Fig. S1). This treatment reduces the activity of the electrodes
but allows to achieve stable performance and reproducible
results. Cycling voltammetry (CV) scans were performed in
the non-faradaic potential region from 1.15 V to 1.25 V (vs.
RHE) at scan rates of 10, 20, 40, 60, 80, 100 mV s~* in order to
estimate the double-layer capacitance (Cay). Then, the values
of Cq1 were used to assess the electrochemical active surface
area (ECSA) of the material [21,43]. To obtain the surface area
values from the specific capacitances, a reference capacitance
value of 40 uF cm 2 was assumed [44]. Linear sweep voltam-
metry (LSV) data were collected from 1.1 to 2.0 V (vs. RHE) at a
scan rate of 5 mV s~%. Electrochemical impedance spectros-
copy (EIS) measurements were carried out to investigate the
electrical properties of the materials, i.e. the charge transfer
resistance R. Measurements were performed in the fre-
quency range from 10 kHz to 0.1 Hz at 1.7 V vs. RHE with an
amplitude of 10 mV. For the quantitative analysis, a fitting to a
modified Randles equivalent circuit was carried out using the
Zview software. To evaluate the temporal stability of the
electrodes, chronopotentiometry was performed at
10 mA cm 2 for 25 h.

All potential values were iR-corrected to remove the effect
of solution resistance according to the equation Eir.corrected-

e iRyn, Where i is the current, and Ry, is an uncom-
pensated ohmic electrolyte resistance. The overpotential (n)
for the oxygen evolution reaction was calculated by the
following equation: n = E (10 mA-cm™2) — 1.23 V (vs. RHE). The
current density was normalised by the geometrical surface
area of the working electrode (1 cm?). The catalyst mass ac-
tivity at specific overpotential values was calculated by cur-
rent normalisation by the catalyst oxide loading (~1.3 mg).

Results and discussion
Catalyst characterisation

Mn,Co3.404 (x = 0, 0.5, 1, 1.5, 2) spinel powders were syn-
thesised by a EDTA-CA-EG process. Utilisation of the soft-
chemistry based synthesis method leads to powders with a
small particle size and high specific surface area, which is
beneficial for the catalysis. The powders’ morphologies,
observed by SEM, are presented in Fig. 1. Submicron particles
were obtained for all compositions. It was observed that the
introduction of Mn into the Co-based spinel results in finer
particles (enlarged images are shown in Fig. S2). This obser-
vation is confirmed by specific surface area (SSA-BET) mea-
surements. The specific surface area of the powders increases
on the addition of Mn with x = 0.5, and then decreases for a
higher Mn content. The Mn, sCo, s0, powder has the highest
specific area of 32.9 m? g~ Interestingly, for the Mn-rich
Mn,Co0,4 composition, the SSA is similar to the pure Co304
spinel, indicating a complex influence of the Mn on the par-
ticle size. Based on the SSA, particle sizes were calculated, and
the values are presented in Table 1. The obtained values are
consistent with the SEM images, denoting submicrometric
grains, with particles in the 30—100 nm range.
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Fig. 1 — SEM images of synthesised Mn,Co;.,0, powders (a) x =0, (b) x = 0.5, (c)x =1, (d) x =1.5and x = 2.

Table 1 — Properties of the prepa MnxCo3-x0, powders (EDS and BET analyses results

Material Theoretical ratio EDS analysis results Corresponding Surface  Particle diameter

Mn:Co Mn [at. %] Co[at. %] Mn:Co composition a;’eal1 [nm]

[m”g™ ]

Co304 = = 100 = Co304 9.6 103
Mng 5C05504 0.2 18.2 81.8 0.22 Mnyg 55C05.4504 329 30
MnCo,04 0.5 323 67.7 0.48 Mnyg 57C05 0304 17.6 59
Mn;5C01.504 s 46.9 5341 0.89 Mnj 41C01.5904 20.0 56
Mn,CoO4 2 65.4 34.6 1.88 Mn; 96C01.0404 9.5 124

In order to evaluate the chemical compositions of the
synthesised powders, EDS analyses were performed (quanti-
tative results are included in Table 1 and the obtained EDS
spectra are shown in Fig. S3). The Mn:Co ratios in the syn-
thesised powders were close to the desired ones.

In order to determine the crystallographic structure and
phase purity of the synthesised Mn,Co;,0, powders, X-ray
diffraction (pXRD) characterisation was performed, followed
by Rietveld refinement of the unit cell parameters. The pXRD
patterns are shown in Fig. 2, and the obtained results are
summarised in Table 2. For the Mn,Co0O, compound, all of the
diffraction peaks correspond to the tetragonal crystal struc-
ture (space group I41/amd), whereas all reflections for the
Co304 and Mng sCo, 504 compounds are indexed in the cubic
spinel phase (space group Fd3m). In the case of Mnj sC0, 504,
the peaks are broader, indicating a smaller crystallite size.
Similar phenomena was observed by Zhang et al. for MnCo,04
[45]).

The powder designated as MnCo,0,4, which was expected
to crystallise in a single cubic phase, shows the presence of

two phases. Analysis of the peaks reveals the formation of two
phases with similar structure (with the same space group).
The phases differ by cation composition and thus a shift of the
peaks is visible in the spectra. One of the phases (based on
lattice constant value) is similar to the pure Co304 phase, and
the other must contain the Mn and Co. The elemental content,
i.e. the Mn:Co ratio in the powder, has been confirmed by EDS,
as presented in Table 1. For this particular cation ratio, a single
cubic phase is expected as presented in the literature [46—48].
By rough analysis of the peaks’ intensity, the amount of Co30,4
phase in the mixed powder is estimated to be ~30 vol%.
Assuming that some of the Co atoms were consumed to form
the pure Cos04 phase, the rough calculation of the stoichi-
ometry of the second phase is Mn; 4C01 604.

In order to verify the result, the synthesis of the spinel was
repeated, and the same result was obtained. In order to
exclude possible influence of a too-short annealing step, an
additional thermal annealing step was carried out. The pow-
ders were subjected to a second heat treatment of 600 °C for
2 h, yielding the same mixed structure (Fig. S4). Therefore the
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Fig. 2 — XRD patterns of synthesised Mn,Cos_x0, powders (a) and partially enlarged patterns (b), cubic (c) and tetragonal (d)
spinel unit cells, e) calculated MnOx-CoOx phase diagram in air based on the thermodynamic description in the literature

[40].

Table 2 — Rietveld analysis results. Cubic/tetragonal phase contribution (weight fraction(%)) and unit cell parameters.

Material Cubic phase (Fd3m) Tetragonal phase (141/amd) ac [A] ar = by [A] cr [A]
C050,4 100% - 8.086(1) = =
MnosC050;  100% = 8.1246(3) - =
MnCo,0,4 100% = 8.1926(4) (Mn; 4C0; ¢04) = =

~70% Mn; 4C0; 604 ~302% C0304 8.0812(4) (Co304)
Mn;sCo;s0s  85% 15% 8.2669(5) 5.7426(4) 9.2583(5)
Mn,Co0, = 100% = 5.7270(2) 9.2797(4)

structure of the spinel is reproducible. For the spinel initially
designated as MnCo,0y, to highlight the phase composition of
the powder, the name “dual-phase MnCo,04” spinel will be
used in the remainder of the work.

We postulate, that the mixed-phase composition of the
dual-phase MnCo,0, spinel (Co304+Mn 4C0, 604) results from
the use of a modified EDTA-CA-EG powder synthesis method.
When utilising a pure EDTA-CA synthesis method (with no
EG), only a single cubic spinel was produced (results included
in Fig. S5, full results will be reported elsewhere). Interest-
ingly, the single phase MnCo,0, powder revealed much lower
performance towards OER than the dual phase powder.
Apparently, due to the different binding/chelating powers of
the acids/EG, different powders were produced.

The powder with the intended stoichiometry of
Mn; sCo1.504 consisted of two phases: cubic (85%) and tetrag-
onal (15%), while the Mn,CoO,4 was entirely tetragonal. These
powders have structures according to the reported ones.

Calculation of MnOx — CoOx phase diagram in the air was
performed in order to compare structures of prepared pow-
ders with theoretical data. According to Fig. 2e, Mn has four
different oxides, from low to high temperature, MnO,, Mn,03,
tetragonal Mn;0, spinel and cubic Mn;04 spinel, while Co has
two stable oxides, cubic CozO4 spinel and CoO. Tetragonal
Mn3;0, spinel has limited Co solubility, while the two cubic
spinels are mutually soluble. In general, the phase diagram
does not predict the existence of a single phase only material
at room temperatures (other than pure Co3;04 spinel). For the

mixed Mn-Co compositions at room temperature, a mixed
phase system composed of tetragonal MnO,-cubic Mn-Co
spinel are predicted.

For comparison, Brylewski et al. have synthesised and
analysed Mn, 4Co,.,O, withx =0, 0.25,0.5,0.75,1.0, and 1.5 by
EDTA-gel processes [49]. In their work, the Mn;sC01504
powders were composed of mostly the tetragonal phase
(~68%) and the remaining, cubic phase (~32%). For the
MnCo,0,4 and Mn; ,5C04 7504, only a cubic phase was detected.
The lattice constant for the latter spinel was reported to be
8.31 A, while for the Mnj15C01.8504 spinel reported in this
work, a = 8.19 A. Talic et al. performed the characterisation on
sintered pellets, which can give different results to powder
analysis [50]. In other work, Bobruk et al. have analysed
Mn, ,Co, 04 powders synthesised by different soft-chemistry
methods [51]. The cation composition is thus quite similar to
the one obtained for the Mn-containing phase in the MnCo,0,4
designated sample. For XRD, the powders were calcined at
800 °C. Interestingly, depending on the precipitation agent
used, either single or double phase materials were obtained.
This highlights the complex nature of the spinels, and the
possible effects on their structure. For the case where the pure
cubic spinel phase was obtained (using EDTA as the precipi-
tation/chelating agent), the lattice parameter was ~8.20 A, so
comparable with the one obtained in our study.

In order to further characterise the catalyst with the
nominal composition of MnCo,0,, transmission electron mi-
croscopy (TEM) analyses were performed. Fig. 3 (and Fig. S6)
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Fig. 3 — HAADF-(S)TEM images (a—d) and corresponding SAED (i) and HRTEM (j) patterns of the dual-phase MnCo,0, powder.
TEM-EDS elemental maps (e—h) of oxygen (f), manganese (g), and cobalt (h).

presents high-angle annular dark-field (HAADF) images, a
TEM-EDS elemental analysis, and selected area electron
diffraction (SAED) patterns. From the TEM images, it can be
observed (Fig. 3a and b) that the synthesised material consists
of nanocrystals in two size ranges i.e. < 50 nm and >100 nm.
EDS mapping shows that Co and Mn are mutually well
dispersed in the powder volume in the case of the small par-
ticles (Fig. 3e). Additionally, the HRTEM image (Fig. 3j) reveals
the lattice fringes with an inter-planar spacing of 0.25 nm,
corresponding to the <311> plane, and 0.47 nm, corresponding
to the <111> plane of the Mn,;4Co;¢04 phase. The SAED

patterns confirm the well-defined polycrystalline structure of
MnCo,04. TEM/EDS analysis of the larger particles confirms
that the larger particles are composed of mostly pure Co oxide,
as previously discussed, based on the XRD results. The smaller
particles contain more Co than Mn. The MnCo,0, powders
thus consist of very fine (<30 nm diameter) Mn, 4Co4604 par-
ticles and larger (>100 nm diameter) CosO4 particles.

For the electrochemical study, the produced spinel oxides
were deposited on highly porous nickel foam substrates
(porosity > 95%). For the determination of the coating quality,
i.e. the homogeneity of catalyst distribution, scanning

Fig. 4 — Electrodes used in electrochemical tests: (a) bare Ni foam, (b) Ni foam coated with dual-phase MnCo,0, catalyst.
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Table 3 — Comparison of OER activity data for examined catalysts.

Electrode material natJ=10mAcm ?[mV] Tafelslope [mVdec '] Re [2cm?  ECSAgps [cm? ECSAg [m?g ]

Ni foam 388
Co304 368
Mn 5C02504 345
dual-phase MnCo,0, 327
Mn; 5C01.504 S
Mn,CoO, 399
Ir0, 289

73
75.5
74.3
789
/910
789
82.2

223 43 3.8
0.98 75 5.8
0.78 78 6.0
0.69 143 11.0
1.06 85 6.5
152 53 41
1.29 115 8.8

electron and visible light microscopy analyses were per-
formed. Images of the Ni foam before the catalyst deposition
and after the catalyst deposition are presented in Fig. 4. The
nickel foam had visible grains within a size range of 5-20 ym.
The prepared catalyst ink was distributed evenly over the
active area of the porous foam, the surface coverage being
very uniform. The total amount of the catalyst spinel powder
was ~1.3 mg. SEM images confirm the uniform microstructure
of the catalyst, with no agglomerates visible.

Evaluation of electrocatalytic activity for OER

The electrocatalytic OER performance of the MnyCos.4x04 spi-
nels was investigated in 1.0 M KOH solution. For comparison,
pure Ni foam and Ni foam coated with commercial IrO,
catalyst were also examined. Based on the LSV polarisation
curves presented in Fig. 5a, it can be observed that all of the
spinel catalysts outperformed the pure Ni foam electrode.
Among the spinels, the lowest performance was determined
for the tetragonal Mn,CoO,, whereas the best performance
was found for the dual-phase MnCo,0; material (CosO4/
Mn; 4C01.604).

The electrode overpotential determined at 10 mA cm™2
Tafel slope, R, and ECSA are the most common parameters
determined and used to assess the catalytic performance of an
electrode towards OER. These values obtained for the studied

a) 240]
220 4 ——Ni foam .
200 - =00, X
tt T MnDSC°2504 g
180 ¥
S dp-MnCo,0, O
g 0] Mn, Co, O, s
o 140 A N
£ 1201 ====Mn,CoO,
< |r02
E. 100
= 8o
60
40
20
(o[ L O
T T T T T
13 14 15 16 1.7 1.8 19

E vs. RHE [V]

materials are summarised in Table 3. The results indicate that
the lowest overpotential (n) at 10 mA cm 2 of 289 mV was
exhibited by IrO, but its performance weakened at higher
overpotentials compared to the other synthesised spinels.
Pure tetragonal Mn,CoO, spinel showed very low catalytic
activity, the overpotential was even slightly higher than the
overpotential obtained for the pure nickel. Therefore, this
phase can be considered inactive towards OER. The activity
obtained for the pure CozO4 spinel was slightly better in
comparison to the nickel foam. For the Mn, sCo; sO4, Which
was a mixture of the tetragonal and cubic phases, the per-
formance was comparable to the Co;0, catalyst.

The dual-phase MnCo,0, exhibited the lowest n of 327 mV.
Since it was a mixture of C0304 (~30 vol%) and Mn, 4C04 604
(~70 vol%), with the former being only a mediocre catalyst
(LSV curves obtained for dp-MnCo,04 and sp-MnCo,0,4 are
compared in Fig. S7), either the latter has very high activity or
there exist some synergistic interaction between the two
phases. Also, as based on the TEM analyses, the Mn-Co phase
in the mixed catalyst had a much finer structure, preferable
for the surface-driven OER. In any case, the dual-phase spinel
designated as MnCo,0, is an interesting alternative to the
state-of-the-art IrO, in the role of OER catalyst.

From Fig. 5b, it can be seen that the Tafel slopes for all
measured spinels are very similar (70—80 mV dec?) and are
slightly lower compared to IrO,. The results indicate that the

500 -
b) m N foam 73.1 mV dec’
450 - * Co0, s 78.9 mV dec’
¢ Mn,Co, 0O, ...,H'
¢ 75.5 mV dec’
400+ SRERACE, u'... 74.3 mV dec”
Mn1 5001.504 o*®
3504 * Mn,CoO,
= Iro, 2
£ 3004 j
= A
2504 +
200+
150

T T

-05 0.0 0!5 170 1.5 20
log(J [mA cm™2])

Fig. 5 — (a) Polarisation curves, (b) Tafel plots. All tests were performed in 1.0 M KOH electrolyte.
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Fig. 6 — (a) Double layer capacitance, (b) EIS spectra at potential of 1.7 V vs. RHE. All tests were performed in 1.0 M KOH

electrolyte.

OER mechanism for all of the spinels is similar. The values of
the Tafel slopes are characteristic for the limiting process of
the electrochemical reaction. The value of 120 mV dec™* rep-
resents the limiting process of the first electron transfer step,
the slope of 60 mV dec™" is caused by the chemical step, and
finally, the value of 40 mV dec™! is representative of the sec-
ond electron transfer step [52—54]. The values obtained in this
work point to a possible mixed mechanism, with a strong
influence of the chemical step.

Fig. 6a presents the relationship between the current
density and scan rate obtained from cycling voltammetry (CV
curves are shown in Fig. S8). Double layer capacitances were
used for the calculation of the electrochemically active sur-
face areas (ECSAs) of the catalysts. The collected data was
used to calculate Cg), and consecutively ECSA (Table 3). The
ECSA increases with the addition of Mn in the MnyCo3.xO4
spinel structure for x < 1, but then the trend reverses. The

ECSA demonstrates that the dual-phase MnCo,04 has the
highest number of active sites, which may be an explanation
for its superior OER activity among the prepared spinels. It is
important to note that ECSA of MngsC0,504 and Coz04 are
almost the same, while the BET specific surface area of
MnsCo, 504 is 3 times higher than that of Coz04. This in-
dicates that the number of active sites does not correlate with
the specific area of the material.

For example, Fe:Ni(OH,)/NF integrated catalysts have an
ECSA of 18.04 cm? (for 3 x 1 cm? nickel foam) [55]. Commer-
cially available spinel nanoparticles of Co304 and Mn;O4
(Sigma Aldrich), have an ECSA of 0.19 and 0.49 m® g%,
respectively [56]. For comparison, Zhu et al. reported a
SrNbg 1Cog sFeg 2035 perovskite nanorod with a high ECSA of
175 m? g ' [57].

Additionally, the EIS was employed in order to study the
electrochemical properties of the material in more detail.

e

a) b)
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Fig. 7 — Mass and surface specific catalytic activity at n = 327 mV (a) and at n = 442 mV (b) and (c) specific surface activity of

catalyst powders.
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Nyquist plots obtained by EIS are shown in Fig. 6b. As might be
predicted, the dual phase MnCo,0, demonstrates the semi-
circle with the smallest diameter, which indicates the lowest
charge transfer resistance among all of the spinels, and results
in superior OER activity. The Rg(CPE-Ry,) equivalent circuit was
chosen based on the literature reports [3,30,58]. The trend of Re¢
(Table 3) correlates with the trend of n at 10 mA cm 2 i.e. the
catalyst with a lower R, reveals higher OER performance (lower
n) due to the faster charge transfer kinetics. The relation sug-
gests that improved charge transfer may be one of the main
factors determining OER performance in Mn,Cos.4O, spinels.

Based on the above discussion, it seems that the perfor-
mance of the MnCo204 spinel, which is in reality a dual-phase
compound consisting of Co304 and Mnj15C018504, is the
highest one based on the metrics shown. In the following
discussion, other performance metrics are shown, indicating
the complex nature of catalyst benchmarking. Namely, the
specific weight of the catalyst and its surface area (based on
BET) are used.

Fig. 7a and b present the specific mass activities of the
catalysts determined at the n = 327 mV and n = 442 mV
(values of n for dual-phase MnCo,04 needed to achieve a
current density of 10 mA cm ™2 and 150 mA cm™2, respec-
tively). In addition, the surface-specific activity was calculated
based on the determined BET surface areas and the results are
presented in Fig. 7c.

Dual-phase MnCo,0,4 exhibits the highest mass activity
among the Mn,Cos3.,O4 spinels and, more importantly, at
higher potentials, the dual-phase MnCo,0; performance
significantly surpasses the performance of IrO,. The mass
activity of the dual-phase MnCo,0, at n = 442 is 115 A g%,
which is about 2.3 and 1.4 times higher than the values for
Co304 and IrO,, respectively. For instance, Wang et al. re-
ported the mesoporous MnCo,0, exhibiting a mass activity of
20.6 mA g ' at 1.6 vs. RHE measured in 0.1 M KOH [59]. On the
other hand, Chen et al. have reported mass activities of

1000—9000 A g~* for amorphous BSCF [60]. These very high
performances were obtained on 1 nm—20 nm thick films, so
their scalingand thus direct comparison to the values with the
powder-based catalysts are questionable.

When comparing the surface-specific (BET adjusted) cata-
lyst performance, presented in Fig. 7c, the overpotential
values determined at 25 pA cm2 are quite similar, no large
differences are noticed. The lowest overpotential values are
obtained for the IrO, reference catalyst, followed by the
MnCo,0, catalyst. In this case, it would mean that the per-
formance gain is caused by the extended specific surface area
of the powders obtained for Mn-containing compounds.
However, this is not entirely true, as the ECSA does not scale
linearly with the BET area, and the comparisons are more
complex and require further studies.

The catalysts’ durability was evaluated by chro-
nopotentiometry tests at a 10 mA cm™2 current density per-
formed for 25 h. From the plots presented in Fig. 8 a) it can be
seen that all electrodes exhibited an initial large increase of
potential in the first 1-2 h. This can be possibly caused by the
formation of sticking O, bubbles on the electrode surface, and
thus decreasing the effective surface coverage. After a sta-
tionary state was achieved, the electrode degradation could be
discussed.

Up to ~10 h, the spinel materials demonstrated quite stable
behaviour. A segment of each plot corresponding to the last
5 h, where the degradation was relatively steady, has been
used to estimate the degradation rate. The results plotted in
Fig. 8 b) demonstrate a slight loss of performance with a rate of
around 0.3—2.5 mV h~%. MnCo,0, appears to be the least stable
spinel with a performance drop-rate of 2 mV h™. The refer-
ence IrO, catalyst shows the lowest initial overpotential and a
slow, but visible degradation rate. Notably, the spinels exhibit
better stability than the pure Ni foam electrode.

For a broader comparison with the data obtained in this
study, results recently reported in the literature for spinels

a) b)
Ni foam * Mn, Co, O,
175" ©Co.0, + Mn,CoO, 1 -
* Mn,Co, 0, . 10 25 i foam
MnCo,0, oeupmniARRatE STl | dp-MnCo,0, =
1.70 4 ISIRPPRRLILLY
u i e e as]| 2104
;165 oo -~
.z. . . ..--..n-e;wv""""""““ ' 1S i Co,0,
sedzzgsss Lepesss®® = ]
E 1.60 Ll o 104 Mn, Co, O, .
' w7 o, i
Mn_CoO
W) 0.5+ Mn15001504 zﬁ ¥
1.50 -7 T T T T T T T 0.0 — T T T T T T
0 10 15 20 25 280 300 320 340 360 380 400
t[h]

Overpotential at 10 mA cm™ [mV]

Fig. 8 — a) Potential profiles during chronopotentiometry at 10 mA cm~2 current density. b) Degradation rate estimated for

the last 5 h of stability test.
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Table 4 — Comparison of reported OER electrocatalysts, including Mn-Co spinels.

Catalyst Electrolyte Substrate nat 10 mA Tafel slope Catalyst's loading  Ref.
cm 2 [mV] [mVdec ] [mg cm 7]
Co304 1M KOH Ni foam 368 75.5 1.30 This work
MnCo,04 (Co304 + Mny 4C0;1 604) 327 78.9
C0304 5.9 nm Ni foam 328 = 1.00 [22]
Flower-like Co304 on Co foam Co foam 9273 61.8 = [62]
MnCo,04 Glassy Carbon (GC) 560 167 1.48 [64]
Ce-MnCo,04-3% 390 120.0 1.48 [64]
NiCo,0, nanoflowers with graphene 383 137 - [63]
MnCo0204@CoS nanosheets Ni foam 270 (@20 mA cm-2) ey - [61]
rod bundle-like NiCo,0, 320 59.3 1.0 [65]
Co304 1M NaOH Glassy Carbon — Rotating 500 60.9 [56]
NiFe,04 Disk electrode (GC-RDE) 510 = [56]
Mn;0, 430 60.9 [56]
MnCo;04@NCNTs 0.1M KOH 470 106.0 0.28 [25]
C0304/MnCo,0, nanocomposite 540 - - [66]
C0304/Ppy/RGO 300 105 <o)l [67]
MnCo,0, microspheres 510 55 0.051 [68]
Mn,CoO4 microspheres 600 64 0.051 [68]
mesoporous MnCo,04 400 90.0 — [59]
Mn,03 porous nanoplates Ni foam 420 81.0 = [27]

and Mn/Co-based materials are summarised in Table 4. The
presented data shows that the MnCo,0, on nickel foam syn-
thesised in this work by a EDTA-CA-EG method exhibit
improved or comparable electrocatalytic performance to re-
ported spinel-based electrocatalysts. The reached over-
potential of 327 mV at 10 mA cm 2 can be considered one of
the lowest reported for spinels. The lowest overpotential value
of 270 (at 20 mA cm™?) for a spinel/sulphide hybrid material in
the form of nanosheet was reported by Du et al. [61]. The
materials have however a somewhat higher Tafel slope of
~130 mV dec™. The very low overpotential of this hybrid
structure shows the great potential of combining spinels with
other materials for improved performance, also supported by
other good results [61-63].

Wang et al. have reported a relatively similar well-
dispersed nanocomposite of Co304,—~MnCo0,04. In 0.1M KOH it
showed a moderate performance of n = 540 mV at 10 mA cm 2
[66]. The catalyst was obtained by separate nucleation and
ageing steps (SNAS). Cheng et al. have studied room-
temperature synthesised nanocrystalline spinels MyMns ,O4
(M = Co, Mg or Zn) for ORR/OER reactions in 0.1M KOH [69]. The
authors described, that the low synthesis temperature pro-
vided higher electrocatalytic activity and that for OER, the
tetragonal phase was more active than the cubic phase.
Menezes et al. have compared Mn,Co0O4 and MnCo,0; in the
form of microspheres for OER and ORR reactions in 0.1M KOH
[68]. Interestingly, the Co-rich cubic compound outperformed
the Mn-rich spinel in OER, but the trend was reversed in ORR.
In addition, a study by Rios et al. reported that increasing the
content of Co in MnyCo3 404 (0 < x < 1) improved the OER rate,
which was related to the higher Co*" content in the spinel
structure [70]. In their case, the best performance was ob-
tained for a pure Co304 spinel. As reported by Wei et al. [47],
tetragonal spinel Mn,CoO, could be expected to exhibit the
highest OER catalytic activity, which was not the case in this
study.

The differing and sometimes contradicting results ob-
tained by different groups indicate the possible influence of
the preparation of the catalyst and measurement procedures
on determining the electrocatalytic properties. As pointed out
by Wei et al. [47] (for the Mn-Co spinels), and Zhou et al. [71] (in
the case of MnFe,0,), changes in the annealing temperature of
the powders can result in oxidation of Mn?" to Mn®*' and
transfer from tetrahedral to octahedral sites in the lattice.
Thus the comparison and discussion are altered by the prep-
aration, thermal history and measurements methodology.
More studies are required in order to clarify the observed
differences.

The good catalytic properties of the heterogeneous hybrid
structure of Co30, and Mn; 4Co04 604 spinels (n of 327 mV at
10 mA cm™?) can result from various factors. Firstly, the addi-
tion of Mn causes the powder's grain refinement with a mean
particle diameter smaller than 100 nm (determined by BET).
Based on TEM, the smaller particles attributable to the mixed
Mn-Co phase are smaller than 50 nm. The grain refinement is
directly related to the increase of the BET surface area. Esswein
etal. determined that the overpotential for water oxidationata
constant current density of 10 mA cm 2 decreases by ~50 mV
with the increase of catalyst's surface area by an order of
magnitude [22]. The ECSA calculated from the electrode's
double-layer capacitance is the highest for the electrode coated
with dual-phase MnCo,0, catalyst (143 cm?). When recalcu-
lated per weight of the catalyst (~1.3 mg), the mass-specific
ECSA of the dual-phase MnCo,04 is ~11 m? g~*. Compared to
other reported catalysts, this value seems relatively high.

Additionally, dual-phase MnCo,0, exhibits the lowest
charge transfer resistance of 0.69 Q cm?, which indicates a
much higher conductivity compared to other Co-Mn-O cata-
lysts [24]. A combination of a dual-phase structure, relatively
high specific surface area and the high conductivity of
MnCo,0, are the possible explanations of its remarkable ac-
tivity compared to other stoichiometries [72].
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Conclusions

Mn,Cos.xO, spinel powders were fabricated via a facile EDTA-
CA-EG method. The powders were analysed for their surface
area, chemical and phase composition, and their electro-
catalytic properties towards oxygen evolution reaction.

The performed electrochemical studies indicated that the
low content (x < 1) of Mn in Mn,Co3.,O4 enhances its catalytic
activity towards OER in an alkaline medium by increasing the
number of active sites and lowering the charge transfer
resistance. The highest initial performance has been reported
for the spinel with the nominal MnCo,0, designation, which
has been revealed to consist of two cubic phases: Co304
(~30 vol%) and Mn; 4C01.604 (~70 vol%). This particular mate-
rial shows very high activity, not explainable by simple addi-
tive properties of the two phases. The effects of BET and ECSA
surface areas on the OER activity were investigated. Except for
MnCo,0,, all prepared materials revealed relatively good sta-
bility with degradation rates similar to IrO, Future work will
focus on further studies of the effects of the synthesis and
microstructure of the spinels on their electrocatalytic activity.
Studies of dual-phase materials seem a promising route for
further lowering and understanding the complex OER
phenomena.
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Fig. S1 - Electrochemical activation of dp-MnCo020, electrode by 40 CV scans between
1.1 to 1.6 V vs. RHE at scan rate of 100 mV s™'.
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Fig. S2 — Enlarged SEM images of synthesised MnsCo03.x04 powders. Magnitude 50 000x.
a) x=0, b) x=0.5, c) x=1, d) x=1.5, e) x=2.0.
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Fig. S3 — EDS spectra of synthesized MnxCo03-xO4 powders. A) x=0, b) x=0.5, c) x=1, d)

x=1.5, e) x=2.0.
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Fig. S4 — Comparison of XRD patterns of synthesised sp-MnCo,0, before and after

additional heat treatment.
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Fig. S5 — XRD patterns of synthesised sp-MnCo020, dp-MnCo0.0,4 powders synthesized by
EDTA-CA and EDTA-CA-EG synthesis method, respectively.

Fig. S6 - HAADF-(S)TEM images (a-d) and corresponding SAED (e,f) patterns of the dual-
phase MnCo0204 powder. TEM-EDS elemental maps (g-j) of cobalt (h), manganese (i), and

oxygen (j).
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Fig. 87 —dp-MnCo02,0, and sp-MnCo0204 LSV polarization curves comparison.
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Fig. S8 — Cyclic voltammetry curves in a capacitive current region (1.15 - 1.25 V vs. RHE)
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4.2 Tuning of eq4 electron occupancy of MnCo:04 spinel for oxygen evolution reaction by

partial substitution of Co by Fe at octahedral sites

W przedstawionej publikacji kontynuowane byly prace nad zastosowaniem i ulepszeniem
spinelu MnCo204 jako katalizatora reakcji OER w $rodowisku zasadowym. Jako metode
modyfikacji materiatu zbadano wptyw dodatku Zelaza w strukturze krystalicznej spinelu na jego
wiasciwosci fizykochemiczne i aktywnosé elektrochemiczng. W tym celu za pomocg syntezy
zol-zel wytworzono serie proszkow MnCozxFexOs (x = 0,125; 0,250; 0,500; 0,750; 1,000),
w ktorych atomy kobaltu byty podstawiane przez atomy zelaza.

Wiasciwosci fizykochemiczne otrzymanych materiatow byly badane za pomoca szeregu
technik tj. dyfraktometrii proszkowej XRD, skaningowej i transmisyjnej mikroskopii elektronowej
SEM i TEM, rentgenowskiej spektroskopii fotoelektronéw XPS, rentgenowskiej spektroskopii
absorpcyjnej XAS, spektrometrii FTIR oraz spektroskopii ICP-OES. Materiaty o zawartosci zelaza
do x=0,5 odznaczaly sie czystoscig fazowa, natomiast przy wiekszych ilosciach zaobserwowano
wystepowanie niewielkich iloSci zanieczyszczen w postaci tlenkdw manganu i zelaza. Ziarna
proszkéw po rozmieleniu za pomocg kulek z YSZ posiadaty nieregularny ksztatt o srednicach
mieszczacych sie w zakresie 50-200 nm. Za pomocg metod spektroskopowych zbadano, ze na
powierzchni proszkdw Mn przyjmuje gidwnie +3 stopien utlenienia, co sugeruje jego
wystepowanie w pozycjach o koordynaciji oktaedrycznej. Wazng obserwacjg jest, ze podstawianie
zelaza w miejsce kobaltu, ktéry domyslnie wystepuje na +2 i +3 stopniu utlenienia, nastepuje tylko
dla kationéw na +3 stopniu utlenienia. Sugeruje to, ze zelazo podstawiane jest za kobalt tylko
w pozycjach o koordynacji oktaedrycznej, natomiast w pozycjach skoordynowanych
tetraedrycznie pozostaje wytgcznie kobalt.

Analiza aktywnosci elektrokatalitycznej zostata przeprowadzona za pomocag wirujgcej
elektrody RDE-GC w elektrolicie 0,1 M KOH. Sprawdzono, ze podstawianie zelaza do x = 0,5
skutkuje obnizeniem nadpotencjatu oraz nachylenia krzywej Tafela. Dalsze zwiekszanie dodatku
zelaza powoduje nagte pogorszenie aktywnosci elektrokatalitycznej OER. Korzystajgc
z normalizacji gestosci prgdu wzgledem powierzchni wiasciwej kazdego z materiatow
zauwazono, ze rozktad aktywnosci elektrokatalitycznej w funkcji zawartosci zelaza tworzy krzywa
typu ,volcano”. Zalezno$¢ tg mozna powigzaé ze srednig liczbg elektronéw na zdegenerowanym
orbitalu eg kationdbw w pozycjach oktaedrycznych, gdzie najwiekszg aktywnos$é posiadajg
materiaty, dla ktorych liczba ta wynosi 1.

Dla materiatu wykazujgcego najnizszy nadpotencjat, tj. MnCo1.5Feo.504 przeprowadzono
testy stabilno$ci w ukfadzie laboratoryjnego elektrolizera. Wykazano stabilno$¢ pracy w czasie
minimum 48 h.

Moim osiagnieciem jest zwiekszenie aktywnos$ci elektrokatalitycznej spinelu MnCo20s4,
otrzymanego za pomocg metody zol-Zzel, poprzez modyfikacje jego stechiometrii podstawiajgc
zelazo w miejsce kobaltu. Badania, ktére wykonatem wykazaty, ze dziatanie takie wptywa na

zmiane wiasciwosci fizykochemicznych materiatu z zachowaniem stabilnosci pracy.
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W przedstawionym artykule samodzielnie przeprowadzitem synteze materiatébw oraz
przygotowatem elektrody RDE z naniesionym katalizatorem. W dalszej kolejnosci
przeprowadzitem  pomiary  elektrochemiczne. Przeprowadzatem  réwniez  pomiary
spektroskopowe w zakresie migkkiego promieniowania rentgenowskiego na linii badawczej PIRX
w Narodowym Centrum Promieniowania Synchrotronowego SOLARIS. Ponadto odpowiadatem
za analize otrzymanych wynikéw, przygotowanie rysunkow oraz napisanie manuskryptu. Jako
autor korespondencyjny zgtositem artykut do publikacji w czasopismie oraz przygotowatem

poprawki w odpowiedzi na recenzje.
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To study the effect of partial Co substitution by Fe in the B-site of MnCo,04 spinel on its
physicochemical and electrochemical properties, a series of MnCo,.«Fe,O, powders
(x = 0.125; 0.250; 0.500; 0.750; 1.000) were synthesized by means of the sol-gel method. The
produced powders were characterized by powder X-ray diffraction (pXRD), scanning and
transmission electron microscopy (SEM & TEM) coupled with energy dispersive spectros-
copy (EDS), X-ray photoelectron and absorption spectroscopy (XPS & XAS), Fourier trans-
formed infrared spectroscopy (FTIR), and inductively coupled plasma optical emission
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substitution with Fe.

spectroscopy (ICP-OES). The electrocatalytic activity towards oxygen evolution reaction
(OER) was evaluated in an alkaline environment (0.1 M KOH). From our findings, the activity
increased with the addition of Fe up to x = 0.5, characterized by a decrease of overpotential
at 10 mA cm g0 from 406 mV for MnCo,0,4 to 376 mV for MnCo;.sFey.s04, with a corre-
sponding 44 mV dec* Tafel slope. It was identified that the OER-specific activity exhibits a
volcano-type shape as a function of the ey occupancy at octahedral sites tuned by Co

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The development of highly efficient energy storage and con-
version technologies is crucial to meet the growing energy
needs and to reduce the human impact on the environment.
Hydrogen is prominent as a clean and abundant sustainable
energy carrier and fuel [1-3]. Electrochemical water splitting
is a promising process due to the abundance of the reaction
substrate and safety of the byproduct, i.e. water and molecular
oxygen, respectively. The efficiency of electrocatalytic water
splitting is limited by its high energy consumption related to
the overpotentials needed to sustain the electrolysis half-
reactions: the cathodic hydrogen evolution reaction (HER)
and the anodic oxygen evolution reaction (OER). Among these
two processes, the OER is more challenging due to the sluggish
kinetics and is thermodynamically less favorable, which is
associated with the four-electron/proton-coupled transfer
reaction pathway [4,5]. Therefore, the development of low-
cost, highly active OER catalysts is an important task to
reduce the reaction overpotentials, and hence the energy
consumption of water splitting systems [6,7].

Transition metal oxides with the formula AB,04 (Where A
and B are transition metal ions), named spinels after the
representative MgAl,0,4, have found interest in energy con-
version systems due to their exceptional electrocatalytic
properties [8,9]. Spinel oxides are composed of A-O tetrahe-
drons and B—O octahedrons, where A and B can contain the
same or a different metal element. The valence equilibrium is
maintained if cation A is in the +2 or +4 oxidation state and
cation Bis in the +3 or 42 oxidation state. Knowing the crystal
field stabilization energy (CFSE) and ionic radii of the ele-
ments, one can “design” the spinel structure, predicting the
positions of its constituent elements, and hence the valence
state and electronic structure [10,11]. Various compositions,
morphologies, structures, and valence states can be obtained
through the deliberate choice of the preparation method. In
brief, spinel oxides can be prepared by solid-phase [12,13],
solution-phase [14,15] and vapor-phase methods [16—-18].

One of the spinels with flexible applications is the man-
ganese cobaltite spinel: MnCo,04, which can be fine-tuned by
chemical modifications [9]. Commonly, MnCo,0, is described
as an inverse spinel with the Mn cations preferring to occupy
the octahedral site. Depending on the preparation method
and thermal history, its physicochemical properties can be
modulated by induced cationic distribution changes. Wei et al.
synthesized MnCo,0, at 150, 300, 400, 500, 700, and 900 °C and
observed that the average Mn valence state ranges from +3.2

to +3.7 depending on the synthesis temperature [19]. The OER
studies exhibited a volcano shape of activity as a function of
the Mn valence state with the peak of the trend around +3.
Wang et al. employed the spray-pyrolysis route to prepare a
mesoporous MnCo,0, bifunctional oxygen electrocatalyst
[20]. Both Mn,0s-like performance for oxygen reduction re-
action (ORR) and Co;04-like activity for OER were observed.
The notable bifunctional activity resulted from the preferred
Mn'V- and Co™-rich surface attained by the surface state en-
gineering approach. A series of Fe-substituted ZnFe,C0,.404
was prepared by Zhou et al. [21]. Fe substitution at 10—30 at.%
facilitates the injection/extraction of electrons from oxygen.
As a result, enlarged Co 3d and O 2p covalency occurred,
associated with enhanced OER activity.

The ternary Mn—Co-Fe spinel oxides have already
exhibited the promising properties for application in sus-
tainable energy field. Liu et al. have synthesized the series of
MnCo,.<Fe,0,4 (x = 0—0.7) spinel oxides by solid-state reaction
for SOFC interconnect coatings. The Fe doping stabilized the
cubic spinel structure and decreased the electrical conduc-
tivity obeying the small polaron hopping mechanism at 800 °C
in air [22]. Elkholy et al. reported the ternary MnCoFeO,
nanoparticles for high-performance supercapacitor applica-
tion, exhibiting high energy and power densities with excel-
lent long-term stability [23]. Kim et al. presented that the
redox potential of mnCoFeO, differs than of mixture of
component spinels (Co304, Fe304, Mns0,) [24]. Furthermore,
they demonstrated an economically viable approach for
fabrication of high-performance MFC based anodes for
lithium rechargeable batteries. However, to our knowledge,
there is a lack of complex studies of ternary Mn—Co—Fe spinel
oxides, with emphasis on optimal Co: Fe ratio, for OER elec-
trocatalysis application.

Herein, we studied the effect of partial Co substitution by
Fe in the B-site of MnCo,04 on the physicochemical and
electrochemical properties. A series of MnCo, 4Fe,O4 powders
(x = 0.125; 0.250; 0.500; 0.750; 1.000) were synthesized by a
facile sol-gel method. All materials were examined for their
structural properties and OER electrocatalytic activity in an
alkaline electrolyte (0.1 M KOH).

Experimental section
Materials synthesis

Iron-substituted manganese cobaltite spinel oxides were
prepared by a sol-gel EDTA-Citric Acid method similarly to in

-76 -


http://mostwiedzy.pl

A\ MOST

8856 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 8854—8866

previous work [25]. Analytical grade Mn(NOs),-4H,0,
Co(NO3),-6H,0, and Fe(NOs)3-9H,0 were dissolved in a mini-
mum amount of deionized water in the right proportions to
obtain stoichiometric products. In parallel, citric acid (CA) and
ethylenediaminetetraacetic acid (EDTA) were dissolved in
deionized water with the addition of an ammonia solution to
allow EDTA dissolution. The specific molar ratio of the re-
agents was maintained, i.e. TML:CA:EDTA = 1:2:1 (TMI —Total
Metal Ions). The prepared solutions were mixed together and
stirred on a magnetic stirrer at room temperature for 10 min
and ammonia solution was added to maintain a pH level of 6.
The precursor solution was heated to 90 °C and maintained
under magnetic stirring for ~5 h until a dark gel was formed.
The gel was transferred to a laboratory drier and dried at 90°
for2h, at120°Cfor5 h, and at 180 °C for 5 h. The obtained dry
powder was ground in an agate mortar, placed in an alumina
crucible and calcined in a muffle furnace in air at 400 °C for 1 h,
again ground in the agate mortar, and further heat-treated in
air at 800 °C for 2 h. The calcined powders were ball-milled in
ethanol for 144 h (Zoz Gmbh, Rollermill RM1) in 20 mm
diameter glass vials using yttria-stabilized zirconia (YSZ)
spherical grinding media (91 mm) with a rotation speed of
100 rpm for agglomerate defragmentation to improve the
electrocatalytic performance.

Characterization

Powder X-ray diffraction (pXRD) was conducted at room
temperature on a Bruker D2 Phaser diffractometer with CuKa
radiation (A = 1.5404 A) and a Lynxeye XE-T detector in the
range from 5 to 110° with 0.01° step size. Unit cell parameter
calculation was performed by Le Bail refinement using the
Fullprof software package [26]. Weight fractions of additional
phases were estimated by Rietveld refinement performed
using GSAS-II [27]. The *.cif files were downloaded from the
Inorganic Crystal Structure Database and Crystallography
Open Database [28,29].

The morphologies of the prepared powders were investi-
gated using an FEI Quanta 250 FEG Scanning Electron Micro-
scope (10 kV accelerating voltage, Everhart—Thornley
detector) and a Cs-corrected Titan Cubed G2 60 300 (FEI)
Scanning Transmission Electron Microscope (S/TEM). The
chemical composition was examined using the ChemiSTEM
EDX system based on four windowless Silicon Drift Detectors
(Super X). The powders for TEM investigations were prepared
by placing a drop of water suspension containing the powder
onto a copper grid followed by vacuum drying.

The specific surface area of the powders was measured
using the N, adsorption technique (Quantachrome, Nova-
Touch LX1) according to the BET isotherm model. The samples
were degassed prior to sorption measurement at 300 °C for 3h
under vacuum.

X-ray photoelectron spectroscopy (XPS) measurements
were performed using an Axis Supra spectrometer (Kratos
Analytical) to investigate the valence states of the Mn and Co
in the MnCo204 spinel. The spectroscope was equipped with
an Al Ko source. The pass energy and the spot size diameter
were 20 eV and 2 x 0.7 mm, respectively. Metallic gold and
copper were used for the instrument calibration. The CasaXPS
2.3.18 software on a Shirley background was used to analyze

the obtained spectra. The XPS binding energies were corrected
using the C 1s peak at 284.6 eV.

X-ray absorption spectroscopy (XAS) measurements of the
MnCo, 4Fe,04 samples were performed at the 04BM PIRX
(former PEEM/XAS) beamline of the SOLARIS National Syn-
chrotron Radiation Centre for the L, 3-edge spectra of Mn, Co,
and Fe. The PIRX beamline uses a bending magnet (1.31 T) to
provide a photon energy range from 100 to 2000 eV with an
energy resolution no lower than 2.5-10~* [30]. The beam spot
size at the sample was 250 pm x 40 pm (horizontal x vertical).
Powder samples were applied to carbon tape and located on
the Omicron-type plate sample holder. XANES spectra were
recorded using total electron yield detection mode (TEY)
which reflects an information depth of several nm. Measure-
ments were performed in UHV and at ambient temperature.
The obtained data were processed in the Bessy software. The
data were first normalized to the measured incident photon
flux Io. Further data processing steps consisted of subtracting
a straight line fitted to the L; pre-edge region, dividing by a
polynomial function fitted to the L, post-edge region, and
normalizing to a maximum intensity of 1.

Fourier Transformed Infrared Spectroscopy studies in the
Middle (MIR) and Far Infrared Range (FIR) were performed on a
Bruker Vertex 70v spectrometer under vacuum conditions
using the transmission technique. For sample preparation, ca.
2 mg of thoroughly ground powder was mixed with a refer-
ence material (400 mg of KBr (Uvasol®, Merck) in MIR and
180 mg of polyethylene (Uvasol®, Merck) in FIR range) and
pressed with a hydraulic press. To record the spectra, 256
scans and a resolution of 2 cm™' were applied in the
4000—400 cm™~* (MIR) and 400—100 cm™* (FIR) spectral ranges.
The spectra were subsequently post-processed using the
OPUS 7.2. Software. First, the MIR spectra were cut within the
1000—400 cm~* range, as no important bands occurred within
the remaining part. Afterwards, three representative spectra
(MCO, MCF500, MCF1000) were deconvoluted using the
Handke method [31] and the Levenberg-Marquardt algorithm.
During the deconvolution process, a set of Gaussian-
Lorentzian bands was used which resulted in an RMS error
of 0.05. Finally, the positions of all bands were estimated using
the Peak Picking function, both before and after the decon-
volution process.

Electrode preparation and electrochemical measurements

Glassy carbon rotating disk electrodes (RDE-GCE, 0.196 cm?,
ALSCo., Ltd) were used as support electrodes for the powder
catalysts. Before the deposition of the catalyst inks, the RDE-
GCE were polished for 5 min using 9, 3, and 1 um polishing
diamond solutions, sonicated for 10 min in deionized water
and isopropanol, respectively, then dried overnight under
ambient conditions. The catalyst and Super P Li Conductive
Carbon Black (CCB) (Imerys Graphite & Carbon) powders were
separately ball-milled in ethanol for 144 h using ¢1 mm YSZ
grinding balls. The spinel powder and CCB suspensions were
mixed with K+-exchanged Nafion solution in the appropriate
proportion to obtain 1 mL of ink with a weight ratio of solids of
5:5:2 (Catalyst:CCB:Nafion). The K+-exchanged Nafion prepa-
ration has been described elsewhere [32]. Subsequently, the
inks were sonicated in an ice-water bath for 30 min. Then 5 pL
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of ink was drop-cast onto the RDE-GCE rotating at 700 rpm,
achieving a catalyst mass loading of 45.5 pg. All electro-
chemical measurements were performed in a custom-made
three-electrode Teflon cell system in 0.1 M KOH aqueous so-
lution (prepared from 1 M KOH Titripur from Merck, diluted
with DI water ~12 MQ). A coated RDE-GCE, a Pt coil, and a Hg/
HgO in 0.1 M KOH solution (ALS Co., Ltd, Japan) were used as
the working (WE), counter (CE), and reference (RE) electrodes,
respectively. The electrochemical tests were performed on BP-
300 (BioLogic) bipotentiostat connected in a rotating disk
electrode (RDE) configuration (RRDE-3A Rotating Ring Disk
Electrode Apparatus Ver.2.0, ALS Co., Ltd). Before each
experiment, the electrolyte was purged with 99.995% O, for
30 min, then the gas flow (50 mL min~') was maintained over
the electrolyte to maintain the O,/H,0 equilibrium. An elec-
trolyte temperature of 25 °C was maintained by a Julabo F12
thermostat. All electrocatalytic experiments were performed
using the same protocol. The disk electrode was conditioned
by potential cycling 10 times in the range of 1.0-1.7 V vs RHE
at a scan rate of 100 mV s~*. Cycling voltammetry (CV) scans
were performed in the non-faradaic potential region of
0.98—1.08 V vs RHE at scan rates of 10, 20, 40, 60, 80, 100 mV s *
without RDE rotation for the double-layer capacitance (Cdl)
estimation. The electrochemical active surface area (ECSA)
was calculated assuming the reference capacitance value of
40 uF cm~? for oxides [33]. The charge transfer resistance (Rt
was calculated from the electrochemical impedance spec-
troscopy (EIS) measurements in the frequency range from
10 kHz to 0.1 Hz at 1.7 V vs RHE with an amplitude of 10 mV
and a rotation speed of 1600 rpm. Fitting to the modified
Randles equivalent circuit was performed with the EC-Lab®
Software. CV scans for OER were performed in the range from
1.1 to 1.9 V vs RHE at a scan rate of 10 mV s~ ! with a rotation
speed of 1600 rpm. All measured potentials were converted to
RHE by the experimental calibration of the Hg/HgO reference
electrode against RHE (exemplary CV is shown in Fig. S1) [34].
The reference electrode was calibrated under experimental
conditions weekly to exclude non-negligible electrode poten-
tial differences [35]. The value of Eo¢sser against RHE equals the
measured equilibrium potential of hydrogen electrocatalysis
(HER/HOR) and was determined to be in the range of < —928;
—920 > mV. For the OER polarization curves, the background
correction was performed by averaging the positive and
negative-going scans [34]. All potential values were iR-
corrected to eliminate the solution resistance. The current
density was normalized by the geometric surface area of the
RDE-GCE (0.196 cm?) (expressed in the unit mA cmg,). The
OER overpotential was calculated as the difference between
the potential when the current density reached 10 mA cmg3,
and the standard potential of oxygen electrocatalysis (1.23 V).
The specific activity was determined by current normalization
using the BET-specific surface area of each oxide catalyst
(expressed in the unit pA cmg}). For each material, at least 3
separate samples were prepared and tested.

The durability tests (chronopotentiometry at 10 mA cm™)
were performed with commercial electrolyzer cell (Electro-
Cell, Micro Flow Cell) in 0.1 M KOH. The electrolyser cell con-
sisted of Ti cathode, Zirfon® Perl 500 UTP diaphragm (AGFA),
and Sigracet 39 AA (SGL Carbon) carbon paper support as

anode. The active geometrical area for both electrodes was
10 cm 2 The anode potential was measured using leak-free
LF-1 Ag/AgCl reference electrode (ElectroCell). Electrolyte cir-
culation of 200 mL min~* flow was forced using water pump
(12V, 1.2 1 min™, 1200 mA).

Results and discussion
Structure characterization

The powders, based on the general formula of MnCo,_,Fe,O4,
with x = 0.125; 0.250; 0.500; 0.750; 1.000, are labelled as MCO,
MCF125, MCF250, MCF500, MCF750, and MCF1000.

The chemical composition of the synthesized powders was
analyzed by EDS and ICP-OES, and the results are presented in
Table S1. Good agreement between the planned stoichiometry
and the resulting powder composition was obtained. The
main impurities, as detected by ICP were Na, Si, K, Ca, not
exceeding 0.05 at. %.

The phase composition of the powders was studied using
X-ray diffractometry. As shown in Fig. 1b, the pXRD peaks of
the ball-milled powders show the standard spinel MnCo,0,4
cubic structure (space group Fd-3m, No. 227) [36]. The syn-
thesized oxides were phase pure up to x = 0.5 composition. A
slightly visible additional peak (33°) indicating the existence of
Mn and/or Fe oxide was observed for the MCF750 (Fig. S2) and
MCF1000 powders. Since the weight fraction of observed im-
purities calculated by Rietveld refinement was <3% (Fig. S3),
the impurities are considered to be negligible in the terms of
OER electrocatalysis.

In comparison to our previous work, the addition of
ethylene glycol was omitted during the synthesis, which
ensured crystallization of pure, single-phase material [25].
The calcination temperature was also increased from 600 °C to
800 °C. At the lower calcination temperature, Mn and Fe ox-
ides were detected in the powders by pXRD (Fig. 54).

Fig. 1c shows the shift of the position of the characteristic
peak (311) towards lower 20 angles with the increasing Fe
content, demonstrating the incorporation of iron into the
structure and resulting in enlargement of the lattice size. For
coordination number VI (the octahedral position), the ionic
radius of Fe?* (high spin) is 0.645 A, whereas the radius of Co**
(high spin) is 0.61 A. The ball-milling process reduces the
particle size and influences the average crystallite size, as
determined by the broadening of the peaks (according to the
Scherrer equation).

The Le Bail refinement results presented in Fig. 1d show
that the lattice parameter scales almost linearly with the
higher Fe substitution (data in Table S2). The dashed line
presents Vegard's slope calculated based on unit cell data
taken from the literature, i.e. MnCo,0,4 (ICSD ID 291115) and
MnFe,0, (COD ID 2300585) [28,29].

Fig. 2a shows the SEM image of the morphology of the ball-
milled MCF500 powder. The sample is composed of irregu-
larly shaped grains with diameters in the range of 50—200 nm.
All other MnCo,. xFe O, powders have similar morphology
and grain size distribution (Fig. S5). The chemical composi-
tions of the synthesized powders were evaluated by EDS/ICP
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Fig. 1 — (a) Inverse cubic spinel structure (B [AB]O,) with highlighted octahedrally and tetrahedrally coordinated transition
metal cations. (b) pXRD patterns of ball-milled MnCo,.,Fe, O, powders, (c) zoom-in of the patterns showing the main

reflection (311) shift, (d) and calculated lattice parameters.

analyses, which confirmed the desired stoichiometry (Table
S1). The powders’ specific surface area, measured with the
N, adsorption technique presented in Table S2 shows that for
all Fe-substituted materials, the specific surface area was
~23m? g%, which corresponds to a characteristic particle size
of ~50 nm.

The transmission emission electron microscopy image
(TEM) in Fig. 2b further confirmed the grains’ size and their
irregular morphology, also demonstrating the plate-like

structure of some grains, possibly resulting from the ball-
milling process. As shown in Fig. 2c, the HRTEM image dis-
plays the lattice fringes with an interplanar distance
of 0.483 nm, which corresponds to the (111) plane of
MnCos.sFep.s04 and is consistent with the d-spacing of the
(111) plane derived by Le Bail refinement (0.482 nm).
Furthermore, the selected area electron diffraction (SAED)
patterns (Fig. S6) demonstrate the well-defined crystalline
cubic structure of the Fd-3m space group. Dispersion of the

Fig. 2 — (a) SEM image (x 100,000 magnification) of synthesized and ball-milled MCF500 powder, (b) BF-TEM image, (c)
HRTEM image, (d) HAADF-STEM image, (e—g) and corresponding STEM-EDS elemental maps of (e) cobalt, (f) manganese, and

(g) iron.
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constituent elements (Mn, Co, Fe) was observed by TEM-EDS
elemental analysis (Fig. 2e—g). However, segregation of Mn
and Fe in some spots indicates the inherence of impurities in
the form of Mn and Fe oxides in such a low amount that it
was not observed earlier in the pXRD histograms.

Fig. 3 displays the XPS spectra of the MCFx (x = 0.125; 0.250;
0.500) samples. The Mn2p spectra are presented in Fig. 3a.
Three oxidation states of manganese (II, III, IV), which are
probable to co-exist in the inverse spinel structure, are char-
acteristic because of the significant multiplet splitting
observable in the XPS spectra, making a quantitative analysis
challenging [37]. Due to the above, the collected spectra were
fitted with respect to the most likely occurring Mn>" species.
Fitting parameters based on the Mn,03 parameters provided
by Biesinger et al. are presented in Table S3. For all samples,
the main peak (Peak 2, ~641.9 eV) area is lower than that of the
reference Mn,03 (<44.5%), suggesting the observation of the
influence of other Mn species on the collected spectra. In
general, peaks at lower and higher binding energies have a
higher area than the reference, indicating the existence of
both Mn?* and Mn**, respectively. For a detailed analysis of
surface Mn valency, a more sophisticated method is necessary
and is described in the next section. Co2p spectra are
demonstrated in Fig. 3b. It is clearly visible that Co is, as ex-
pected, present in two forms: Co** and Co>*. For samples the
MCF250 and MCF500, additional slightly visible peaks are
observed at ~779 eV, indicating the formation of new Co—O
species, which may be related to the element segregation
observed by the TEM studies. A quantitative analysis was
omitted due to the influence of Auger signals from the Fe
[38,39]. The Fe2p spectra presented in Fig. 3c are highly
influenced by Co-LMM Auger peaks. However, a higher ratio of
Fe3* in the MnCo,.Fe, 0, with higher x is still observed.

X-ray absorption near-edge structure (XANES) spectra
using total electron yield (TEY) were carried out to explore the
impact of Fe substitution on the MnCo,.xFexO, spinels. L;-edge
XANES involves excitation of 2ps, electrons into unoccupied
states of 3d character and was used to examine the valence of
the Mn, Co and Fe. Additionally, reference samples, known for
the stable and specified valence of their constituent transition
metals cations, i.e. spinel oxides: Co®" in CoAl,04, Co®*' in
7ZnCo,04, Co?™ and Co>* in Co304, Fe** in ZnFe,04, and oxides:

Mn?" in MnO, Mn*" in Mn,0s, Mn** in MnO,, were compared
[40—43]. All observed Mn XANES spectra of the examined
MnCo, Fe,O,4 spinels, as presented in Fig. 4a, were close to
that of the Mn,05 reference with the main peak at ~642.2 eV
corresponding to Mn®*' in octahedral coordination. Slight
shoulders observed at ~640.3 eV indicate a small share of Mn?"
in most of the examined spinels. Moreover, the samples
exhibited a pronounced, higher energy shoulder at ~643.1 eV
corresponding to Mn**. Unlike the other stoichiometries,
changes in the Mn valence for MCF1000 were observed. The
amount of Mn*" decreased in favor of Mn?*, which is indi-
cated by the less pronounced peak at the higher energy of
~643 eV and the more pronounced one at the lower energy of
~640 eV. For most of the samples, the observed mixed Mn
valence complies well with the inverse spinel model proposed
by Bordeneuve [44].

The Co Ls-edge XANES of the basic MnCo,0, (Fig. 4b) in-
dicates a mixture of Co®*" and Co®*" with a high/low energy
peak ratio of Co®"/Co®" close to 1, confirming the inverse
spinel structure. It is important to highlight the fact that with
higher Fe substitution, the observed Co Ls-edge high/low en-
ergy peak ratio systematically decreases, evidencing the
incorporation of Fe ions in the octahedral sites. Besides this,
after the main Co®* peak, the high energy shoulder is observed
around 782.5 eV, which may confirm the low spin state of
trivalent cobalt ions [45].

The Fe-L; XANES spectra presented in Fig. 4c are similar to
that of the ZnFe,0, reference and are characterized by two
distinct spectral features at 708.4 eV and 709.9 eV corre-
sponding to t,g and eg sub-bands, respectively [46,47]. From
these results, it is clear that Fe*' species were successfully
substituted in place of Co'™, and remained in the high spin 3 d°
configuration.

According to group theory, four typical IR bands should be
present for cubic II-11I spinels. Two of them (v; and v, usually
present in the MIR range) can be attributed to vibrations of
octahedral units, and two others (v3 and »4, usually present in
the FIR range) can be assigned to mixed octahedral and
tetrahedral units within the spinels structure [48,49].

Fig. 5 illustrates the spectra within both the MIR (a) and FIR
(b) spectral ranges. Multiple bands are present for all spectra
below 700 cm ™%, including the »; band (Fig. 5a) at the highest
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Fig. 3 — (a) Mn2p, (b) Co2p and (c) Fe2p X-ray photoelectron spectra of MCO, MCF125, MCF250, MCF500 powders.
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spinel v, band, and c) Middle Infrared Spectra after deconvolution process.

wavenumbers (630—582 cm™") and the », band which is
noticeable for samples with either no (MCO) or the lowest Fe
doping share (MCF125 and MCF250) in the ca. 540-530 cm™*
region. The higher the Fe content, the broader and less visible
the », band becomes. A similar observation of the », band can
be stated for the »; band (Fig. 5b), which occurs at around the
360—350 cm ™t range. In the end, v4 can be found within the
180—171 cm ™~ range [48].

The most important findings concern the shift of the »,
band which is responsible for structural vibrations of the
condensed Co®'Og octahedrons [48]. With the increasing
share of introduced Fe, not only does this band shift towards
lower wavenumbers, but the value of such a wavenumber
shift also corresponds to the expected chemical composition.
Taking the boundary examples (MCO and MCF1000) as a sort
of scale, 48 cm™! is the maximum shift. Then, during the first
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doping (MCF125), 1/8 of the maximum doping was executed,
which resulted in a shift of 6 cm™?, being exactly 1/8 of
48 cm™ . For the next specimens, this quantitative approach
can also be applied with good accuracy (3/8 for MCF250, 5/8 for
MCF500 and 7/8 for MCF750).

When it comes to qualitative interpretation, two factors
have to be taken into consideration. Firstly, the broadening of
bands occurred, which is due to the partial doping, hence the
presence of two cations on the octahedral sites [48,49]. Sec-
ondly, based on [48], the direction of the band shift is con-
nected with the M™-O bonding force. The lower the
wavenumber, the lower the bond energy. However, in this
case, the simple bond energy cannot be applied as different
valences and spin states should be taken into account. In Refs.
[21,50], the authors used the term “covalency” estimated with
the N—V parameter (N — number of the unpaired electrons for
the metal cation; V — nominal valence state of the metal
cation). The lower the N—V parameter (which describes the
net ability of the octahedral cation to donate electrons to ox-
ygen), the higher the covalency (in terms of dragging the
electron density from oxygen towards the metal cation,
thereby forming the stronger, more “covalent” bond). In the
case of this work, we observe a decrease in the wavenumbers,
which suggests a lower M0 bonding force expressed by the
lower covalency, after the substitution of Co®* cations by Fe*"
ones. It stays then in a good agreement with the scenario, in
which the electron configuration of degenerated orbitals for
Co changes towards the optimal one — assuming that the ey
electron orbital for cobalt cations after the introduction of Fe is
free, the N—V parameter for Co is low (0-3 = —3 — high
covalency), and for Fe is much higher (5-3 = 2 — low
covalency).

In the case of the », band, also dependent on the trivalent
cation nature [48], the shift towards lower wavenumbers can
be seen, similar to the »; band. However, all spectra have a
very complicated shape in this range, therefore in the next
paragraph, more details will be provided taking into account
the deconvolution process. When it comes to the v3 and v,
bands, the former, responsible for complex vibrations of M"
and M™ [48], can be found along with numerous neighboring
bands forming the very complicated contour of the spectrum
within the 360—300 cm™* range. Due to the fact that this band
is the least informative about the spinels structure, spectra in
the aforementioned range were not decomposed. The last
evoked band (v4), dependent on the mass of tetrahedral cat-
ions, could be observed as well. In comparison to the previ-
ously described shift for the »; band, this band changes its
position in a nearly negligible way, which suggests that cobalt
is being substituted by iron predominantly within the octa-
hedral sites.

To provide more structural details, the MIR spectra for the
MCO, MCF500 and MCF1000 samples were deconvoluted
below 700 cm™!. Fig. 5c demonstrates that apart from the
previously described spinel bands, abundant modes are also
contributing to the complicated contour of the spectra. Firstly,
it is important to recognize that the positions for the »; band
are nearly the same as in the case of Fig. 5a (+3 cm™?). Sec-
ondly, for the stoichiometric Mn—Co spinel, an additional four
bands (598, 575, 502 and 466 cm™?) assigned to MnO, and MnO,
oxides occurred and disappeared for the Fe-substituted

specimens [51,52]. However, as such phases were not detec-
ted by the XRD method, and taking into account the much
higher sensitivity and detection threshold of MIR compared to
XRD, the share of Mn oxides can be treated as very small,
which may actually come from some secondary phases after
the synthesis. In contrast, two bands at ca. 660 and 410 cm™*
assigned to Mn,Oj; [51] considerably increased in their in-
tensities, especially for the sample with the highest share of
iron, which is in good agreement with the XRD findings. The
presence of Mn oxides was also revealed in the FIR range,
where numerous bands attributed to the MnO, and MnOy
phases can usually be observed [51,52]. In this work, the
clearly noticeable band at ca. 200 cm ™~ decreased in intensity,
which confirms the results described for the MIR deconvo-
luted spectra.

Electrocatalytic activity

The OER performance of the ball-milled catalyst powders was
examined in an alkaline medium (0.1 M KOH). The electro-
chemical double-layer capacitance (Ca) was analyzed using
cyclic voltammetry to determine the electrochemically active
surface area (Fig. 6a). A slight decrease of Cg with Fe substi-
tution up to x = 0.5 in the MnCo, Fe,O, spinels is noticeable
(446 pF and 394 pF for the MCO and MCF500, respectively),
whereas further iron incorporation resulted in a threefold Cq
decrease for the MCF1000 (146 pF). The obtained data is not
consistent with the measured specific surface area. All iron-
containing powders exhibited similar surface areas in the
range from 22.7 to 23.9 m? g~! indicating similar particle size
distributions (further supported by the SEMobservations).
This remark suggests that the number of active sites available
for water oxidation decreases with the higher Fe content in
the MCF spinel structure, from which it results that iron in the
octahedral sites does not catalyze the oxygen evolution reac-
tion as efficiently as cobalt.

To gain insight into the electrode reaction kinetics, elec-
trochemical impedance spectroscopy (EIS) was performed
during the OER at a fixed potential. The EIS spectra shown in
Fig. 6b was fitted using Randles equivalent circuit (presented
in Fig. S7) to calculate the charge transfer resistance (Rt be-
tween the catalyst and liquid junction during the electro-
chemical reaction. The lowest R, of 12.1 Q was measured for
the MCF500, whereas the high Fe content resulted in an in-
crease of R¢ to 20.5 Q and 39.0 Q for the MCF750 and MCF1000,
respectively. It is apparent that the partial Co substitution by
Fe cations in the MnCo,0,4 enhances the charge transfer ki-
netics (Rey) by ~30%. This observation provides the basis for
considering the optimally Fe-substituted MnCo,04 as superior
OER catalysts, despite the slight decrease in the number of
active sites indicated by the ECSA studies (Table S4).

The oxygen evolution reaction geometric current densities
of all MnCo,.xFexO,4 spinels are shown in Fig. 7a. The Glassy
Carbon (GC) Rotating Disk Electrode was measured separately
to exclude its possible contribution to oxygen electrocatalysis
— as expected, negligible activity was observed. The OER
electrocatalyst activity is typically characterized by the over-
potential (n) needed to deliver the current density of
10 mA cm 2 (dashed horizontal line) [53]. The MCO demon-
strates an overpotential of 406 mV, which can be reduced to
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376 mV for the MCF500 by partial Fe/Co substitution in the
spinel structure. Further Fe incorporation results in a sharp
overpotential increase up to 447 mV for the MCF1000,
implying that Fe cations are not active sites themselves,
although an optimal amount can modulate the intrinsic ac-
tivity of the MnCo,0, spinel. The relationship between the
octahedral occupation of Fe and OER activity can be seen in
the extracted Tafel plots in Fig. 7b. The estimated Tafel slope
of 44 mV dec™? for the MCF500 is clearly smaller than the
58 mV dec™* for the MCO, implying faster reaction kinetics.
The Tafel slopes of the MCF750 and MCF1000 seem to be
reduced if compared with the MCO and, from this standpoint,
could be considered as more catalytically active, which does
not agree with the calculated overpotentials. The explanation
for that is the change of the Tafel slope of those two materials
at higher overpotentials, i.e. 110 mV dec* and 180 mV dec*
for the MCF750 and MCF1000, respectively. This observation
indicates a possible change in the OER rate-determining step
when Fe occupies more than 25% of the available octahedral
sites. The lowest Tafel slope of the MCF500 suggests that the
rate-determining step is at the ending part of the multiple-

electron transfer oxygen evolution reaction, and it is an indi-
cator of a promising electrocatalyst [54]. Huang et al. reported
a similar 45 mV dec ™ Tafel slope using an advanced 2D Fe/Co
oxide heterostructure. A lower Tafel slope than for single
metal 2D structures (67 and 79 mV dec™* for Co(oxides)
nanosheets and Fe (oxides) nanochains, respectively) was
attributed to the switch of the rate-determining step for OER.
The authors propose the switch from MOH,4 + OH™ —
MO~ + H,0 to the electron-proton reaction of MOH,4 + OH™ —
MO + H,0 + e rate-determining step [S5].

Further, the measured polarization curves have been
normalized using the BET-specific surface area (Table S2) to
exclude the surface area effect and to gain insight into the
specific activity of the prepared catalysts. Due to the compa-
rable specific area, the overall trend of increasing activity with
moderate Fe substitution in MnCo,.xFe, O, is unchanged, as is
shown in Fig. 8a.

The reference MnCo,0,4 cation distribution was based on
Bordeneuve's report and established as Co%"poesMn?* 035
[Mn3*g,6Mn*" 5,C0%" 5 ,CoMyg], where Co™ means that
trivalent cobalt ions are of low spin (LS, tzgeego) [44]. As is
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presented in Fig. 1a, iron (as Fe**) is considered to replace Go™

in octahedralsites [56]. This hypothesis was further confirmed
by the XANES studies described in the previous part of the
article and coincides well with Kim et al. who indicated, by
first principle calculations, that in the MnCoFeO, spinel Co
preferentially occupies tetrahedral while Mn and Fe octahe-
dral sites [24].

To understand the possible origin of the enhanced activity,
the activity descriptor based on the eg occupancy at the octa-
hedral sites in the spinel structure was adopted. The e filling
of the 3d electron of the surface transition metal cations
influencing the binding of OER intermediates to the perovskite
oxide surface was proposed by Suntivich et al. and has proven
to be a reliable perovskite OER activity descriptor [57—59]. The
eg orbital has a stronger spatial overlap with the oxygen-
related adsorbate than the t,g orbital; consequently, the elec-
tron transfer between the surface cation and adsorbed inter-
mediate may be more directly promoted by the ey orbital.
Likewise, the eg occupancy of the active site was proposed to be
the activity descriptor for spinels [19,38,60]. Fig. 8b presents the
eg/tyg electron assignment for Co and Fe octahedrally coordi-
nated cations. The incorporation of octahedrally coordinated
Fe cations (trg’eg?) increases the overall number of ey occu-
pancy in the MnCo,.Fe,O, spinel. As depicted in Fig. 8b, the
potential required to maintain the current density of 50 pA
cm2ox decreases with the eg occupancy increase up to 1.1 for
the MCF500. The observed volcano plot with the inflection

point around unity points to the proposed four-electron/
proton-coupled oxygen evolution mechanism presented in
Fig. 8d.If the eg occupancy is less than unity, the deprotonation
of the oxyhydroxide group during step 3 (M™ * -OOH + OH™ —
M™+D+.0,% 4 H,0 + e”) might be limited. On the contrary, too
many electrons in eg orbitals limits the formation of the 0—0
bond in the OOH adsorbate during step 2 (M™*9+.0% + OH™ —
M™*+ -00H" + 7).

For comparison of our results with other literature reports,
the OER performance data for recently studied spinel-based
electrocatalysts is summarized in Table S5. After Fe incorpo-
ration into the MnCo,0,4, the OER overpotential is reduced
from 510 mV, as obtained by Menezes et al. for MnCo,0, mi-
crospheres or from 406 mV for the MnCo,04 powder examined
in this study to 376 mV for MnCo;.sFep.s04 [61]. Moreover,
MnCo,.sFeg.s04 exhibits a distinctively low Tafel slope of
44 mV dec™ ' if compared to 75 mV dec™* for Te—C030,4 or
58 mV dec ! for MnCo,04 [62].

A similar substitution with the Fe effect was observed by
Zhou et al. in a series of ZnFe,Co,.,O4 oxides [21]. Up to
x = 0.4, the OER-specific activity increase was observed, fol-
lowed by a systematic decrease to x = 2.0, creating a volcano-
type dependency with respect to the amount of Fe substitu-
tion. The authors concluded that the origin of the observed
phenomenon is related to the optimal active cation to oxygen
covalency, in this case Co—O covalency, as predicted by the
N—V parameter. Wei et al. investigated MnCo,0, cubic
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spinels synthesized by a solid-state chemistry method at
different temperatures (150—900 °C) [19]. Varying heat
treatment-induced changes in the Mn valence state. Knowing
the valences and cation distribution quantified by EXAFS, the
authors were able to estimate the eg/t;; assignment of the
more active cation in the octahedrally coordinated sites,
which correlated well with the spinels’ OER activity, con-
firming the applicability of the eg; occupancy descriptor.
Likewise, this descriptor is suitable to elucidate the enhanced
activity of MnCo,.4Fe,O4 with moderate Fe substitution.

The long-term electrolyzer stability test of MnCo,.sFey.s04
was performed at a current density of 10 mA cm~2 for 48 h
(Fig. 9). During the test, the catalyst-coated electrode exhibited
great stability up to 30 h, and then a slight (4%) increase in
voltage was observed. We assume that the performance
decrease is related to the degradation of supporting carbon
paper. As is shown the test of pure Sigracet carbon paper ended
rapidly after 1 h with degradation of the electrode (Fig. S8).
Similar but slower and less pronounced degradation of catalyst-
coated electrode was observed for MnCo;.sFeq.504 (Fig. S9).

Conclusions

The present research examined the effect of Fe ions at octa-
hedral sites in MnCo,04 spinel on the physicochemical prop-
erties and electrochemical activity. Spectroscopic studies
(XAS and FTIR) confirmed the successful substitution of Co
ions by Fe ions in octahedrally coordinated positions in
MnCo,.4FexO4 spinel powders synthesized using an EDTA-CA
sol-gel method.

This study found that moderate Fe incorporation in
MnCo,0, spinel enhances the catalytic activity towards OER
by lowering the charge transfer resistance and moderating the
influence of the rate-determining steps during the oxidation
cycle. We found that an optimal amount of incorporated Fe
into the octahedral sites improves the OER performance by
the 30 mV decrease of overpotential needed to achieve a
10 mA cm2ggo current density compared to the benchmark
MnCo,0,. Tafel slope analysis indicates the possible change of
the OER rate-determining step when Fe occupies more than
25% of the available octahedral sites. The OER-specific activity
exhibits a volcano-type shape as a function of the eg

occupancy at octahedral sites. Overall, this work supports the
idea that e; occupancy at octahedral sites can be used as the
activity descriptor for spinels. The strategy of tuning the
optimal ey configurations by transition metal substitution in
the spinel's octahedral sites is a promising tool for the design
of superior OER catalysts.
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Figure S1. Calibration of Hg/HgO electrode against RHE in H2 saturated 0.1 M KOH

electrolyte.
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Figure S2. pXRD patterns of a) MnCo2xFexO4 spinel powders calcined at 800 °C and b)
zoome-in of the MCF750 and MCF1000 patterns showing the existence of additional phase
contributed to Mn and Fe oxides.
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Figure S3. Rietveld refinement plots for pXRD histogram of non-milled MCF1000.
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Figure S4. pXRD patterns of MnCo1.5Feo504 spinel powders calcined at 600 and 800 °C.
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Figure S5. SEM images (x100 000 magnification) of synthesized and ball milled powders (a)
MCO, (b) MCF125, (c) MCF250, (d) MCF500, (e) MCF750, and (f) MCF1000.

Figure S6. (a) BF-TEM image, (b) SAED pattern over one grain (c) with simulated theoretical
pattern. (d) BF-(S)TEM image with (e) corresponding SAED pattern with (f) superimposed
simulated theoretical pattern of the MCF500.
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Figure S8. Pure Sigracet 39 AA carbon paper electrode (a, c) before and (b, d) after the

chronopotentiometry durability test.
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Figure S9. Sigracet 39 AA carbon paper electrode coated with MCF500 catalyst (a, c) before
and (b, d) after the chronopotentiometry durability test.
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Table S1. Chemical composition of the prepared MnCo..x<FexO4 powders (ICP and EDS

analyses results).

ICP-OES analysis results EDS analysis results
Material Corresponding
ateria
Mn Co Fe Mn Co Fe composition

[at.%] [at.%] [at.%] [at.%] [at.%] [at.%]

MCO 34.3 65.6 0.1 36.1 65.9 - Mn1.08C01.92
MCF125 327 63.1 4.2 35.0 60.1 49 Mn1.02Co1.85Feo0.13
MCF250 32.7 59.3 8.0 33.7 57.2 9.2 Mn1.02Co1.73Fe0.25

MCF500 33.3 50.7 16.3 34.4 48.3 17.3 Mn1.03Co1.47Feo.50

MCF750 33.3 41.6 251 34.2 40.1 25.8 Mn1.03Co1.20Feo.77

MCF1000  33.6 33.0 33.4 33.3 32.8 33.9 Mn1.03Coo.e5F€e1.02

A\ MOST

Table S2. Properties of the prepared MnCoz.xFexOs powders (pXRD and BET analyses

results)
Cell parameters Surface area
Material
a=b=c [A] [m2 g]
MCO 8.2609 27.9(1.4)
MCF125 8.2782 22.7(1.2)
MCF250 8.2994 22.6(1.2)
MCF500 8.3451 23.3(1.2)
MCF750 8.3810 23.3(1.2)
MCF1000 8.4013 23.9(1.2)
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Table S3. XPS fitting parameters

Material Peak 1 % Peak 2 % Peak3 % Peak 4 % Peak5 %
(eV) (eV) (eV) (eV) (eV)
Mn20s2 6408 189 6419 445 6431 253 6446 85 6462 3.1
MCO 6409 182 6420 326 6432 312 6446 133 646.2 47
MCF125 640.7 257 6418 333 6431 252 6445 126 646.0 3.2
MCF250 640.7 31.0 6419 348 6431 220 6445 9.7 6461 24
MCF500 640.8 20.0 6419 334 6431 273 6445 147 6323 46
a Fitting parameters from the Biesinger et al. [1]
Table S4. OER activity data for MnCo..xFexO4 catalysts
Catalyst ECSA [om?] Re [ nat10 mAcm2ceo  Tafel slope nox at 50
[mv] [mV dec] MA cm2
MCO 11.2(0.3) 17(1) 406(4) 58(2) 378(3)
MCF125 11.2(0.3) 15.4(0.5) 391(4) 52(1) 363(3)
MCF250 9.6(0.7) 18.5(1.3) 395(3) 56(1) 362(1)
MCF500 9.9(0.6) 12.1(0.6) 376(3) 44(2) 351(3)
MCF750 6.9(0.6) 20.5(0.8) 395(3) 50(1) 356(2)
MCF1000 3.7(0.7) 39(3) 447(7) 56(1) 382(9)
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Table S5. Reported OER electrocatalysts performance comparison

n at E at 50 Eat25 Tafel

Supporting 10 mA  pA cm2ox pA cm2ox slope .
Material Electrolyte loading Ref.
electrode cm?  vs.RHE vs.RHE [mv

Catalyst's

cm2
mvl V] M decy PO
This
MnCo1.5Feos04 0.1 M KOH RDE-GC 376 1.58 - 44 455
work
This
MnCo204 0.1 MKOH RDE-GC 406 1.61 - 58 455
work
MnCo204
(Co304+ 1.0 M KOH Nifoam 327 - - 78.9 1300 [2]
Mn1.4Co01.604)
MnFe204 —
0.1 M KOH RDE-GC - 1.69 - - 30.6 [3]
400 °C
MnFe204 —
0.1 M KOH RDE-GC - 1.76 - - 30.6 [3]
200 °C
ZnFeo4Co01604 0.1 M KOH RDE-GC - - ~1.58 - 255 [4]
ZnFeo4Co01604 1.0 M KOH RDE-GC ~340 ~1.55 - ~37 255 [4]
MnCo204
_ 0.1 M KOH RDE-GC 510 - - 55 51 [5]
microspheres
ZnCo0204 0.1 M KOH GC ~570 - - 72.4 51 [6]
Te-Coz04 1.0 MKOH RDE-GC 313 - - 75 240 [7]

REFERENCES
[1] Biesinger MC, Payne BP, Grosvenor AP, Lau LWM, Gerson AR, Smart RSC. Resolving
surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Cr,
Mn, Fe, Co and Ni. Appl Surf Sci 2011;257:2717-30.
https://doi.org/10.1016/j.apsusc.2010.10.051.
[2] Lankauf K, Cysewska K, Karczewski J, Mielewczyk-Gryn A, Gérnicka K, Cempura G, et
al. MnxCo3-x04 spinel oxides as efficient oxygen evolution reaction catalysts in alkaline media.
Int J Hydrogen Energy 2020;5. https://doi.org/10.1016/].ijhydene.2020.03.188.
[3] Zhou Y, DuY, Xi S, Xu ZJ. Spinel Manganese Ferrites for Oxygen Electrocatalysis: Effect
of Mn Valency and Occupation Site. Electrocatalysis 2018;9:287-92.
https://doi.org/10.1007/s12678-017-0429-z.

-96 -


http://mostwiedzy.pl

A\ MOST

[4] Zhou Y, Sun S, Song J, Xi S, Chen B, Du Y, et al. Enlarged Col1O Covalency in
Octahedral Sites Leading to Highly Efficient Spinel Oxides for Oxygen Evolution Reaction. Adv
Mater 2018;30:1-7. https://doi.org/10.1002/adma.201802912.

[5] Menezes PW, Indra A, Sahraie NR, Bergmann A, Strasser P, Driess M. Cobalt-
manganese-based spinels as multifunctional materials that unify catalytic water oxidation and
oxygen reduction reactions. ChemSusChem 2015;8:164-7.
https://doi.org/10.1002/cssc.201402699.

[6] Harada M, Kotegawa F, Kuwa M. Structural Changes of Spinel MC0204(M = Mn, Fe, Co,
Ni, and Zn) Electrocatalysts during the Oxygen Evolution Reaction Investigated by in Situ X-ray
Absorption Spectroscopy. ACS Appl Energy Mater 2022;5:278-94.
https://doi.org/10.1021/acsaem.1c02824.

[7] Li G, Yu X, Yin F, Lei Z, Zhao X, He X, et al. High-performance Te-doped Co0304
nanocatalysts for oxygen evolution reaction. Int J Energy Res 2022;46:5963-72.
https://doi.org/10.1002/er.7536.

-97-


http://mostwiedzy.pl

A\ MOST

4.3. The effect of Fe on chemical stability and oxygen evolution performance of high

surface area SrTix-1FexO3.0a mixed ionic-electronic conductors in alkaline media

W niniejszej pracy zbadany zostat wptyw dodatku Zelaza do struktury perowskitu jakim
jest tytanian strontu. Seria materiatow SrTi1xFexOs.q (x = 0,35; 0,50; 0,70; 0,90 oraz 1,00) zostata
przygotowana za pomocg wysokotemperaturowej syntezy w fazie statej. Otrzymane proszki
odznaczaty sie duzg powierzchnig wtasciwg, ktéra zostata dodatkowo rozwinieta poprzez
niskoenergetyczne mielenie, uzyskujgc maksymalnie 35 m? g-' dla SrTio,esFe0,3503.4. Najbardziej
aktywnym elektrokatalizatorem OER okazat sie perowskit SrTio,10Fe0,9003.¢ odznaczajgc sie
nadpotencjatem 410 mV przy 10 mA cm=2 w 0,1 M KOH. Rosngca aktywnos¢ elektrochemiczna
wraz ze zwiekszeniem udziatu Zelaza w strukturze perowskitu wynika z wiekszej ilosci wakansow
tlenowych w zewnetrznej warstwie atomowej przygotowanych proszkéw, co zostato potwierdzone
za pomocg spektroskopii XPS.

Badania stabilnosci chemicznej pastylek zanurzonych w 0,1 M roztworze KOH wykazaty,
ze stabilno$¢ chemiczna nie pokrywa sie z aktywnoscig elektrochemiczng. Dla zwigzkéw
o zawartosci zelaza powyzej 70% w podsieci B zauwazono wydzielanie sie strontu do elektrolitu
i wizualng degradacje powierzchni pastylek. W zwigzku z tym to perowskit w ktérym potowa
atoméw tytanu jest podstawiona atomami Zzelaza wykazuje optymalne witasciwosci
elektrokatalityczne z zachowanie stabilnosci chemicznej w srodowisku zasadowym.

Do oryginalnych wynikéw zaliczam obserwacje wptywu podstawiania tytanu zelazem
w strukturze perowskitu SrTi1xFexOs.q na wtasciwosci fizykochemiczne i elektrochemiczne oraz
zaproponowanie stechiometrii materiatu, ktory posiada optymalng kombinacje tych wtasciwosci
do zastosowania jako elektrokatalizator OER.

W przedstawionej publikacji samodzielne przygotowatem elektrody RDE z naniesionym
katalizatorem. W dalszej kolejnosci przeprowadzitem pomiary elektrochemiczne. Ponadto
odpowiadatem za analize otrzymanych wynikéw, przygotowanie rysunkéw oraz napisanie
manuskryptu. Jako autor korespondencyjny zgtositem artykut do publikacji w czasopismie oraz

przygotowatem poprawki w odpowiedzi na recenzje.
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Oxygen evolution reaction
Water splitting
Electrocatalysts

Chemical stability

corresponding Tafel slope of 60 mV dec™*. The two materials with the highest Fe content
(i.e. STF90 and SFO) showed, however, poor chemical stability in alkaline solution
demonstrated by the dissolution of Sr. Based on the good electrochemical performance
(~460 mV at 10 mA cm g0, ~405 mV at 25 pA cm ™~ 2ox) and chemical stability for at least 30

days (no Sr dissolution) of STF50, it can be considered an interesting, working at room

temperature OER catalyst based on non-toxic and abundant elements.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Alkaline electrochemical water splitting is an important
method for hydrogen production which can be used to
accommodate an increasing share of renewable energy pro-
duction [1,2]. The overall efficiency of water splitting is mainly
determined by the sluggish oxygen evolution reaction (OER)
kinetics. Precious metal oxides: RuO, and IrO,, are known for
superior OER activity, however, their low abundance and high
price are a barrier against widespread use.

As potential alternative electrocatalysts, many different
groups of materials have been researched, including especially
oxides (perovskites [3—6] and spinels [7—10]), carbides [11-13],
phosphides [14-16], and layered double hydroxides (LDHs)
[17—19]. In recent years, highly active oxide electrocatalysts
with the perovskite structure have been developed. Perovskites
have a general formula of ABO; (where A is large rare earth or
alkaline metal cation and B is a smaller, redox active transition
metal cation) [20]. A wide range of element selection provides
prospects of tailoring the physical and chemical properties,
enhancing the catalytical activity [21,22]. Notable examples of
the perovskites include especially cobalt and/or iron containing
compounds. The high performance catalysts include: LSC, LSF,
BSCF, SCF and their variations. For instance, Zhang et al. pre-
pared series of perovskite-type oxide La; SrxCoOs by sol-gel
process [23]. Lag »SrogC0o05 exhibited the highest OER activity,
which can be additionally tuned by changing the synthesis
parameters, i.e. molar ratios of substrates, pH of the sol,
calcination time and temperature. The OER performance of
SrTip1CoxFepo.x03.5 in alkaline media studied by Deng et al.
revealed the highest OER activity of SrTip1C0osFep40s.5 [24].
The improved electrochemical performance is considered to
originate from the highly oxidative oxygen species 03~/ O~
formed upon moderate Fe doping. As demonstrated, the pe-
rovskites based on cobalt offer high electrochemical perfor-
mance, although cobalt is proven to be a carcinogenic element
with high price variations and ethical issues with mining. Due
to the mentioned issues, substitution with the other elements
is an active research topic in solid state chemistry.

Fe-based perovskites have been studied as potential al-
ternatives for Co-based materials. Among the ferrites, the
perovskites with B-site based on Ti and Fe have found
considerable attention as model OER/ORR and hydrogen cat-
alysts at high temperatures [25,26]. For example, SrFeg,,
0.3Ti03.5 (SFT) and SrFep 5 Tip 055 (SFT)-ZnO composite heter-
ostructure demonstrated high ionic conductivity at 520 °C and
has been successfully applied as an electrolyte for low-

temperature solid oxide fuel cell (LT-SOFC) [27,28]. Pure
SrTiO; is a poor electronic conductor due to a stable Ti*"
cation, but upon partial substitution of Ti by Fe, the electronic
conductivity increases and ionic conductivity is introduced
via the formation of oxygen vacancies [29,30]. The opposite
end member, SryFe,05 (SrFe0, ), with the iron oxidation state
of +3, can be treated as a highly oxygen deficient perovskite
that crystallizes in an orthorhombic structure [31].

The compounds with both Fe and Ti at the catalytically
active B-site show mixed ionic-electronic conductivity and
high electrochemical performance, even though they have a
relatively low electronic conductivity, especially compared to
LSC or LSF perovskites [32,33]. The relations between the
electronic conductivity, ionic conductivity, oxygen exchange
and diffusion and stability are not yet well established at high
temperatures, which also seems the case at low temperatures.

Sr(Ti,Fe)O3.; materials have been already considered as
potential OER electrocatalysts. For example, Hayden et al. have
used high throughput physical vapor deposition (HT-PVD) to
deposit an array of 100 compositions with different Ti:Fe ratios
for evaluation of OER/ORR [34]. The materials were prepared in
the form of 300 nm thin films. The higher the Fe content was,
the lower the OER onset potential was measured, whereby the
stability showed an opposing trend. This developed screening
study pointed out potentially interesting features of the
Sr(Ti,Fe)O3.; materials for OER, which were, however, not
carefully studied on well-defined powder catalysts in an RDE-
setup and thus a direct comparison of their performance
with other perovskites in the powder form is difficult.

In the present work, a series of SrTi; yFe,O3_; (x = 0.35, 0.50,
0.70, 0.90, and 1.00) (STFx) perovskites were prepared by the
high temperature solid state reaction technique. The mate-
rials were examined for their crystallographic structure,
chemical stability, electrical conductivity properties, and
finally, the evaluation of the electrocatalytic OER activity in
alkaline electrolyte (0.1 M KOH) at 25 °C was performed on a
rotating disk electrode.

The main focus of our research was to investigate the in-
fluence of the Fe substitution on the chemical stability and
electrocatalytic activity of SrTi;xFexOs.; perovskites.

Experimental details
Material synthesis

Catalyst materials SrTi;.xFexOs3.5 (STFx) with x = 0.35, 0.50,
0.70, 0.90, and 1.00 were synthesized by a standard high
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temperature solid state reaction method (HT-SSR). Starting
materials were: strontium carbonate (SrCOs), iron (III) oxide
(Fe,03) and titanium dioxide (TiO,) with purity >99% (all from
Sigma-Aldrich, USA). Reagents were mixed together in a
planetary ball mill according to the details presented in the
previous work [35,36]. The mixed reagents were calcined twice
for 15 h in the form of large pellets (® =1 1/8”, h = 1.5 mm)
with a re-grounding step between each calcinations. Due to
the high sinter-ability of the SrTi;.xFexOs.; with x = 1.00,
calcination temperature was set to 1100 °C, whereas for the
remaining materials, the temperature peaked at 1200 °C. After
the second calcination step, the pellets were ground into
powders, milled in a ball mill (using 3 mm ZrO, balls in
ethanol, Fritsch Pulverisette 7) and annealed in air at 600 °C to
obtain oxygen stoichiometric powders [37].

For the specific surface area measurements, 1000 mg of
powder was ball-milled for 96 h with the rotation speed of
100 rpm (Zoz Gmbh, Rollermill RM1) in 20 mm diameter glass
vial of total 25 mL capacity filled with 35 g of 1 mm diameter
yttria-stabilized zirconia (YSZ) grinding balls and 13 mL of
ethanol. The reason of the ball-milling procedure was to
mimic the catalysts’ specific surface changes after ink ball-
milling described further in the electrode preparation
paragraph.

Dense STFx pellets for electrical measurements and
chemical stability tests were prepared by uniaxial pressing at
50 MPa and sintering for 2 h at either 1100 °C (pure SFO) or
1200 °C (the remaining composition) under air atmosphere.

The chemical stability tests were performed by immersing
the sintered pellets (~0.5 mm thick) in 0.1 M KOH solution (pH
~13) for 30 days. The samples’ microstructures (SEM) and
chemical compositions (EDS) were compared before and after
the tests. For the tests, the pellets after the electrical con-
ductivity tests were used. To reveal the grain boundaries, the
surfaces of the sintered pellets were polished down to a ~1 pm
finish and then thermally etched at 1200 °C for 5 min (except
SFO: 900 °C, STF90, and STF35 at 1100 °C). An example of the
thermal etching temperature selection procedure is described
in Supporting Information (Figs. S1 and S2).

Material characterization

Synthesized powder morphologies were investigated using
FEI Quanta 250 FEG Scanning Electron Microscope and a Cs-
corrected Titan Cubed G2 60—300 (FEI) Scanning Transmission
Electron Microscope (S/TEM). Chemical composition was
examined using the ChemiSTEM EDX system based on four
windowless Silicon Drift Detectors (Super X). The powders for
TEM investigations were prepared traditionally: a drop of a
water suspension containing the powder was placed onto a
copper grid followed by vacuum drying. The maximum par-
ticle diameter was estimated, based on SEM images, using the
Image] software [38].

Surface morphology and elemental composition of the
pellets before and after exposures in 0.1 M KOH solution were
investigated on a Phenom XL (Thermo Fisher Scientific)

desktop SEM equipped with an integrated energy dispersive X-
ray spectroscopy (EDS) microanalyzer.

The powders’ specific surface area was measured using N,
adsorption technique (Quantachrome, NovaTouch LX1) ac-
cording to the BET isotherm model. The samples were
degassed prior sorption measurement at 300 °C for 3 h under
vacuum.

Powder X-ray diffraction (pXRD) was conducted at room
temperature on a Bruker D2 Phaser diffractometer with Cuk,,
radiation (A = 1.5404 A) and a Lynxeye XE-T detector was used
for crystalline phase identification. Unit cell parameter
calculation was performed by Le-Bail refinement using the
Fullprof software package [39]. The. cif files were downloaded
from the Crystallography Open Database [40,41].

The chemical composition of samples was investigated by
the X-ray photoelectron spectroscopy (XPS) method. Measure-
ment was performed using Omicron Nanotechnology ultra-
high vacuum equipment at a pressure below 1.1 x 107° Pa.
Mg Ko X-ray source was operated at 15 kV and 300 W. Mea-
surements were conducted at room temperature. Analyzes of
the obtained results were performed using CASA XPS software
package with Shirley background subtraction and least-square
Gaussian-Lorentzian — GL (30) curve fitting algorithm. Calibra-
tion of the measured spectra to the binding energy of 285 eV for
C1s line was conducted.

The electrical conductivity of the STFx dense pellets was
measured using the Van der Pauw method [42]. Four silver
contacts (electrodes A, B, C, D) were placed on the STFx pellets’
surface, forming the square shape. The electrical conductivity
(o) can be obtained with the following equation:

In2 2

=
mh Rapcp + Reaps

&)
where o is conductivity of the sample, h is thickness of the
sample, Rapcp(capp) is the resistance, which is determined
while applying current to electrodes A(C) and B(A) while the
potential is measured between electrodes C(D) and D(B).

The study was performed in the synthetic air (20% O,) and
the temperatures ranging between 200 °C and room temper-
ature with a preheating step at 400 °C for sintering of the
contact silver paste. An automatic logging system was used
for data collection. The acquired data were used to calculate
the activation energy from the formula based on the Arrhe-
nius equation:

E. 1
Ine = f Xt Ino, 2)

where E, is an activation energy, ¢ is an electrical conductiv-
ity, T is a temperature, o, is a pre-exponential factor, and k is
the Boltzmann's constant.

Electrode preparation
Glassy carbon rotating disk electrodes (RDE-GCE, 0.196 cm?,

ALS Co., Ltd) were used as support electrodes for powder
catalysts. Before the deposition of the catalyst inks, the RDE-
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GCE were polished for 5 min using 0.05 um polishing alumina
solution, sonicated for 10 min in deionized water and iso-
propanol, respectively, then dried overnight at ambient con-
ditions. The electrocatalyst inks were prepared by mixing
120 mg of the prepared perovskite powders, 120 mg Super P Li
Conductive Carbon (Imerys Graphite & Carbon), 11.4 mL Ethyl
Alcohol Absolut 99.8% Pure (POCH, Poland), and 1.8 mL of K*
exchanged Nafion solution.

The Nafion is added as a dispersing and binding agent,
however, its strong acidity may cause corrosion of oxide cat-
alysts [43,44]. In order to change the pH of the initial solution
(pH of ~1—2) the K™ exchanged Nafion solution was prepared
by mixing 5 wt% Nafion 117 solution (Sigma-Aldrich) with
0.1 M potassium hydroxide solution (1 M KOH Titripur (Merck)
diluted with DI water ~12 MQ) at 2:1 vol ratio, resulting in pH
change to ~9.

Subsequently, the prepared inks were ball-milled for 96 h
(Zoz Gmbh, Rollermill RM1) in 20 mm diameter glass vial using
1 mm diameter yttria-stabilized zirconia (YSZ) grinding balls
with the rotation speed of 100 rpm, followed by sonication in
an ice-water bath for 30 min. The milling step was added to
crush agglomerates and to better mix the catalyst powder
with conductive carbon. SEM observations of inks drop-casted
onto Ni foil are presented in Fig. S3. The ink made from the as-
prepared powder (by ultrasonic dispersion with Nafion and
conductive carbon) has visible agglomerates with diameters
of >10 pm. The ink roller milled using 3 mm zirconia balls also
ended up with some agglomerates, which were not visible
after roll milling using 1 mm balls. Based on these results, all
inks were made utilizing roller milling with 1 mm zirconia
balls. The level of impurities introduced by milling media is
very small, below the detection limit of EDS (<0.5 at.%). The Ni
foil was chosen as a support for SEM observations due to the
high electrical conductivity and because it does not contain
any elements which are constituents of prepared STFx pow-
ders. For OER experiments, 5 pL of ink was drop-casted onto
the RDE-GCE rotating at 700 rpm, achieving the catalyst mass
loading of 45.5 pg. The rotation induced air flow over the
casted ink droplet helps to obtain the uniform and homoge-
nous film [45,46].

Electrochemical measurements

All electrochemical measurements were performed in a three-
electrode Teflon cell system in 0.1 M KOH aqueous solution
(prepared from 1 M KOH Titripur from Merck, diluted with DI
water ~12 MQ). A Hg/HgO in 0.1 M KOH solution (ALS Co., Ltd,
Japan), a Pt coil, and a coated RDE-GCE were used as the
reference (RE), counter (CE), and working (WE) electrodes,
respectively. The electrochemical tests were performed on BP-
300 (BioLogic) bipotentiostat connected with a rotating disk
electrode (RDE) configuration (RRDE-3A Rotating Ring Disk
Electrode Apparatus Ver.2.0, ALS Co., Ltd). An electrolyte
temperature of 25 °C was maintained by a Julabo F12 ther-
mostat. Before each experiment, the electrolyte was purged
with 99.995% O, for 30 min, then the gas flow (50 mL min™?)
was kept over the electrolyte in order to maintain the O,/H,0
equilibrium. The working electrode was activated by potential
cycling 10 times in the range of 1.0—1.7 V vs. RHE at a scan rate
of 100 mV s Cycling voltammetry (CV) scans were

performed in the non-faradaic potential region of 1.0—-1.1 V vs.
RHE at scan rates of 10, 20, 40, 60, 80, 100 mV s~* with 0 RPM
rotation speed for the double-layer capacitance (Cq)) estima-
tion. The electrochemical active surface area (ECSA) was
calculated assuming the reference capacitance value of
40 uF cm 2 for oxides [47]. CV scans for OER were performed in
the range from 1.1 to 1.9 V vs. RHE at a scan rate of 100 mV s~*
with 1600 rpm rotation speed. The charge transfer resistance
(Re) was calculated from the electrochemical impedance
spectroscopy (EIS) measurements in the frequency range from
10 kHz to 0.1 Hz at 1.7 V vs. RHE with an amplitude of 10 mV
and the 1600 rpm rotation speed. Fitting to the modified
Randles equivalent circuit was performed with EC-Lab®
Software.

All measured potentials were converted to RHE by the
experimental calibration of the reference electrode against
RHE (Fig. S4) [48]. The value of Eifser €quals the measured
equilibrium potential of hydrogen electrocatalysis (HER/HOR)
and was determined to be —928 mV. The potential conversion
performed according to the equation:

ERrue = Emeasured + 928 mV 3)

For OER polarization curves, the background correction
was performed by averaging the positive and negative-going
scans [48]. All potential values were iR-corrected to elimi-
nate the solution resistance factor according to the equation:

Eir—corrected = Eapplied IRun 4)

where i is current and Ryy is an uncompensated ohmic elec-
trolyte resistance determined by EIS measurement at OCV.
The current density was normalized by the geometrical sur-
face area of RDE-GCE (0.196 cm?) (expressed in the unit
mA cmg?,). The overpotential of OER was calculated using the
equation:

n= E(10mA cm?) 1.23 V vs RHE ()

The specific activity was determined by current normali-
zation using the BET specific surface area of each oxide cata-
lyst (expressed in the unit pA cmg2). The catalyst mass
activity at specific overpotential was calculated by current
normalization by the catalyst mass loading of 45.5 pug
(expressed in the unit A g™*). For each material, at least 3
separate samples were prepared and tested, but the typical
differences were negligible. The representative OER polariza-
tion curves obtained for STF50 are presented in Fig. S5.

Results and discussion
Catalyst structural characterization

S1Tix.1FexO35 (x = 0.35, 0.5, 0.7, 0.9, and 1.0) (STFx) powders
were synthesized by the high temperature solid state reaction
method. The powders were denoted as STF35, STF50, STF70,
STF90, and SFO.

Fig. 1a and b shows the SEM images of the STF70 powder
(after the ink milling step). The images of the other powders
are presented in Fig. S6. The powders are composed of small
particles with diameters <250 nm. For increasing Fe content,
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Fig. 1 — SEM images of synthesized STF70 powders (a) low (x10 000) magnification, (b) high (x 100 000) magnification, and (c)
BET surface areas of the as-produced and ball-milled SrTi,.1Fex0s.; (STFx) powders.

the particle size increases. These microscopic observations
were confirmed by sorption measurements (see Fig. 1c). As
noted, the roller mill procedure reduces the agglomeration,
which results in a nearly twofold increase of the specific
surface area for ink-milled powders in comparison to the as-
prepared. The BET area was the largest for the STF35 powder
(~35 m? g %), and reduced to ~25 m? g~* for the SFO. Even
though the SFO powder was prepared at the lowered tem-
perature (1100 °C instead of 1200 °C) it still had a decreased
surface area, indicating a stronger sintering/grain growth
tendency for the Fe rich sample. Indeed, as investigated by
Schulze-Kippers et al. [49], the sintering onset of SFO is
~750 °C and maximum shrinkage occurs at ~1100 °C, whereas
for Ti containing compositions, these characteristic temper-
atures are at least 100 °C higher.

In general, the obtained particle sizes can be considered
small, especially with regard to the synthesis route, including
high temperature calcination. Such fine morphology should
be advantageous for electrocatalysis, where high surface
areas lead to high total current densities.

Asindicated by Fabbri et al. [50], the surface areas typically
obtained for perovskites are <4 m? g~*, which hinders their
practical applications. For example, Su et al. have fabricated
powders of SrCogoTip103.4 (SCT), SrFeosTiOs.q (SFT) and
Bag.sS10.5C00.8Fe0.203.q (BSCF) by a complexing sol-gel method
[51]. After the final calcination step at 1000 °C, the obtained
BET values were 0.91 m? g%, 0.86 m? g%, and 0.43 m® g* for
SCT, SFT, and BSCF, respectively. Zhu et al. have studied
SrNbg 1C0o 7Fe0203.4 (SNCF) powders as effective OER cata-
lysts, including the effects of powder ball milling [52]. The as-
synthesized powder had a surface area of 0.25 m? g*,
whereas after milling the area increased to 6.45 m? g~*. The
raw powder seems to have been highly agglomerated. Cheng
et al. have studied BSCF catalysts in the form of the as-
produced and ball-milled powders. The surface area
increased upon milling from 3 m? g~* to 5 m? g~* [53]. In the
case of SmBagsSrosC0,06.a (SBSC) fibers prepared by

electrospinning [54], the BET surface area varied from
~13 m? g~* for fibers calcined at 800 °C down to 3 m? g~* after
calcination at 1100 °C. For the synthesis of dedicated high
surface area perovskites, Fabbri et al. used a flame spray
synthesis, which produced BSCF and LSC powders with high
specific surface areas of ~25 m? g~* and ~46 m? g% In
contrast, traditionally prepared BSCF and LSC powders were
characterized by specific surface areas of 4 and 1.5 m? g~*.

Interestingly, our results show that it is possible to obtain
high surface area (>30 m? g~%) perovskite powders even using
traditional high temperature synthesis methods. This opens
the possibilities to produce technically relevant powders via
traditional powder processing routes.

Fig. 2a shows the powder XRD patterns of the prepared
STFx perovskites. All of the prepared samples crystalized in a
cubic crystal structure (space group Pm-3m, No. 221). The po-
sition of the characteristic reflection (110) shifted towards
higher 26 angles with increasing Fe content in the perovskite
structure, indicating the reduction of a lattice size (exact
values are presented in Table S1). Fig. 2c shows the lattice
parameters obtained from the Le-Bail refinement as the
function of Fe content (refinement plots are demonstrated in
Fig. S7).

The plot also includes the available unit cell data that is
found in the literature for the end-members: SrTiO; (COD ID
7212245) and SrFeO,qs (COD ID 1528364), the line (Vegard's
slope), which follows the composition Sr(Ti**); (Fe**),Os
[41,55]. The +4 valence state of iron (ionic radii 0.585 A) would
mean full iron oxidation, which is rarely the case at the
standard conditions [44]. The oxidation state of iron equal to
3+ was reported for STFx compounds sintered in nitrogen,
while it reduced the iron ions. As proposed by Rothschild et al.
[33] the proper framework to analyze the STFx materials
family is the Sr2*(Ti*" Fe3",)O3 /2.4, though the STFx typi-
cally also contains a considerable amount of Fe**, which is a
charge carrier (hole) and is believed to be an important factor
in creating an optimal O—Fe covalency for OER [21]. The Fe** in
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Fig. 2 — (a) Powder XRD patterns of synthesized SrTiy.,Fex0s.; (STFX), (b) zoom-in of the patterns showing the main

reflection (110) shift, (c) and calculated unit cell parameters.

the high spin state has a relatively large diameter (0.645 A),
which should result in an expansion of the unit cell upon
substitution of Ti**, which is not experimentally observed.
One of the possibilities is a formation of a low spin (LS) Fe**
(0.55 A), which would result in unit cell size reduction. The
issue has been discussed for a similar material system of
SrSn; 4Fey0s.4 [56].

Filatova et al. have used soft X-ray XAS to determine the
atomic and electronic structure of STFx powders [57]. The
analysis of Fe2p (L,3) absorption spectra revealed the main
state of Fe to be +3 with part of iron ions at +4 state. The
authors confirmed the octahedral position of the Fe cations in
perovskites. Interestingly, for higher Fe content samples,
there is also a possibility of Fe3' at tetrahedral positions and
even for some Fe?" at octahedral position.

Formation of the oxygen vacancies (and more generally,
changes in oxygen stoichiometry), resulting from the charge
compensation of Fe** substitution, might also result in unit
cell size changes. STFx compounds are also sometimes
considered as “oxygen deficient” perovskites [58], where oxy-
gen content is decreased, but no vacancies are formed. The
oxygen vacancies are reported to have a similar (+- 10%) size
as oxygen ions in the lattice [59], so they typically have a
smaller influence on the unit cell size than the cation changes.
The change in oxygen content might result in the formation of
O—Fe—0 or O—V,—0 complexes, which have been reported to
change the coordination number of Fe from 6 to 5 and thus
change the ionic radii of iron.

Ithas also been reported, that in the case of STFx materials,
the XRD does not fully resolve the crystallographic structure
[60,61]. Steinsvik et at. employed advanced electron micro-
scopy (selected area diffraction — SAD and electron energy
loss spectroscopy - EELS) for characterization of STFx mate-
rials [61]. The authors reported formation of the superstruc-
tures due to oxygen vacancies ordering in iron rich STFx.

All of these effects can have a complex influence on the
unit cell size where basic predictions based on Shannon's
ionic radii principles are not precise.

Though the STFx seem to present a complex cationic
structure, some of the reported crystallographic data is fairly

consistent. The unit cell dimensions obtained in the present
work agree very well with several of the reported literature
values. Schulze-Kiippers et al. reported the lattice parameter
of ~3.905 A and ~3.895 A for the 0% and 50% Fe containing
compositions, respectively [49]. The lattice constant was also
consistently higher than theoretically expected based on Fe**.
Miruszewski et al. studied the full range of STFx compositions
and obtained ~3.895 A for the 50% iron composition and
~3.860 A for the 100% iron composition, the same as in the
current work [62].

Based on the obtained data and the available literature, it
might be concluded that the composition of the perovskites
synthesized in this work contains a mixture of octahedrally
coordinated Fe*t and Fe®*.

Further microstructural characterization of STF70 powder
was performed by transmission electron microscopy (TEM). In
Fig. 3a—c the high-angle annular dark-field (HAADF) and
bright field (BF) images are presented. The observed area
consists of an agglomerate of nanocrystals up to 200 nm in
size, which is consistent with SEM imaging of the powders.
The selected area electron diffraction (SAD) patterns (Fig. 3d
and e) indicate the well-defined polycrystalline cubic struc-
ture of the Pm-3m space group, which agrees with the
macroscopic XRD results. Uniform dispersion of the constit-
uent elements (Sr, Fe, Ti) was confirmed by TEM-EDS
elemental analysis (Fig. 3f—j). As observed in TEM images,
the STF70 particles can be considered relatively small even
though the powder was obtained via sintering at 1200 °C,
which usually leads to a formation of the micrometric
particles.

The full XPS element survey scans of SrTiy.1Fe,O3; powders
are presented in Fig. S8. Peaks corresponding to Sr, Ti, Fe, O and
C are clearly observed (the detected carbon is associated with
the species adsorbed from the ambient air). The performed XPS
spectra fitting is demonstrated in Fig. 4. The Sr3d spin-orbit
doublet has been deconvoluted into pairs originating from
different Sr chemical coordination, i.e. perovskite lattice Sr at
lower binding energies along with secondary phases at higher
binding energies, all with an energy separation of 1.8 eV. The
distinguished secondary phases (most likely SrCOs) result from
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Fig. 3 — (a—c) HAADF-(S)TEM images and (d) corresponding SAD pattern with (e) superimposed theoretical pattern of the
STF70. (f—j) TEM-EDS elemental maps of (g) titanium, (h) oxygen, (i) iron, (j) and strontium.

the Sr surface segregation and are the products of Sr reaction
with chemisorbed gases [63—65]. Two kinds of Fe species were
detected in the Fe2p spectra, Fe*" and Fe*" with an energy
separation of 13.6 eV. It points out that the perovskite struc-
tures examined in this work should be described as SrTi;
[Fe3*, Fe**],0.;, consistent with the discussion in the XRD re-
sults section. For comparison, Ghaffari et al. synthesized SrTiy.
1FexO35 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) powders via HT-SSR
technique and observed a systematic decrease of Fe*'/Fe*!

a) srad

sr2* perovskite
/srcos}  srcos

Srad 3d5/2
STF35 /&7

ratio from 2.83 for x = 0.2 to 1.28 for x = 1 [66]. Interestingly, in
our study, the Fe*'/Fe*" ratio was relatively constant with a
value ~1.5. The relative amount of Sr and Fe species calculated
from the areas of deconvoluted peaks is collected in Table S3
and Table S4.

Measured O1s spectra in Fig. 4c presents the changes of the
surface oxygen species of STFx powders with higher Fe con-
tentin B sublattice. The lowest observed binding energy of Ols
for STF50 and STF90 was ~526 eV, when in fact the lowest
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Fig. 4 — (a) Sr3d, (b) Fe2p and (c) O1s X-ray photoelectron spectra of SrTix.1Fex05.; powders.
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Fig. 5 — (a) Temperature dependence of SrTix.1Fex0s.; (STFx) measured DC electrical conductivity (filled symbols) and
extrapolated value of conductivity at 25 °C (blank symbols). (b) Activation energies of electrical conductivity (filled symbols) and
the extrapolated electrical conductivity at 25 °GC (blank symbols) as the function of Fe mole fraction in SrTi,.;Fe,05_; perovskite

structure.

expected one is 528 eV for metal oxides. Those additional
artifact signals (marked by *), may be due to the “double
charge” effect and/or hardware issues [67]. It is likely that the
signal from the carbon tape (to which the powders were glued)
was also collected during the analysis. However, the shape
changes of the spectra with Ti substitution by Fe may be
assigned to the increase of highly oxidative oxygen species
(027/O~ at ~528.3 eV) concentration associated with the sur-
face oxygen vacancies (the calculated values are gathered in
Table S5) [68]. The XPS spectra of Ti2p indicates that Ti was in
+4 oxidation state (Fig. S9).

Electrical conductivity study

The DC electrical conductivity of SrTiy 1Fe,O5.; (STFx) mate-
rials was measured on sintered pellets by Van der Pauw
method in the temperature range from 200 °C to ambient in air.
The results are presented in Fig. 5a and summarized in
Table S2. The conductivity values increase considerably with
the increasing Fe content [36] and represent a thermally
activated process. The six orders of magnitude increase from
~10"> S cm™* to ~50 S cm™! between the STF35 and SFO
samples at 25 °C is consistent with literature reports [29,69]. As
evidenced in Fig. 5b, the increase of conductivity seems to
follow a logarithmic dependence on the Fe content. The
calculated activation energies of the electrical conductivity,
presented in Fig. 5b, decrease linearly with the higher mole
fraction of Fe and are in the range from 0.39 eV to 0.06 eV.
The defect chemistry of STFx has been considered in detail
by Rothschild et al. [32] and Kuhn et al. [70]. The energy band
diagram for STFx has been proposed by Rothschild. With
increasing Fe concentration, the valence band was proposed
to shift closer to the conduction band. The band-gap energy
varies from 3.2 eV for STO to ~2 eV for SFO. The top of the
valence band formed by Fe*!/Fe*" redox pairs is overlapping
with the top of the O2p band, similarly as is the case of

strontium ferrite [32]. In the oxidizing conditions used in this
work, as discussed by Perry et al. the predominant electronic
species (in the case of STF35) are holes [71]. Assuming locali-
zation of holes on iron (redox active ion), the concentration of
the holes is proportional to [Fe*'] with the Fe*' being the
neutral species. As discussed in the XPS section, the relative
ratio of Fe*'/Fe*" seems to be constant for different STFx
compounds, but the overall charge carrier concentration in-
creases with the increasing Fe content in STFx. The increasing
Fe®’/Fe*" charge carrier (localized holes) concentration ex-
plains the increasing conductivity values and translates into
lowered activation energy.

Such a high difference of the electronic conductivity ob-
tained for the different STFx materials is an interesting case
for the comparison with the electrocatalytic measurements.
The increased electronic conductivity is usually correlated
with an improvement of the overall charge transport and
hence boosts the electrochemical performance of the catalyst
[72,73]. STFx in general, represent lower values of room tem-
perature conductivity than some of the most active perov-
skites, e.g. the conductivity of Lag ¢Srp 4C003.5 (LSC64) exceeds
600 S cm ! [74] and the conductivity of (La,Sr)FeOs ; is within
1-10 S cm ™’ range [75].

Cheng et al. have studied ex-situ (based on compressed
powders) electronic conductivity of the La;4SrxCoOs5 (x from
0 to 1) [76]. The A-site cation was varied between a larger Sr**
(144 A) and smaller La>* (1.36 A), whereas the B-site, redox
active cation remained unchanged. The authors also reported
a wide range of electrical conductivity values, ranging be-
tween ~3-107> S cm~? for LaCoOs to 0.3 S cm ™ for Lag ,Sros.
CoOs. In their case, the crystallographic structure of the
materials varied across different x (Sr) levels, so there was a
difference in both crystal structure and its electrical conduc-
tivity. In the case of STFx, the cubic structure was retained,
which makes the influence of the electronic conductivity of
the STFx materials more directly comparable. The work by
Cheng et al. also shows the possibility to tailor the
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Fig. 6 — SrTix.1Fex0s3.; pellets chemical stability test performed in 0.1 M KOH.

conductivity value of STF by modification of the A-site cations
by partial substitution by La, which might be an interesting
topic for future studies.

Conductivity within the STFx system was studied by Hay-
den et al. based on the 300 nm thin-film samples prepared by
physical vapor deposition [34]. The electrical conductivity
values were ranging from 10° S cm™' for STF50 to
0.043 S cm™! for pure SFO. Above a Fe content of 0.75, the
conductivity plot remained constant. The values reported in
our work differ by even two orders of magnitude in compari-
son to results obtained by Hayden. The lower than expected
conductivity values were attributed by the authors to the po-
tential oxygen deficiency of the films.

Chemical stability of the catalysts

The stability of the strontium-based perovskite compounds at
high pH solutions has not been studied in sufficient detail.
Several works have emphasized the dissolution of strontium
in alkaline solutions [65,77]. However, the influence of the B-
site cations on the solubility of the A-site strontium has not
been discussed thoroughly.

For the purpose of the present work, the chemical stability
of SrTiy.1Fex05.; (STFx) was studied using a 30-day immersion
test of sintered pellets in an alkaline solution (0.1 M KOH,
pH~13). The materials were thus studied without external
electrochemical polarization, i.e. purely chemical degradation
has been examined. The pellets were prepared in the same

manner as the pellets for the electrical conductivity test. To
evaluate the extent of Sr dissolution, the surfaces were
analyzed for the chemical composition changes via electron
microscopy and EDS spectrometry. The results are presented
in Fig. 6. The images in the first row of Fig. 6 present surfaces
of the sintered pellets after mechanical polishing and thermal
etching, which can be considered the initial state, prior to
exposure in alkaline solution. The images in the second row of
Fig. 6 show the surfaces of the pellets after a 30-day-long
exposure to 0.1 M KOH solution. The samples with low Fe
content (STF35 and STF50) did not show visible morphological
changes. The samples with increased iron content showed
increased altering of the surface morphology. The surface of
STF70 exhibited an observable increase of roughness, but the
individual grains and grain boundaries were still observable.
On the STF90 pellet surface, the growth of Sr-rich crystals was
noticed (further analyzed by EDS in Fig. S10, the new phase is
most likely SrCOs). The grain morphology was still visible, but
the grain boundaries, promoted initially by thermal etching,
were chemically etched and thus less visible. The surface of
SFO shows prominent changes, where no grain/grain bound-
aries could be observed. The surface also shows large cracks/
trenches caused by the etching of Sr.

The morphological changes are connected to the dissolu-
tion of Sr from the surface. The EDS results of the studied
surfaces are shown in the third row of Fig. 6. The graphs show
aratio of A-site and B-site cations in the perovskite structure
(all EDS data is gathered in Table S6). It evidences the
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Fig. 7 — (a) Double layer capacitance, (b) comparison of catalyst BET SSA (open symbols) and ECSA (filled symbols) (c) EIS
spectra at potential of 1.7 V vs. RHE. Electrochemical tests were performed in 0.1 M KOH electrolyte.

substantial Sr loss in the surface layer of STF90 and SFO pel-
lets due to the chemical degradation. STF70 shows no Sr
dissolution, but the pellet surface is rougher after the im-
mersion test, which might indicate the onset of the reaction.
The STF50 seems to be unchanged by alkaline environment;
no elemental and morphological changes were observed. This
observation was further confirmed by cross section studies of
STF50 pellets before and after a 30-day-long exposure to 0.1 M
KOH solution presented in Fig. S11.

The additional test in Ar-bubbled KOH solution proved that
the large crystals visible on STF90 surface are due to a reaction
with CO, dissolved in electrolyte. Although its amount is very
small, it readily reacted with Sr forming SrCO3. The removal of
CO, from the electrolyte had no visible influence on Sr
leaching, which was still pronounced (Fig. S12).

Dissolution of Sr in STFx has also been highlighted by
Hayden et al. [34] in their thin film study. They analyzed the
chemical content of the films (by EDS) before and after the
electrochemical cycling (oxygen evolution reaction). The au-
thors explained the dissolution of Sr in iron-rich compounds
by an electrochemical process involving redox active Fe3*/4+,
Based on our results, the degradation can be narrowed down
to a chemical dissolution, not necessarily occurring under
oxygen evolution potentials (>1.23 V vs. RHE) but also, to a
large extent, at open circuit potential (1.1 V vs. RHE).

The pellet-exposure test showed an important influence of
Ti** content on chemical stability. The compositions with
relative Fe content not exceeding 50% seem to be stable
chemically, which is an important determinant for materials
application.

Electrocatalytic activity

The electrocatalytic activity toward the OER of the SrTiy4
Fex03.; (STFx) perovskites was evaluated in 0.1 M KOH so-
lution (pH ~13). Firstly, the electrochemically active surface
area (ECSA) was determined. Fig. 7a illustrates the rela-
tionship between the current density and the scan rate ob-
tained from cyclic voltammetry in the non-faradaic
potential region (at O rpm). The values of ECSA estimated
from the measured Cq are presented in Fig. 7b. ECSA is a
commonly implemented descriptor of metal oxide active
sites, accessible for electrocatalysis reactions [48,78—82].

To facilitate the comparison, BET SSA values of the ball-
milled catalyst presented in Fig. 1 were multiplied by the
mass of the drop-casted catalyst.

For STF35, a low value of ECSA was found. The reason
might be the low amount of redox active Fe in the B-site,
dominated by the Ti**. For low Fe content, the percolation
between the Fe-containing octahedra cannot form, possibly
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Fig. 8 — (a) OER polarization curves, (b) the overpotentials (n) at 10 mA cm 2 current density, and (c) and corresponding Tafel
plots measured in O, saturated 0.1 M KOH at 10 mV s~ * with the rotation speed of 1600 rpm.
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Fig. 9 — (a) OER polarization curves with current density normalized by BET SA, (b) specific surface activity, (c) mass activity
and (d) relationship between specific activities and surface oxygen vacancies of SrTiy.,Fex03.; (STFx) catalyst powders.

influencing the electrocatalytic activity. The highest ECSA was
obtained for the STF50, which also showed the highest BET
specific surface area. For the STF70 and STF90, the ECSA
showed a decrease. The most likely reason for this was the
lower BET specific surface area of these powders. Interest-
ingly, the ratio of BET SSA to ECSA was the same for STF50,
STF70, and STF90. Increasing the relative iron content in STFx
had no visible influence on the active sites, at least when
taking into account ECSA. Pure SFO showed relatively low
ECSA with a significant divergence between the ECSA and BET
surface areas, possibly caused by the chemical instability of
the material.

The electrochemical impedance spectroscopy (EIS) was
used to determine the charge transfer resistance (R¢) of the
catalysts, one of the factors determining the enhanced activity
toward OER [83—85]. The Nyquist plots of all prepared mate-
rials are illustrated in Fig. 7c. The incorporation of iron into the
perovskite structure induced a systematic drop of the R, from
90 Q for STF35 to 28 Q for STFI0 (Table S7). The SFO sample,
without structure stabilizing titanium ions, again does not fit
the measured trend.

The general OER performance of the SrTiy.(Fe O35 (STFx)
perovskite catalysts, determined based on the geometrical
surface area of the glassy carbon (GC) electrode, is presented
in Fig. 8a. The performance of a blank glassy carbon electrode

is shown for comparison. The pure SFO shows high perfor-
mance, inferior only to STF90, but again, SFO does not follow
the trend for Ti and Fe-containing samples. The influence of Sr
dissolution cannot be accounted for, so it is hard to accurately
compare the SFO with Ti/Fe-containing compounds. For the
latter, the overall activity toward OER increases monotonically
with increasing Fe content in the perovskite structure. As the
first benchmark, the overpotentials (n) at 10 mA cm 2 current
density (based on the geometric area of GC) are presented in
Fig. 8b. For the stable STF35 and STF50 perovskites, the over-
potentials of 500 mV and 462 mV were obtained. For the less
stable STF70 and STF90, lower overpotentials of 441 mV and
410 mV were achieved, with the latter being the lowest. SFO
showed an overpotential of 440 mV at 10 mA cm™2. The rela-
tive errors, as obtained for three different electrodes, were
small, indicating good reproducibility of the measurements,
also taking into account the relative instability of the Fe-rich
materials. For comparison, the pure RDE-GC electrode
demonstrated unnoticeable activity what evidences the
negligible contribution into current density growth during
OER experiments.

Analysis of the Tafel plots, illustrated in Fig. 8c, revealed
that all examined materials are driven by the similar OER
mechanism (comparable values of Tafel slopes, 60—70 mV
dec™). The slope of ~60 mV dec* for STF90 indicates the
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chemical step to be the rate-determining step of OER [86]. The
higher values of Tafel slopes obtained for the rest of the
examined perovskite materials suggest a possibility of a
mixed mechanism (e.g. a parallel process) to have an impact
on overall OER performance. The Tafel slope of the SFO ma-
terial was ~70 mV dec !, which again indicates different
behavior of this compound.

Based on the measured BET specific surface areas of the
catalysts, the surface specific performance metrics can be
compared. The OER polarization plots with the current density
normalized by BET specific surface area are presented in Fig. 9a.
As the surface of the catalysts was comparable, the trend of
surface-specific catalyst activity remained unchanged. Fig. 9b
depicts the overpotential determined at 25 pA cm 2 (in respect
to oxide surface area). The lowest overpotential value of
348 mV was obtained by STF90, followed by 369 mV for SFO. For
the stable STF50, an overpotential of 406 mV was determined.
Another useful performance metric is the mass specific
benchmark, though there is no standard overpotential value
for which it is reported. Fig. 9c presents the mass activities of
the catalysts determined at the arbitrary overpotential of
410mV (value of STF90to achieve a geometrical current density
of 10 mA cm™?). The mass activity of the stable STF50 is
~10 A g%, whereas for the unstable STF90 it is 4x higher. Fig. 9d
correlates the specific activity with relative surface oxygen
vacancy concentration estimated by XPS studies. The
increasing OER performance of STFx with oxygen vacancies is
observed. However, due to the pronounced instability, the SFO
does not follow the trend.

It has been considered that oxygen vacancies in perov-
skites can improve the electrocatalytic performance toward
OER. For instance, Lu et al. have created oxygen vacancies in
LaCoOj3 perovskite by Sr doping and Ar plasma treatment [87].
It was shown that abundant oxygen vacancies acted as active
sites and showed high intrinsic activity. Oxygen vacancies
concentration increase, promoted by partial Sr** substitution
for La**, resulted in Tafel slope decrease from 92.1 to 74.2 mV
dec™? for LaCoOs.5 and Lag sSr 3C03.5, respectively. Addition-
ally, the Ar plasma treatment was applied to further manu-
facture oxygen vacancies and the Tafel slope reduction of
Laog.sSro3Cos5 to 70.8 mV dec * was reported. Hona and
Ramezanipour reported the facile synthesis method of the
oxygen-deficient STtMnO;_; [88]. It was shown that the elec-
trocatalytic properties are correlated with the structure and
oxygen vacancy. StMnO; s, the most oxygen-deficient among
prepared materials, exhibited the best electrocatalytic activity
for the OER. She et al. have established a direct correlation
between the surface oxygen vacancies along with the surface
Fe oxidation state and the specific activity enhancement of
the La;.4SrxFeOs; (x = 0, 0.2, 0.5, 0.8 and 1) [89]. In their work,
they found the optimum amount of surface oxygen vacancies
in Lag,Sro gFe0s.;, resulting in the lowest OER overpotential
and Tafel slope among examined catalysts.

The activity of the STFx (given by specific overpotential
values) seems to correlate linearly with the amount of iron in
the perovskite, especially for the compounds with Ti. The
cubic perovskite structure is retained for all the studied
compounds. Moreover, the (logarithm) of the total electrical
conductivity increases linearly vs. the iron content. For the
compound without Ti, the electrochemical activity, which is

inferior to STF90, might be decreased due to the rapid disso-
lution of Sr, also influencing the Tafel slope of the catalyst.
The two other high-Fe content compounds (STF90 and STF70),
although show high electrochemical performance, also tend
to dissolve Sr, rendering them not stable. Hayden et al. have
proposed that the reason for the increased Sr-dissolution at
high Fe-compounds, might be the activation of the lattice
oxygen mechanism (LOM) [34]. Our study has shown that the
dissolution occurs also at OCV, where no oxygen evolution
takes place, so the origin is purely chemical. The Tafel slope
obtained for all the STFx materials was quite similar. In the
case of triggering LOM mechanism, a change in Tafel slope
could probably be expected [90]. Though the mechanism and
the relative scale of A-site Sr-dissolution of OER catalysts are
not clear, our work shows that the presence of Ti ions (up to
50/50 Fe/Ti composition) stabilize the perovskite structure and
limits the A-site cation dissolution. The Tafel slope of ~60 mV
dec™?, obtained for all STFx compounds can arise from the
rate limiting reaction: MOOH + OH™ <=> MOO™~ + H,0 [91].
The Tafel slope of ~60 mV dec ' is often reported for high
performance perovskites [92]. In this case, increasing the
number of active sites (able to create MOO /MOOH - Fe in B-
site octahedra) would lead to increasing electrochemical per-
formance, which is consistent with our work. On the other
hand, the proposed rate limiting mechanism does not involve
the electronic charge carriers. Therefore, the observed de-
pendency of the performance vs. electrical conductivity is a
secondary, non-critical aspect. It is affirmed by the fact that
for the less conducting, lower Fe-content compounds, a slight
increase in the Tafel slope has been observed. The electronic
conductivity is nonetheless the requirement for efficient
charge collection, thus its value should be maximized for
efficient electrode materials. Based on these assumptions, we
propose that in the case of STFx materials, the active sites
include metal ion site (adsorbate evolution mechanism).

The recently reported OER results for perovskites are
collected in Table S8. The presented data defines STFx as
decent OER catalysts. Due to presented stability issues, only
the STF50 shows a reasonable mixture of stability and per-
formance. It shows an overpotential of 460 mV at 10 mA cm 2,
which might seem quite high, but taking into account its high
surface area (~35 m? g ), the oxide surface (406 mV at
25 pA cm~?) and mass specific (~10 A g~* at 410 mV) perfor-
mance, it is comparable to other perovskite catalysts.

In the study by Hayden et al. [34] on thin films, the analysis
of the onset (ignition) potential and current density achieved
at370 mV (1.6 V vs. RHE) showed improved performance of Fe-
rich compositions. The authors concluded that high OER ac-
tivity was correlated with the low stability of the oxides. For
high Fe catalysts, participation of lattice oxygen in OER was
discussed. The composition based on 50Fe/50Ti has been
proposed as a viable, stable catalyst, which showed the cur-
rent density at 370 mV of ~2 mA cm™, comparable to the
performance of STF reported here (taking into account the
geometric area).

The best perovskite OER catalyst is the monoclinic SrlrO;
developed by Yu et al. [93]. The noble metal containing cata-
lyst was prepared by solid-state reaction, which resulted in
powder with BET of 14.6 m? g% In 0.1 M KOH, the over-
potential required for 10 mA cm™2 (geometric area) was
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~300 mV with a low Tafel slope of 42 mV dec* and the mass
activity of ~50 A g™* (at 320 mV).

SrC0op oTip103.9, SrFooTin103.4 and BagsSrosCopgFep s
05.4 perovskites (with surface areas of <1 m? g-!) were studied
by Su et al. [51] In 0.1 M KOH, the materials showed over-
potentials of 510 mV, 520 mV and 490 mV, much higher than
in the present study. The respective Tafel slopes were 88 mV
dec™?, 102 mV dec™ ! and 84 mV dec™?, indicating inferior ki-
netics than in our case.

Zhu et al. proposed SrNbg 1C0o 7Feq203.q (SNCF) as a highly
active catalyst for OER [52]. Similarly to STFx, SNCF contains a
single A-site cation (Sr) and the B-sublattice contains Fe. The
material was prepared by solid state reaction and benchmarked
against BSCF. The low surface area (<1 m? g~1) SNCF showed an
overpotential (in 0.1 M KOH, at 10 mA cm™?) of 500 mV, which
decreased to 420 mV for ball milled (BM-SNCF) powder (surface
area ~6 m? g~%). The BSCF showed an overpotential of 510 mV.
The Tafel slopes for the SNCF and BM-SNCF were 76 mV dec™!
and 90 mV dec™?, respectively. Even though the overpotential
obtained for BM-SNCF was lower than for un-milled SNCF, the
specific activity was not improved by the milling. The mass ac-
tivity of the BM-SNCF was ~93 A g * (at 500 mV).

In comparison to many good oxide catalysts developed in
the last years, STF50 is based on abundant, environmentally
friendly elements and shows a comparable performance,
which can make it an attractive alternative as the OER catalyst.

Conclusions

The series of SrTi; xFexOs; with x = 0.35, 0.50, 0.70, 0.90 and
1.00 (STFx) perovskites have been fabricated via the solid state
reaction synthesis technique and tested as potential oxygen
evolution catalysts in alkaline electrolyte. The powders showed
a remarkably high specific surface area of >30 m? g~*. The
chemical stability test, based on immersion of pellets in the
electrolyte, indicated that up to Fe content of 50%, the materials
were stable in 0.1 M KOH, whereas the samples with higher Fe
content showed dissolution of strontium. The surface
morphology change induced by Sr dissolution was especially
pronounced for the SrFeO5_; (SFO) composition. Electrocatalytic
oxygen evolution tests showed an inverse linear correlation
(excluding the unstable SrFeO3.;) between the iron content and
OER overpotential. Overall, the samples presented satisfactory
performance, especially when surface specific values were
compared. The redox active B-site containing Fe>*/4* together
with inherent surface oxygen vacancies and the high surface
area of the catalyst powders provide performance which is
comparable to other recently reported highly active perovskite
catalysts. Based on earth abundant and non-toxic elements,
the Sr(Ti,Fe)Os; (STFx) materials are an interesting, environ-
mentally friendly catalyst alternative.
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Island-like Fe-rich phase was observed on STF35 pellets surface for chemical stability
tests sintered at 1200 °C (Fig. S6 and S7). In order to hinder such growth, the lower
etching temperatures were tested. If the temperature of thermal etching was too low the
grains’ boundary etching did not occur. Under these conditions, the etching temperature

for STF35 of 1100 °C was chosen.

Atk

v

Fig. S1 — Thermal surface etching of STF35 pellets performed at different temperatures.
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Fig. S2 — EDS maps of STF35 pellet thermally etched at 1200 °C.
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Fig. S3 — SEM images of Ni foil coated with catalyst inks ball-milled using 1 and 3 mm diameter

YSZ balls and non-grounded one.
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Fig. S4 — Calibration of Hg/HgO electrode against RHE in Hz saturated 0.1 M KOH electrolyte.
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Fig. S5 - OER polarization curves obtained for STF50.
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Fig. S6 — SEM images of synthesized and ball milled powders (a) STF35, (b) STF50, (c)
STF90, and (d) SFO. Magnification of left column is x10 000 and the right one is x100 000.

-121 -


http://mostwiedzy.pl

Table S1 — Unit cell parameters calculated by Le Bail refinement and BET specific surface area
of the SrTix-1FexOss (x= 0.35, 0.5, 0.7, 0.9, and 1)
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) Cell parameters Surface Area after
Material Surface Area [m2g]
a=b=c [A] ball milling [m2 g-"]
STF35 3.8985 18.2(1.0) 34.5(2.5)
STF50 3.8947 16.9(1.0) 34.2(1.9)
STF70 3.8803 17.1(0.9) 33.1(2.1)
STF90 3.8771 14.5(0.9) 28.5(1.8)
SFO 3.8597 11.6(0.8) 25.1(2.2)
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Fig. S7 — Le Bail refinement plots of the pXRD diffractions patterns of a) STF35, (b) STF50, (c)

STF70, (d) STF90, and (e) SFO.
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Table S2 — Conductivity at 25 °C and activation energies of SrTix-1FexOs.s pellets.

Conductivity at 25 °C Activation energy

Sample
[S cm] [eV]
STF35 1.48-10° 0.39
STF50 7.87-104 0.32
STF70 4.09-102 0.26
STF90 1.3 0.20
SFO 53 0.06

Table S3 — The relative amounts of the different Sr species of SrTix-1FexO3-0 powders
calculated by fitting Sr3d spectra.

Sample Sr2+ - perovskite [%] SrCO3 [%]
STF35 50 50
STF50 55 45
STF70 60 40
STF90 60 40
SFO 75 25

Table S4 — The relative amounts of the different Fe species of SrTix.1FexO3.s powders

calculated by fitting Fe2p spectra.

Sample Fe3* [%] Fe#* [%] Average valence
STF35 55 45 3.45
STF50 60 40 34
STF70 60 40 34
STF90 60 40 34
SFO 55 45 3.45
-123 -
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Table S5 — The relative amounts of the different surface oxygen species of SrTix.1FexOs-s

powders calculated by fitting O1s spectra.
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Sample H20 [%] OH-[%] 02- /0" lattice O>
STF35 4 28 23 45
STF50 4 37 17 42
STF70 10 37 28 25
STF90 3 31 37 29
SFO 12 44 29 15
CKLL C1sSr3p Srad

Counts [a.u.]

SFO M
1000 800 600 400 200 0
Binding energy [eV]

Fig. S8 — Full XPS element survey scans of SrTix-1FexO3-5 powders.
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Fig. S9 — Ti2p X-ray photoelectron spectra of SrTix-1FexOs-5 powders.
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Fig. S11 — STF50 pellets cross section of a) raw and b) after 30 days immersion in 0.1 M KOH
pellet.
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raw etched

Fig. S12 — (a) Surface of STF90 pellet etched for 30 days in Ar saturated 0.1 M KOH and (b)

A:B cations ratio before and after etching.

Table S6 — EDS chemical composition analysis results performed on raw and chemically

etched SrTix-1FexOs.5 pellets.

At. conc. in raw pellets [%] At. conc. After 30 days in 0.1 M KOH [%]
Sr Ti Fe O Sr Ti Fe O
STF35 14.5 9.8 5.3 70.4 14.7 9.9 5.6 69.8
STF50 14.7 7.5 7.3 70.0 13.9 6.8 6.6 72.3
STF70 15.1 4.6 10.5 69.7 13.5 4.5 10.0 71.6
STF90 15.2 1.7 14.5 68.6 6.7 1.6 14.6 76.6
SFO 15.5 - 15.6 68.9 3.9 - 21.6 74.5

Table S7 — OER performance data of examined SrTix-1FexOs.5 catalysts. Colors of the rows

highlights the chemical stability of the catalysts (green — high stability, red — poor stability).

neeo at 10 MA  nox at 25 pA cm-
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Electrode Tafel slope Ret ECSA
cm-2 2
material
[mV] [mV] [mV dec] [Q] [cm?]
STF35 500(3) 435(1) 67.0(1.3) 90(9) 4.3(0.5)
STF50 462(2) 405(2) 64.7(0.7) 51(2) 5.9(0.4)
STF70 441(3) 382(3) 63.8(1.5) 38(2) 5.4(0.5)
STF90 410(3) 347(2) 59.9(0.4) 28(2) 4.6(0.2)
SFO 440(4) 369(4) 70.3(2.7) 44(5) 2.2(0.3)
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Table S8 — Comparison of reported OER electrocatalysts including Fe containing perovskites.
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n at Tafel s| Catalyst's
Supportin afel slope
Material Electro  Supporting 10 mA cm P loading Ref.
lyte electrode
[mV] [mV dec] [mg cm?]
STF90 410 59.9
0.1 M This
STF70 RDE-GC 441 65.8 0.232
KOH work
STF50 460 64.7
0.1 M RDE-GC
SrirO3 300 [1
KOH
Lao7SrosMnOs 1.0 M FTO
220 62 - 2]
/Co-Pi NaOH
GFC20600 1.0M Ni-plate 367 139 15 [3]
KOH  RDE-GC  318at50
Lao.2Sro.sFeO3 mMA pm?2 58 0.25mg [4]
oxide
LaFeO285Clois 0.1 M 500 67 0.283 [5]
SrTio.1Coo.sFeo. KOH
370 94.82 0.232 6]
4035
SrCoo.5Fe0.503.
327 62 0.278 [7]
5 (800 °C)
SrCoosFeos50s3-
377 74 0.278 [7]
5 (1000 °C)
SrCoo.5Fe0.503.
407 76 0.278 [7]
5 (1200 °C)
SrNbo.1Co0.7
420 90 0.232 8]
Feo.2035
SrFeo.9Tio.103-5 520 102 0.32 [9]
SrCoo0.9Tio.103-
510 88 0.32 [9]
)
SrFeOs-5 480 74.92 0.232 [10]
Lao.2Sro.sFeOs.
370 60.10 0.232 [10]
)
REFERENCES
-128 -


http://mostwiedzy.pl

A\ MOST

[1] Yu J, Yu J, Wu X, Guan D, Hu Z, Weng SC, et al. Monoclinic SrirO3: An Easily
Synthesized Conductive Perovskite Oxide with Outstanding Performance for Overall Water
Splitting in Alkaline Solution. Chem Mater 2020;32:4509-17.
https://doi.org/10.1021/acs.chemmater.0c00149.

[2] Bhowmick S, Dhankhar A, Sahu TK, Jena R, Gogoi D, Peela NR, et al. Low Overpotential
and Stable Electrocatalytic Oxygen Evolution Reaction Utilizing Doped Perovskite Oxide, La 0.7
Sr 0.3 MnO 3 , Modified by Cobalt Phosphate. ACS Appl Energy Mater 2020.
https://doi.org/10.1021/acsaem.9b02167.

[3] Omari E, Omari M. Cu-doped GdFeO3 perovskites as electrocatalysts for the oxygen
evolution reaction in alkaline media. Int J Hydrogen Energy 2019;44:28769-79.
https://doi.org/10.1016/j.ijhydene.2019.09.088.

[4] Shen Z, Zhuang Y, Li W, Huang X, Oropeza FE, Hensen EJM, et al. Increased activity
in the oxygen evolution reaction by Fe 4+ -induced hole states in perovskite La 1-x Srx FeO 3 .
J Mater Chem A 2020:4407-15. https://doi.org/10.1039/c9ta13313e.

[5] Zhang J, Cui Y, Jia L, He B, Zhang K, Zhao L. Engineering anion defect in
LaFe02.85CI0.15 perovskite for boosting oxygen evolution reaction. Int J Hydrogen Energy
2019;44:24077-85. https://doi.org/10.1016/j.ijhydene.2019.07.162.

[6] Deng H, Shu L, Wang Z, Mao J, Liang F. SrTi0.1CoxFe0.9-xO3-d Perovskites for
enhanced oxygen evolution reaction activity 2020:1-10.
https://doi.org/10.1016/j.ijhydene.2020.03.057.

[7] Lin Q, Zhu Y, Hu Z, Yin Y, Lin HJ, Chen C Te, et al. Boosting the oxygen evolution
catalytic performance of perovskites: Via optimizing calcination temperature. J Mater Chem A
2020;8:6480-6. https://doi.org/10.1039/c9ta13972a.

[8] Zhu Y, Zhou W, Chen ZG, Chen Y, Su C, Tadé MO, et al. SrNb0.1C00.7Fe0.203-5
perovskite as a next-generation electrocatalyst for oxygen evolution in alkaline solution. Angew
Chemie - Int Ed 2015;54:3897—901. https://doi.org/10.1002/anie.201408998.

[9] Su C, Wang W, Chen Y, Yang G, Xu X, Tadé MO, et al. SrCo00.9Ti0.103-5 As a New
Electrocatalyst for the Oxygen Evolution Reaction in Alkaline Electrolyte with Stable Performance.
ACS Appl Mater Interfaces 2015;7:17663-70. https://doi.org/10.1021/acsami.5b02810.

[10] She S, Yu J, Tang W, Zhu Y, Chen Y, Sunarso J, et al. Systematic Study of Oxygen
Evolution Activity and Stability on La 1— x Sr x FeO 3-8 Perovskite Electrocatalysts in Alkaline
Media. ACS Appl Mater Interfaces 2018;10:11715-21. https://doi.org/10.1021/acsami.8b00682.

-129 -


http://mostwiedzy.pl

A\ MOST

4.4. Tailoring a Low-Energy Ball Milled MnCo2:04 Spinel Catalyst to Boost Oxygen Evolution

Reaction Performance

W nastepujgcej pracy przedstawiono wptyw niskoenergetycznego mielenia, dodatku
przewodzgcego wegla ora jonomeru na wiasciwosci fizykochemiczne oraz aktywnos$é
elektrochemiczng komercyjnego proszku spinelu MnCo204. Zastosowanie mielenia bezposrednio
wplywa na rozdrobnienie ziaren proszku, a stopien rozdrobnienia zalezy od czasu procesu. Na
podstawie obserwacji SEM zauwazono, ze proces rozdrabniania zachodzi w czasie nawet do
30 dni. Co wiecej, obserwacje te sg potwierdzone przez pomiary powierzchni wiasciwej za
pomocg izotermy adsorpcji BET. Metodag dyfraktometrii proszkéw XRD zbadano brak wplywu
mielenia na strukture krystaliczng spinelu, tzn. zachowana jest faza regularna spinelu. Natomiast
wyraznie widoczne jest poszerzenie reflekséw wraz z wydluzonym czasem mielenia, co jest
posrednig obserwacjg rozdrobnienia krystalitow. Badania spektroskopowe wykazaty réznice
w stopniach utlenienia atoméw na powierzchni proszkéw w zaleznosci czy proszki te byty mielone
w obecnosci dodatku wegla przewodzgcego czy nie. Waznym zjawiskiem jest powstawanie
warstwy wodorotlenku kobaltu na powierzchni proszku spinelu po mieleniu z dodatkiem wegla
przewodzgcego. Warstwa ta znaczgco poprawia aktywnos$¢ katalityczng materiatu. Ponadto
wykazano, ze niskoenergetyczne mielenie proszku katalizatora w czasie 6 dni obniza
nadpotencjat OER o 60 mV w poréwnaniu do nierozdrobnionej probki referencyjnej. Kolejnym
zbadanym aspektem jest wptyw grubosci warstwy jonomeru na obnizenie mierzonej aktywnosé
elektrokatalitycznej. Im grubsza warstwa jonomeru, tym bardziej blokowana jest powierzchni
katalizatora, a zatem ograniczony jest transport masowy reagentow.

Do oryginalnych wynikow zaliczam kompleksowg analize wielu czynnikdw wptywajgcych
na obserwowang aktywnosc¢ elektrokatalityczng spinelu MnCo204. Zbadany zostat wzajemny
wplyw czasu mielenia (rozdrobnienia ziaren) katalizatora, dodatku wegla przewodzacego oraz
jonomeru na obserwowang aktywnos$¢ elektrokatalityczng materiatu. Podkre$la to jak wiele uwagi
nalezy poswieci¢ przygotowaniu badanych elektrod z uzyciem katalizatora o danej stechiometrii,
zeby maoc rzetelnie przedstawi¢ otrzymane wyniki i poréwnac je z literatura.

W przedstawionej publikacji odpowiadatem za czesciowe przeprowadzenie analizy stanu
wiedzy oraz dopracowanie stanowiska do badania aktywnosci elektrokatalitycznej
przygotowanych probek. Ponadto bratem czynny udziat w pomiarach za pomocg rentgenowskiej
spektroskopii absorpcyjnej oraz bytem odpowiedzialny za przeprowadzenie analizy LeBaila
dyfraktogramoéw rentgenowskich. Stuzytem réwniez wsparciem merytorycznym i bratem udziat
w dyskusji wynikéw, majgc wpltyw koricowg wersje artykutu.
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ARTICLE INFO ABSTRACT

Keywords: The development of cost-efficient oxygen evolution reaction (OER) catalysts is one of the most important tasks
Oxygen evolution reaction facing modern techniques for hydrogen production. In this work, for the first time, a low-energy ball milling
MnCo,0, spinel process of MnCoy04 (MCO) spinel powders, with a mechanical modification time exceeding 1 day was used. After
E.lectro_ca?talyst 6 days of ball-milling, the obtained overpotential of the electrocatalyst reached the value of 375 mV at 10 mA
Ball-milling process =H it e 5 , : 5 i
Ink composition cm” %, which is a relatively low value obtained for this type of compound. The studies showed how the me-
Nafioii fonoties chanical (low-energy long-term milling process) and chemical modification of the fragmented spinel powder
nanoparticle surfaces affects the increase of the electrocatalytic properties. The addition of the appropriate
amount of conductive carbon black (cCB) and Nafion ionomer to the ink of the MCO spinel also has a significant
effect on the improvement of the catalytic performance of the manganese-cobalt oxide during the milling pro-
cess. By reducing the amount of Nafion to 10 % of its initial value, the overpotential dropped to 352 mV at 10
mA cm ™ after 30 days of ball-milling. This shows that catalyst ink and layer composition are important factors

Pobrano z mostwiedzy.pl

A\ MOST

influencing the catalyst’s efficiency in the OER.

1. Introduction

The constantly growing demand for electricity means that there isa
need for new solutions to meet these requirements. Hydrogen obtained
through electrolytic processes seems to be one of the most promising
directions for development. The key point that hinders the electrolysis
process is the sluggish oxygen evolution reaction (OER) kinetics in the
electron charge transfer reaction, which results in high overpotentials of
the reaction. The OER is an energy conversion reaction necessary both
for charging metal-air batteries and for the direct splitting of water
[1-5]. To accelerate the electrochemical reactions of water splitting, the
development of efficient electrocatalysts is necessary. Highly efficient
OER catalysts are required to lower the energy barrier [6-8]. Currently,
most of the work has been devoted to the development of OER elec-
trocatalysts based on 3d transition metals and their oxides, such as
perovskite and spinel structures. They exhibit good OER performance
with significantly reduced production costs [7 9-11]. Spinel-type metal

O Lol b e g

oxide electrocatalysts are promising candidates for the development of

* Corresponding author.
E-mail address: sylwia.pawlowska@pg.edu.pl (S. Pawlowska).
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low cost, readily available, highly active, stable bifunctional catalysts
for energy conversion and storage applications [6,12,13]. The devel-
opment of low-cost transition non-noble metal-based (such as Mn and
Co) water-oxidation catalysts is very appealing due to their high avail-
ability [14-17]. MnCo204 (MCO) is one of the spinel oxides that possess
structural flexibility and mixed-valence states. Most of the MCO-based
catalysts presented in the literature have good activity toward OER
[18-23].

Catalytic properties are related to the active surface of the catalyst
[24,25]. Ball milling is an efficient method to mechanically activate
materials, to affect chemical reactions and employ alloying. The ball
milling process is called a mechanochemical method used for the syn-
thesis of metal oxides [26-28]. During the milling process, the ground
powder particles are subject to a combination of impact, shear, and
friction forces, resulting in the continuous exposure of fresh particle
surfaces, creating defects, and breaking bonds [29-31]. As a result, the
ball-milling process reduces the particle agglomeration and the size of

the catalyst crystallites, modifies its particle size distribution, and
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increases the number of structural defects [32]. Additionally, with the
decrease of the particle size the concentration of atoms and ions located
at the particle surfaces increases [33]. Mechanical milling can affect the
physico-chemical properties of the catalyst, as well as its OER perfor-
mance. Mechanical modification is a very promising way to modify the
structure of materials because, during the milling process, the moving
balls apply their kinetic energy to the ground material. As a conse-
quence, chemical bonds are broken and new surfaces are obtained by
cracking the material’s particles. Additionally, the newly formed sur-
faces are chemically reactive due to the presence of the dangling bonds
formed as a result of the milling process [34-37]. The great advantage of
the ball milling technique is the possibility of large-scale production,
which significantly reduces the costs of production or modification of
materials subjected to the milling process. During a single cycle,
depending on the size of the mill or roller, it is possible to process large
volumes of modified material [26]. After the ball milling process, the
resulting particles can be applied to any surface. In comparison, the
electrochemical deposition method requires a conductive substrate such
as glassy carbon, metals, or alloys [38]. The ball milling process itself
also does not require the use of specific chemical reagents. Typically, the
use of typical organic solvents, such as alcohols, or use of aqueous so-
lutions is sufficient. In comparison, the chemical vapor deposition
method requires the use of often toxic, explosive, or corrosive precursors
in chemical vapor deposition is essential. In addition, this method in-
volves the production of by-products, which can also be dangerous [39].
As can be seen, out of many methods commonly used for the fabrication
of catalytic materials, ball milling seems to be one of the simplest
methods to implement, which does not require very expensive equip-
ment, and instead allows the milling process to be carried out even in a
very large scale.

The electrocatalytic efficiency of the OER process is also greatly
influenced by the composition of the ink used for the application to the
electrode. In addition to the catalyst particles, the amounts of ionomer
and conductive carbon black (cCB) are also crucial [40-45]. The main
purpose of the application of Nafion ionomer in water electrolysers is to
improve the distribution and separation of the catalyst particles in the
ink (maximised catalyst utilisation). Nafion is also a binder to prevent
the catalyst layer from detaching from the electrode, ensuring its proper
stability [45,46]. Additionally, as numerous studies have shown, the
appropriate ionomer to catalyst ratio (I/C) is very important as it affects
the form of the reaction interface and accordingly affects the efficiency
of the OER reaction. The uniform distribution of the catalyst particles in
the ink increases the active area of the surface by preventing their ag-
gregation. Too much Nafion ionomer leads to it blocking the electro-
lyte’s access to the catalyst surface, hindering the transport of mass,
ions, and electrons. The role of the ionomer in the OER is therefore very
important as it regulates the properties of the ink and the physical and
electrochemical behaviour of the catalyst layer at the interface, i.e. in
the electrical double layer (EDL) [44]. The cCB is an equally important
component of the catalyst layer of electrodes used in electrochemical
energy conversion. Its main task is to improve the electronic conduc-
tivity of weakly conducting electrocatalysts, such as metal oxides.
Indeed, the addition of carbon materials to low-conductive oxides con-
tributes to a strong increase in the conductive properties and thus the
efficiency of these catalysts. As a result, they are widely used in
modelling OERs in alkaline media as an indispensable additive to the ink
[47-50]. A new strategy observed in the latest research is the synthe-
sizing of carbon-supported electrocatalysts. Such electrocatalytic mate-
rials are characterized by a three-dimensional structure and high
porosity, which improves the efficiency of water splitting processes
[51-53].

In this work, the effect of physical/chemical treatments of MCO
spinel on the OER performance is investigated. We present the effect of
ball milling and the addition of carbon on the physico-chemical prop-
erties of the MCO. Here, the OER performance of MCO prepared in the
form of ink after various ball-milling process times are reported. The

Applied Surface Science 619 (2023) 156720

results show that the ball milling process of the MCO spinel catalyst
could significantly enhance its OER activity. This finding is associated
with a decrease in the particle size, and not simply with the modification
of a surface layer produced during the ball milling process with cCB. By
comparing the OER activity of a different catalyst ink preparation, we
confirm that carbon has a definite influence on the surface modification
of the catalyst particles. However, this influence is much smaller than
that by mechanical treatment. The composition of the ink applied to the
electrode has a similar importance for the electrocatalytic efficiency in
OER. Our work confirmed that the activity of the catalyst increases with
a decrease in the amount of Nafion ionomer and an increase in the
amount of cCB. The research presented in this paper shows a promising
direction for further research to create low-cost and highly efficient
electrocatalysts based on spinel oxides.

2. Materials and methods
2.1. Sample preparation

Commercially available manganese cobalt spinel MnCo,04 powder
(MCO, Marion Technologie, France) was used for each analysis. It is a
solid solution of manganese and cobalt oxide in a composition equal to:
Mn: 0.98 + 0.03 and Co: 2.02 + 0.03 (analysis provided by the pro-
ducer). The average particle size was determined by granulometry and
was equal to 300 + 30 nm, and specific surface area 7.6 + 0.8 m?g !,
declared by the manufacturer. The spinel powder was subjected to a
grinding process in a roller mill (Zoz GmbH, Germany) rotating at a
speed of 100 rpm using yttria-stabilised zirconia (YSZ, Inframa-
t®Advanced Materials™, USA) spherical grinding media (1 mm diam-
eter). Ball-milled samples were analysed at different time points: 1, 2, 3,
4,5, 6, 7,10, and 30 days. Two variants of powders after milling were
used for physicochemical analysis: pure spinel (MCO) and spinel with
Super P Li Conductive Carbon Black (cCB, Imerys, Belgium) (MCO-cCB)
suspended in ethyl alcohol. After a time-defined grinding procedure, the
powders were dried in a laboratory drier at 100 °C in the air. To test the
catalytic properties, inks based on the MCO and cCB were used (a
detailed description of the ink preparation is presented in the next sec-
tion), then subjected to the process of milling and analysis after specific
time points (milling times).

2.2. Morphological and physicochemical characterisation of spinel
powder samples

To investigate the morphologies and chemical properties of ball-
milled MnCo204 powder, an FEI Quanta FEG 250 scanning electron
microscope (FE-SEM) under an acceleration voltage of 10 kV, and a Cs-
corrected Titan Cubed G2 60-300 (FEI) scanning transmission electron
microscope (S/TEM) were used. The specific surface area of the powders
was determined using the N2 adsorption technique (Quantachrome,
NovaTouch LX1) Brunauer-Emmett-Teller (BET) isotherm model. Before
sorption measurement, the samples were degassed at 300 °C for 3hin a
high vacuum. The specific surface area (SSA) from BET analysis was
useful for calculating the mean sizes of the powders’ particles, on the
assumption of particles having spherical geometry. The following
equation was used:

e 6000
Aperp

where d is the particle diameter, Aggr is the BET specific surface area,
and p is the theoretical density calculated based on data obtained from
LeBail analysis of XRD patterns. The obtained values after individual
milling times were compared with the particle sizes determined based
on SEM images, and the hydrodynamic size distribution of the particles
evaluated by dynamic light scattering (DLS, Malvern Zetasizer) (DLS
measurement details in the Supplementary Material).

Crystalline phase identification for powders after each milling time
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was carried out at room temperature by powder X-ray diffraction (pXRD,
Bruker D2 Phaser diffractometer) with CuK, radiation (A = 0.15404 nm)
and a Lynxeye XE-T detector. The Fullprof software package, based on
the LeBail method, was used to develop the measurement results. To
perform the analyses, the cif files were downloaded from the Crystal-
lography Open Database [54]. X-ray photoelectron spectroscopy (XPS,
Axis Supra spectrometer, Kratos Analytical) measurements were per-
formed to investigate the valence state of the Mn and Co in the MCO
spinel. The spectroscope was equipped with an Al Ka source. The pass
energy and the spot size diameter were 20 eV and 2 x 0.7 mm,
respectively. Metallic gold and copper were used for the instrument
calibration. The CasaXPS 2.3.18 software on a Shirley background was
used to analyse the obtained spectra. The XPS binding energies were
corrected using the C 1s peak at 284.6 eV. For a deeper understanding of
the oxidation and electronic states of each element in the catalysts, soft
X-ray absorption spectroscopy (XAS, Solaris National Synchrotron Ra-
diation Centre) measurements across the Mn, Co, and C L; 3-edges, as
well as the O K-edge, were performed. Measurements were carried out at
the available energy range of 150-2000 eV with the beamline at the
bending magnet source (1.21 T), a flux at a sample of ~10% photon/s/
0.1A, and energy resolution AE/E ~ 2.5 x 10~

2.3. Electrode preparation

The ink subjected to the milling process and then analysed for its
electrocatalytic properties was a mixture consisting of 100 mg of MCO
spinel, 100 mg of cCB, 1.5 mL of K" exchanged 5 % Nafion 117 as a
binder, 9.5 mL of ethyl alcohol (absolute 99.8 % pure, POCH, Poland),
and 35 g of YSZ spherical balls. Potassium substituted Nafion was used
to avoid the highly acidic environment of Nafion solution (pH about 2)
which may corrode the oxide catalysts. For this purpose, 5 wt% Nafion
117 solution (Sigma-Aldrich) was mixed at a proportion of 2:1 of volume
ratio with 0.1 M potassium hydroxide (KOH, Titripur®, Merck, Ger-
many, 1 M solution diluted with deionised water). This alkaline Nafion
was prepared according to the procedure reported in the literature [55].
The final pH of the NafionK + was equal to about 9.

For examining the effect of the amount of NafionK+ and c¢CB on the
electrochemical properties of the catalyst, the amounts were reduced
from 18 pg of Nafion to 9 g, 4.5 ug, and 1.8 ug (corresponding to a
Nafion/catalyst (I/C) ratio of 0.4, 0.2, 0.1, and 0.04, respectively), and
from 100 mg of ¢CB to 200 mg, 150 mg, 50 mg, 25 mg, and 10 mg
(corresponding to a conductive carbon/catalyst (cCB/C) ratio of 2, 1.5,
1, 0.5, 0.25, and 0.1, respectively). Before the deposition, the electrode
surface was polished to a mirror finish using Struers Tegramin-20
equipment and 1 pym of diamond suspensions, and with the following
parameters: pressure on the electrode 15 N, time of polishing 5 min,
rotation speed 300 rpm. The ink that was not milled with balls was only
sonicated (ultrasonic bath, Bandelin Sonorex RK 102H, 480 W) for 30
min in an ice-water bath. 5 uL of the ink was dropped onto a rotating
glassy carbon (GC) electrode (0.196 cm?) at 700 rpm, and adhesive tape
was used as a limiter enabling the application of the ink only to the GC
surface. The loading of the catalyst was 0.23 mg cm 2. The prepared
electrode was dried overnight. For each ball-milling time point, three
samples of electrodes with the catalyst were analysed.

2.4. Electrochemical analysis

Rotating Ring Disk Electrode (RDE-3A) equipment was used to reveal
the OER Kkinetics of the catalyst after milling. The electrochemical
measurements were performed in a standard three-electrode system
with a custom-made Teflon cell at room temperature. The electrolyte
was a 0.1 M KOH (Titripur®, Merc, Germany) solution prepared with
deionised water. The OER was investigated using a BioLogic BP-300
potentiostat/impedance meter in Oj-saturated electrolyte at 1600
rpm. In all measurements, a Hg/HgO as the reference electrode (928 mV
vs the reversible hydrogen electrode RHE) and a Pt wire as the counter
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electrode were used. The potential of the reference electrode Hg/HgO
was calibrated on a daily basis using a hydrogen generator. Calibration
of the Hg/HgO electrode is described in the Supplementary Material and
an exemplary calibration graph is shown in Fig. S1.

As a first step, the electrolyte was purged with high purity oxygen for
30 min before each measurement. For conditioning, the working elec-
trode was cycled between 1.0 V and 1.7 V vs RHE at a scan rate of 10 mV
51 (10 cycles). The goals of this treatment procedure were to achieve
stable performance and reproducibie resuits. To estimate the doubie-
layer capacitance (Cq)), cycling voltammetry (CV) scans were per-
formed at scan rates of 10, 20, 40, 60, 80, and 100 mV s~'. The non-
faradaic potential region was applied (from 1 V to 1.7 V vs RHE). The
double-layer capacitance is useful for calculating the analysed material’s
electrochemical active surface area (ECSA). Linear sweep voltammetry
(LSV) data was collected from 1.1 to 2.0 V (vs RHE) at a scan rate of 10
mVs~L. To investigate the electrical properties of the materials, such as
the charge transfer resistance (R), electrochemical impedance spec-
troscopy (EIS) measurements were performed in the frequency range
from 10 kHz to 0.1 Hz at 1.7 V vs RHE with an amplitude of 10 mV.

All potential values were first converted to the values versus the
reversible hydrogen electrode (RHE, Eryr = Epg/mgo + 0.928 V) and
then iR-corrected to remove the effect of solution resistance (Eir_corrected
= Eapplied - iRucom), taking into account uncompensated ohmic resistance
(iRycom)- To estimate the overpotential for the OER at 10 mA em™2, the
following equation was used: n=E — 1.23 V (vs RHE) [20]. The catalyst
oxide loading and the geometric surface area of the working electrode
were equal to 0.045 mg and 0.196 cm?, respectively. These parameters
were used to calculate the catalyst mass activity at specific overpotential
values and current density.

The stability tests was examined by chronopotentiometry at 10 mA
em? in 0.1 M KOH and using commercial electrolyzer cell (ElectroCell,
Micro Flow Cell). The electrolyzer cell consisted of Sigracet 39 AA (SGL
Carbon) carbon paper support as anode, Ti cathode, and Zirfon® Perl
500 UTP diaphragm (AGFA). Both electrodes had the active geometrical
area equal 10 cm? Sealed reference electrode LF-1 Ag/AgCl (Electro-
Cell) was used for measuring of the anode potential. A water pump (12
V, 1.2 L/min, 1200 mA) was used to generate the electrolyte flow
through the electrolyzer cell. The flow rate was 200 mL/min.

3. Results and discussion
3.1. Morphological and structural characterization

A commercially available manganese-cobalt spinel MCO was used
for the analysis, which was subjected to an ultrasonic bath (0.5 h of us)
or mechanical treatment via ball milling for 1, 2, 3, 4, 5, 6, 7, 10, and 30
days. The analysis also included MCO samples treated with conductive
carbon black (MCO-cCB) and without (MCO). The SEM images pre-
sented in Fig. 1 (and Fig. S2) revealed the mechanical milling effect of
spinel particle defragmentation. As the milling time increases, the
fragmentation of the spinel particles increases.

The shape of the particles in each examined sample is random, and
the size ranges are from a few to several hundred nanometers in diam-
eter. Milling for 30 days resulted in drastic fragmentation of the MCO
powder particles. The contours of individual grains are difficult to
clearly define, which translates into problems with estimating their
approximate size. Values of the particle size of the spinel powders were
determined based on SEM analysis, assuming that they are spherical
particles and not, as they are in reality, objects of various shapes. The
obtained values of the average particle diameters after specific ball-
milling times (dsgy) are presented in Table 1, and for spinel particles
after 6 days of grinding and for spinel without any treatment (pure
MCO) are 125.8 nm and 231.4 nm, respectively. Extending the grinding
time to 10 days resulted in an almost 3-fold reduction in particle size
compared to the pure MCO sample. As mentioned above, continuous
grinding for 30 days resulted in significant fragmentation of the
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MCO - 4days

»
:

MCO - 30 days b-m

Fig. 1. Morphology analysis of MCO powder — SEM images of spinel powder after different milling times with 1 mm yttria-stabilised zirconia spherical balls using a

roller rotating at a speed of 100 rpm.

Table 1
Comparison of the SSA and particle size of MCO powders: without treatment,
after ultrasonic treatment, and after different times of ball-milling.

dggm [nm] dpgr [nm] SSA [mz/g]
pure MCO 231.4 135.0 7.8+ 0.4
0.5 h of us (0 days of b-m) 204.5 &+ 92.9 148.3 7.1+04
1 day of b-m 198.9 + 65.4 84.8 12.4 +£ 0.6
2 days of b-m 187.5 + 47.5 63.4 16.6 £ 0.8
3 days of b-m 180.8 + 48.2 49.7 21.2 1.1
4 days of b-m 143.3 & 33.2 45.8 23+1.2
5 days of b-m 133.3 + 36.7 41.4 254 +1.3
6 days of b-m 125.8 4 36.2 39.3 28.6 +1.4
7 days of b-m 98.4 + 35.0 26.2 40.2 + 2.0
10 days of b-m 80.5 + 22.7 17.0 62 +3.1
30 days of b-m 20+ 4.1 9.5 110.8 £ 5.5

particles, making it nearly impossible to determine their size. Exemplary
spinel particle size distribution histograms from the SEM microscope
data for three selected samples (pure MCO — without treatment and after
3 and 6 days of milling) (Fig. S3a), as well as size results from DLS
analysis (Fig. S3b) and value of the SSA determined by BET (Fig. S3c),
are presented in the Supplementary Material.

Spinel grain fragmentation is also revealed in the growth of the
specific surface area (SSA) of the spinel powders determined by BET
analysis (Fig. S3c, Table 1). These values were measured for samples
milled for nine different time points as well as for spinel powders treated
by ultrasonication and powder without any treatment (pure MCO). After
6 days of grinding, the specific surface area increased more than 3 times
compared to the control sample (pure MCO). From the 7th day of the
grinding process, a stronger increase in SSA was observed, which
increased by 40 % compared to the sample milled for 6 days. However,
after 10 days, this increase was already more than 2-fold (in relation to
the “6 days” sample). Extending the grinding time to 30 days resulted in
an almost 4-fold increase in the SSA compared to the sample that

underwent 6 days of ball-milling and more than 14-fold compared to the
sample that did not undergo any treatment (pure MCO). Such a high
value of the SSA was expected, taking into account the degree of frag-
mentation visible in the SEM images (Fig. 1). A larger total surface area
should provide more active sites for the electrochemical reaction
[12,56,57].

Based on the SSA value, the mean sizes of the powders’ particles for a
spherical geometry, were calculated. The results are presented in
Table 1. The differences in the mean particle size of the powder deter-
mined from BET are on average 3 times smaller for the powders sub-
jected to the milling process (regardless of time), and less than twice for
a powder without milling, compared to the values obtained from the
analysis of the SEM images. As mentioned above, both methods are
subject to some errors, as they assume a perfectly spherical shape of the
powder particles, which in fact have a more complex shape. Heidinger
et al. presented the difference between the use of high- and low-energy
ball milling of oxide particles. They showed that high-energy ball mill-
ing (1060 rpm) drastically reduces the average crystal size even to ~ 20
nm, along with the formation of dense aggregates. Due to this strong
aggregation, the active surface remains small. The use of the low-energy
ball milling process (450 rpm) as the next stage causes deagglomeration
of the particles and increases the surface area of the powder particles
several times [57].

To characterise the MCO catalyst samples after ball-milling with and
without cCB, TEM analyses were performed (Fig. 2). High-angle annular
dark-field (HAADF) images and TEM-EDS elemental analyses were used
to detect differences between the MCO spinel powders milled for 6 days
with and without cCB. The TEM images (Fig. 2a,b) present no differ-
ences in the degree of fragmentation of the particles of the MCO and
MCO-cCB samples. Fig. 2¢,d,e show pictures at the particle boundary in
selected regions. The HRTEM patterns present that the MCO sample
(Fig. 2¢) has lattice fringes with inter-planar spacings of 0.29 nm and
0.48 nm, corresponding to the <220> and <111> planes, respectively.
In the case of the MCO-cCB sample (Fig. 2d), only 0.29 nm inter-planar
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Fig. 2. HAADF-STEM images of the catalyst powder milled for 6 days without conductive carbon black (MCO) (a) and with conductive carbon black (MCO-cCB) (b, e,
g). HRTEM patterns of MCO (c) and MCO-cCB (d) powders. SAED pattern of MCO-cCB sample (f). STEM-EDS elemental maps: carbon (h), cobalt (i), manganese (j).

spacings (<220> plane) are observed. Fig. 2e presents a HAADF image
of the MCO-cCB sample with very clearly visible lattice fringes. How-
ever, due to the lack of perfect sample orientation, since the image
resolution is a bit lower, the estimated values for the inter-planar
spacings may be unreliable. Regardless of the technique chosen, it is
clear that the MCO and MCO-cCB samples after 6 days of grinding show
complete crystallinity with no signs of amorphisation. The selected area
electron diffraction (SAED) patterns (Fig. 2f) confirm the well-defined
crystalline MCO structure.

TEM/EDS analysis of the MCO-cCB (Fig. 2g—j and Fig. S4a) and MCO
(Fig. S4b—e) confirm the presence of cobalt, manganese, and oxygen in
the structure of the particles and carbon derived from the carbon mesh
used as a substrate for the tested samples. In the case of the sample
ground with conductive carbon black (MCO-cCB), it is difficult to
determine whether there are any carbon residues on the surface of the
MCO particles. The analysis also revealed trace amounts of other ele-
ments (Al, Na, Si) that may be impurities from the ball-milling treatment
step (Fig. S4f-j).

Fig. 3a and 3b present the XRD patterns of the MCO spinel powder
milled with and without cCB at different times of the milling process (3
days and 6 days) as well as for spinel powder treated by 0.5 h of ultra-
sonication. For the MCO compound, all diffraction peaks correspond to
the cubic crystal structure (Fig. 4c) and belong to the space symmetry
group Fd-3 m (No. 227) [22,58,59]. Additionally, after ball-milling of
the powders, the number and positions of the observed peaks are intact,
which indicates that the applied ball-milling procedure does not impair
the structure of the MCO [32].Comparison of the results for the samples
with and without cCB shows that its addition to the spinel powder does
not affect any differences related to the crystallinity of the analysed
compound, whether it is the ball milling process or dispersion using
ultrasonication. However, significant differences can be seen when
considering the method of mechanical treatment and its duration. The

spinel samples treated by ultrasonication have narrower peaks. Fig. 3b
shows that the diffraction peaks for the tested samples occur almost
exactly in the same angular positions, which proves very similar lattice
constants. Based on the obtained diffraction pattern, a LeBail refinement
was performed, and the obtained changes of the unit cell parameters
were insignificant in terms of statistical error (Fig. 3d, Table S1). As the
grinding time increases, broadened diffraction peaks are noticeable due
to the decreased crystallite sizes of the MCO powder [12]. Thus, the
increase in the blur of the reflex shape and the width values of the half-
width of the diffraction reflex of the samples with the increasing
grinding time proves the progressive grinding of the spinel grains to
form nanocrystals and introduce the internal stresses and deformations
of the lattice structure. The catalyst being nanoscale usually translates
into better catalytic activity due to the increased availability of its sur-
face area. Broadening of the diffraction peaks with increasing grinding
time is a typical behaviour manifested by small size crystallite and also
internal strain induced by mechanical deformation [60].

The oxidation state of the Co and Mn as well as for the O and C in
MCO powders without and with milling treatment as well as with and
without the addition of cCB was determined by XPS analysis (Fig. 4). The
samples labelled MCO did not contain any c¢CB during grinding. It is a
commercial spinel and described by the manufacturer as pure oxide. Any
trace amounts of additional compounds may result from the presence of
impurities after the synthesis of the oxide or after the grinding/soni-
cation treatment in ethanol as a medium. In the case of the treated
samples (milling, sonication) without the addition of carbon (MCO), no
qualitative changes were observed for the manganese and cobalt. Fig. 4a
(black line) shows two peaks at 641.3 eV for Mn2ps3/> and 652.9 eV for
Mn 2p; » with an average spin-orbit level energy spacing for different
milling times equal 11.5 eV, which is typical for Mn>*-based materials
[19,61]. The Co2p spectrum (Fig. 4b, black line) shows peaks at 780.1
eV for Co2ps,; and 795.6 eV for Co2p; ». Additionally, the Co%" and
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Fig. 3. XRD patterns (a) and partially enlarged patterns (b), and unit cell parameters (d) of MCO powder after treatment (ultrasonic or ball-milling process) with
(MCO-cCB) and without (MCO) conductive carbon black. Cubic spinel unit cell (c).

Co®* have similar 2p binding energies but can be described by the Co
2p1/2-2p3/2 spin-orbit level energy spacing, which for high-spin Co2t
and low-spin Co®>" are equal 16.0 eV and 15.0 eV, respectively. In our
case, the Co 2p3/2-2py /2 spin-orbit level energy separation for different
milling times is approximately 15.44 eV, which indicates Co in the
mixed + 2/+3 oxidation state reported in the literature [15,22,62,63].
The main changes can be seen in the analysis of elements such as carbon
and oxygen. As the milling time increases, the share of C—0 (532.4 eV)
and Me-OH (530.9 eV) bonds increases significantly (Fig. 4c and 4d,
black lines).

A very interesting result was obtained for the MCO powders milled or
sonicated with conductive carbon black (MCO-cCB, red lines on Fig. 4).
First of all, a difference is visible when comparing different milling
times. In the case of manganese (Fig. 4a), it is seen that the Mn species
ratio changes with different degrees of oxidation as the grinding time
increases. For powders treated with ultrasound for 0.5 h, there is a clear
advantage of Mn** (2p3/2643.3 eV and 2p; 2 654.7 eV) over Mn>* (2p3/
2 641.7 eV and 2p, /5 652.9 eV) and Mn?*. The use of milling changes
this relation more and more. After 6 days of grinding MCO-cCB, it can be
seen that Mn*" and Mn®* are in equilibrium, but at the same time, the
Mn*t/Mn** ratio is higher for MCO-cCB after 6 days of milling than
after 0.5 h of ultrasonication.

Huang et al. in their work showed that the optimal electrical con-
ductivity was reached only when the concentrations of Mn>* and Mn**
were equal [64]. For comparison, Wang et al. presented that in the case
of their a-MnO, NRs/N-KB prepared in different temperatures, those
characterised by a higher Mn®*/Mn"" ratio had much better ORR/OER
activity [65]. Zheng et al. declared a similar observation about the ratio
of Mn** and Mn** ions [56]. Additionally, a higher content of Mn®" can

be characterised by better electrocatalytic parameters due to there being
a single electron in the c*-orbital (eg) of Mn®". This is related to the
principle that high covalency in bonding to oxygen and near-unity oc-
cupancy of the eg orbital of surface transition metal ions can strengthen
the OER activity of catalyst transition metal oxides in alkaline solution
[10,56,65,66].

Some differences can be seen when comparing the MCO-cCB samples
after 0.5 h of ultrasonication and after 3 days or 6 days of milling in
terms of the presence of Mn?* peaks. It indicates a small share of Mn?*
after 0.5 h of ultrasonication, which is further reduced by milling of
MCO in the presence of cCB. According to the literature, this peak should
appear at around 641 eV (for 2p3/3), and it coincides with Mn®" (~642
eV) [64]. However, the visible change of the peak range for samples
after milling compared to the sample without milling (not resulting from
the shift of the entire spectrum) indicates a more significant share of
Mn?" cations for MCO-cCB after 0.5 h of treatment by ultrasonication
and their significant lowering as a result of mechanical treatment.

In the case of the Co spectra (Fig. 4b), there is a clear shift of 0.7-1.0
eV of the peaks for the samples treated with cCB (red lines) compared to
the peaks without carbon (black lines). This is related to the formation of
cobalt hydroxide on the spinel powder surface [19]. The increase in the
cobalt hydroxide fraction due to the addition of cCB during treatment by
ultrasounds or ball-milling is also evident in the O1s spectrum (Fig. 4c
red lines). Regardless of the milling time, intense peaks are seen at
532.4 eV and 530.9 eV, corresponding to C—O and Me-OH, respectively.
They are more intense than the powders treated (milling or ultra-
sonication) without the addition of ¢cCB. On the other hand, the addition
of carbon resulted in the disappearance of the peak at 530 eV corre-
sponding to metal-oxygen bonds of metal oxide. Additionally, it
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Fig. 4. XPS spectra of MCO powder after ultrasonic treatment (0.5 h us) and 3 days and 6 days of ball-milling with conductive carbon black (MCO-cCB, red dash
lines) and without (MCO, black lines): Mny;, (a), Coap (b), Oy (¢), C (d). Mn L-edge (e) and Co L-edge (f) XAS spectra of MCO after 0.5 h of ultrasonication, as well as
3 days and 6 days of ball-milling with conductive carbon black (MCO-cCB, red lines) and without (MCO, black lines).

indicates hydroxylation of the material surface due to the presence of
surface hydroxides or the substitution of oxygen atoms at the surface by
hydroxyl groups [11,15,67]. The increase in the amount of Me-OH
translates into an increase in the efficiency of the OER process of elec-
trochemical reaction, described in the next section. Additionally, Fig. 4d
(red lines) shows that extending the grinding time increases the pro-
portion of carbon in sp® C—C hybridisation (284.7 eV) at the expense of
sp? hybridisation C=C (283.7 eV).

XAS studies of the Mn Ly and L3 edges of the MCO spinel samples
ball-milled with and without ¢CB showed two main peaks in energy
regions from 638.5 eV to 647.0 eV for Ls-edge, and from 649.9 eV to
656.6 eV for Ly-edge. Fig. 4e shows the spectra with visible manganese
characteristic peaks at 2+, 3+, and 4 + oxidation states. The peak at
640.3 eV corresponds to Mn?*, while the peaksat 641.7 eV and 642.2 eV
indicate the presence of manganese in the 3 + oxidation state. Mn** has
two characteristic peaks at 641.1 eV and 643.2 eV. Long and co-workers
showed a similar mixed degree of manganese oxidation in the com-
pounds they studied [68]. The Co L-edge XAS spectra of the MCO spinel
samples also showed two main peaks in energy regions: from 773 to787
eV and from 791 to 800 eV for the L3 and Ly edges, respectively. As can

be seen in Fig. 4f for all six analysed samples, the obtained XAS spectra
appear comparable. Of particular importance are the peaks seen at
780.3 eV and 782 eV. Their presence and intensity testify to a higher
content of Co®*. The peaks at 777.4 eV, 778.6 eV, and 779.2 eV are
characteristic of Co®". Therefore, we are dealing here with a mixed
degree of cobalt oxidation 2+/3+, regardless of the type of MnCo204
sample tested (ball milling treatment, the presence of conductive car-
bon, or its absence). Similar conclusions were reached by Indra et al. in
their research on CoFex04 [69]. Additionally, all MnCo204 spectra are
very similar to the Co30,4 spinel spectrum, which proves that Co?* and
Co** occupy tetrahedral and octahedral sites, respectively [68].
Rebekah et al. observed that Co?* ions occupy both tetrahedral and
octahedral sites for their Zn-substituted MnCoy04 nanostructure
anchored over rGO [13]. Consequently, the XPS and XAS spectra
demonstrate that the Mnng/Mn4+ and CoZJr/Co3+ mixed-species coexist
in the MCO spinel, which could provide good catalytic activity for OER
[70].
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3.2. Electrochemical properties

To further demonstrate the synergetic effects of the MCO (treated as
ink with ¢CB) ball-milling time, the electrochemical activity of the
electrocatalysts towards OER was performed in 0.1 M KOH. The linear
sweep voltammetry polarisation curves (LSV) at a scan rate of 10 mVs "t
(Fig. 5a), and the electrode overpotential (1)) determined at a current
density of 10 mA em? (Fig. 5b), show that the electrocatalytic activity
of MCO-cCB strongly depends on the ball-milling time. For spinel sam-
ples not subjected to the milling process (only ultrasonication for 0.5 h),
the obtained overpotential value was 448 mV, while the use of ball
milling successively decreased this value. After 6 days of milling, the
overpotential value was 375 mV, so it was 63 mV lower compared to the
MCO-cCB powder without the milling process. To the authors’ knowl-
edge, this is one of the best results obtained for this type of material.
Table 2 compares the results obtained for the manganese-cobalt spinel
investigated by us, with the data obtained by other groups for this type
of compound. It is seen that the MnCo204 spinel subjected to the low-
energy ball-milling process obtains one of the best activities as a cata-
lyst for OER. Additionally, compared to other similar materials (e.g.
spinels, perovskites), MnCo,04 presents very good and promising results
(Table S2). For example, Wang et al. reported the overpotential for
MnCo204, Co304, Mny04, and the mixture of the last two as equal to 400
mV, 390 mV, 500 mV, and 410 mV, respectively [18]. After further days
of ball-milling (longer than 6 days), there are no further changes in the
catalytic activity of the electrode, and all differences are within the
ranges of the statistical error. Therefore, it was assumed that from the 6
days of grinding, a flattening of the voltage dependence as a function of
milling time is observed.

Cheng et al. also studied the effect of milling catalyst powders on
their OER activity [32]. They milled Ba0.55r0.5C00.8Fe0.203 (BSCF)
powders in a planetary mill (high-energy milling process) for one day
and also reported an increase in catalytic activity compared to the un-
treated material. Zhu et al. came to similar conclusions. Milling of
SrCo0.8Fe0.203-5 (at 400 rpm for 1 h in a planetary mill (high-energy
milling process)) reduced the overpotential in relation to the powder

(@) 45 (b) 460
40]—0.5hof us
1 day of b-m ‘ <440
351 2 days of b-m .'/ ' - E
"2 30]-- 3daysofb-m o e
o 74 =
E 25{7" 4 days of b-m Y s 4
5 5 days of b-m i =)
< 204 6 days of b-m S % §
£ 15] 7daysofb-m J ./, =3 E
- 10 days of b-m A [ 373
10---30daysofb— " C>)‘c—> ﬁ
5] .
(©) 1.50 C ) 1 12_ Sl %I,B [9 1(]) 30
C ime of ball-milling [day
01275 12001505 Rofus
i 1 day of b-m
010 10009, 2 days of b-m { ]
< 1* 3 days of b-m 1
20'08 . 8004, 4 days of b-m & L I
- = 5 days of b-m
N 0.06+ s 6004, 6 days of b-m I
<0104 S 7daysofb-m  z*
044 4004 . 10 days of b-g
v 30 days of b-m
0.024 : ] 2004 i .
0.004——F—— 0 : ; T
0 20 40 60 80 100 120 0 5 10 15 20 25 406080100

Scan rate [mV’L‘]

Applied Surface Science 619 (2023) 156720

without ball-milling by 40 mV [71]. Lankauf et al. after 6 days of the ball
milling process of MnCoj sFep504 catalyst powder obtained over-
potential at 10 mV/s (in 0.1 M KOH) equal to 376 mV [72].

The catalytic activity data aligns with the double-layer capacitance
results (Cq)), which describe the relationship between the current den-
sity and scan rate obtained from cycling voltammetry in the non-
faradaic potential range (Fig. 5c¢). As is visible, the double-layer capac-
itance also increases as the milling time increases, up to 6 days. After this
time, a visible decrease in Cg is observed, which remained at a com-
parable level for 7 days (values within the statistical error). The Cq of
MCO after 6 days of ball-milling (987 pF) is over 6 times higher
compared to the sample without milling treatment (only ultra-
sonication) (161 pF). For comparison, Cq for the electrodeposited NiOx
catalyst (in 1 M NaOH electrolyte) was 91 uF [58]. Double-layer
capacitance results were used for calculation of the electrochemically
active surface area (ECSA), according to the equation: ECSA = Cq1/Cs
assuming, following the literature data, that the specific capacitance Cq
of the oxide sample in the alkaline electrolyte is equal to 0.040 mF/cm?
[58-60]. The ECSA and the roughness factor calculated for our electrode
sample with the ink ball-milled for 6 days were 25 em? and 126,
respectively, while McCrory et al. [58] informed about 21 cm? for IrOy
in 1 M NaOH (for a 5 mm diameter GC electrode). In the same electrolyte
conditions, Zhang and co-workers obtained ECSA for Fe:Ni(OH)» on a
nickel foam equal to 18.04 em? [61]. After converting to the weight of
the catalyst used, the ECSA after 6 days of ball-milling was 56 m?/g. For
SrNbyg.1Cop.7Fep 2035 and StNbg 1Cog.7Fep 203_5 nanorods, Zhu et al. got
values of 74 mz/g and 175 mz/g, respectively [62]. MnCop04 micro-
sphere with oxygen vacancies had ECSA equal 32.1 cm? [73]. The drop
in capacity after a certain milling time is a very interesting phenomenon,
the explanation of which, apart from a few cases, was not given by the
scientists. There are unclear assumptions in the literature that the ca-
pacity decrease was related to the re-aggregation of the catalyst parti-
cles. After some critical machining time, the particles re-agglomerate,
and the average particle size increases. As already described in the
previous section and presented in Table 1, the SSA after 6 days of ball-
milling (26.8 m? g™!) increased almost fourfold compared to spinel

Specific surface area [m? g

Fig. 5. Polarisation curves (a), overpotential (b), and double-layer capacitance (Cqy) for the OER on MCO electrodes after ultrasound treatment (us) and different
ball-milling times (b-m) of catalyst ink (c). Dependence of double-layer capacitance of the electrode on the specific surface area of catalyst nanoparticles (d). All tests

were performed in 0.1 M KOH electrolyte at 1600 rpm.
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Table 2
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Comparison of OER electrocatalysts reported in the literature. All analyses were performed in 0.1 M KOH. I — Nafion ionomer; C - catalyst; cC — conductive carbon.

Catalyst Substr. 1/C cC/ nat 10 mA cm™? 1 at 25 pA emgy Tafel slope [mV Loading of catalyst [mg Ref.
(¢ [mv1] [mV] dec™] cm 2]
MnCo,0; after 6 days of ball- GC 0.4 1 375 328 63 0.23 This
milling work
MnCo,0, after 30 days of ball- GC 0.04 1 352 340 62 0.23 This
milling work
MnCo,04 GC 0.2 0.5 400 - 90 0.20 [18]
Co304 GC 0.2 0.5 390 - 71 0.20 [18]
Mn,03 GC 0.2 0.5 500 - 146 0.20 [18]
Mny03 + Co304 GC 0.2 0.5 410 - 103 0.20 (18]
MnCo,04 GC 016 - 510 - 55 0.05 [15]
CoMn,04 GC 016 - 600 = 64 0.05 [15]
Mng.3C02704 fluorine doped tin — = 390 — — 1.0 [19]
oxide
MnCo,04 GC 36 1 490 - 112 0.4 [73]
Vo-MnCo,04 6 36 1 410 . 87 0.4 [731

powders treated by ultrasonication (7.1 m? g“l). Fig. 5d shows the
exponential dependence of G4 on the SSA from BET analysis during the
first 6 days of milling. After this time (from the 7th day) the SSA
increased very quickly (more than a 2-fold increase in 4 days of addi-
tional milling), while the C4 did not increase, but only oscillated in the
ranges of statistical errors. Additionally, as confirmed by electro-
chemical analysis (Fig. 5b), from the 6th day of ball-milling, no increase
in catalytic activity is observed. Thus, the increase in the specific surface
area did not translate into either Cy or OER activity of the electro-
catalyst. We considered several possible theories to explain this
phenomenon:

a) Day 6 of milling may be a critical time, after which the defragmen-
tation of the MCO spinel particles is already so great that the entire
volume of the particles formed, not just their surface, is involved in
the electrochemical process. As a result, the further comminution of
the powder particles does not affect the further increase in catalytic
activity.

b) To bind the catalyst particles to the electrode surface, it is necessary
to use a binder, which is usually Nafion. In the case of smaller par-
ticles, there may be a situation where the ratio of the Nafion layer to
the particle diameter is too big so that the electrocatalyst particles
are immersed in it and therefore less accessible to the electrolyte
than particles with a larger size.

c) As a result of the strong defragmentation of the spinel powder, the
packing structure of its nanoparticles forming the catalyst layer on
the electrode surface may change. Smaller particles are more tightly
packed, so there is less space between them than in the case of larger-
sized particles. As a result, the surface of such nanoparticles is less
accessible to the electrolyte. Additionally, the total number of
available surface defects and active sites may be smaller. This may
translate into lower overall catalytic activity of the tested sample.

The solution to this problem was possible thanks to the study pre-
sented in the next section of this paper, which concerned the impact of
the ink composition on the electrochemical properties.

The Tafel plots presented in Fig. 6a provided information about the

Fig. 6. Tafel plots (a), specific surface activity at 25

uA emg? (b), and mass catalytic activity at n = 375
mV (c) of MCO catalyst powder after ultrasonic
treatment (us) or various ball-milling times (b-m).
Comparison of various methods of catalyst ink
preparation by mixing MCO with ¢CB (D): sampA —
MCO + ¢CB milling for 6 days as ink; sampB — MCO
milling for 6 days and drying, then mixing with cCB
by 0.5 h of ultrasonication; sampC — MCO + c¢CB
milling 6 days and drying, then 0.5 h of ultra-
sonication (as ink); sampD — MCO milling for 6 days
as ink, then mixing with ¢CB by 0.5 h of ultra-

012345678 910 30 -sonication;sampE—MCO and cCB milling for 6 days
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as ink (separately from each other), then mixing in
proportion 1:1 by 0.5 h of ultrasonication; sampF —
MCO milling by planetary mill (12 cycles, 5 min of
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milling per cycle, 45 min break for cooling between
each cycle), then mixing with ¢CB by 0.5 h of
ultrasonication. All tests were performed in 0.1 M
KOH electrolyte at 1600 rpm.
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kinetic nature of the rate-determining steps for a multistep electron
transfer reaction. The electrocatalyst is more efficient when the value of
the Tafel slope is lower [3,12,15,63,74]. Evaluated by linear regression
of the experimental data, the Tafel slope results are very similar for all
measured samples (60-66 mV dec™). It means that the tested samples
have a similar OER mechanism. Water oxidation could be a 1 to 4
electron transfer process depending on the condition and potential
applied [75,76]. Tafel slope values in the range of 60-66 mV dec ™!, refer
to 2 or 3 electron transfer processes, with the dominance of 3 electron
transfer. The increase in surface coverage with hydroxyl groups is
responsible for the decrease in the Tafel slope, at best to 30 mV dec™!
[77]. This property may account for the increase in the catalytic activity
of the studied MCO after the ball-milling process, due to the formation of
hydroxides as a result of the mechanical treatment.

The overpotential divided by the catalyst surface was compared,
taking into account the BET SSA of each spinel powder after different
times of ball milling (Fig. 6b). The overpotential values were determined
at 25 pA cmg2. The lowest overpotential value deviating from the others
was obtained after 6 days of milling. For the rest of the samples, inde-
pendently of milling time, the results are quite similar, and no large
differences are noticed. The specific mass activities of the catalysts
determined at n = 375 mV and the surface-specific activity (based on
SSA) were also compared for all tested samples and the results are shown
in Fig. 6¢. The presented results show that with the increasing milling
time, the mass activity of the MCO catalyst also increases. For a sample
of MCO catalyst after 6 days of ball milling, the mass activities were
equal to 42.94 A g~!. Compared to the sample milled for 1 day, this
value was almost 7 times higher. Moreover, the samples after 5 days of
milling had almost 2 times lower activity values compared to the cata-
lyst powders subjected to the grinding process for one day longer (6
days).

All values were calculated using the mass of catalyst supplied on a GC
electrode (45 pg), so inside 5 pL of ink. For comparison, Cheng et al.
obtained mass activity of Bag 5Sr¢ 5C0o¢ gFep 203 equal to 5.01 A g’l (at
1.55 V) after 24 h using a planetary mill (high-energy milling process),
with 2 times higher loading of the catalyst compared to our electrode
samples [32]. Zhu and co-workers obtained mass activity for ball-milled
SrCog gFep 203 5 at about 90 A g’1 and this result was more than 2 times
higher compared to the same material not subjected to the milling
process [71]. The above results suggest that reducing the particle size by
ball-milling treatment is an efficient way to improve the mass activity of
spinel electrocatalysts.

To compare the impact of the carbon addition during the ball-milling
process, different types of catalyst ink preparation procedures were
investigated. Fig. 6d presents the results, where the overpotential eval-
uated for the MCO catalyst treated with cCB for 6 days of the ball-milling
process (sampA) is compared with the following catalyst inks: sampB —
MCO dried after 6 days of ball-milling, then mixed with ¢CB by 0.5 h of
ultrasonication as ink; sampC — MCO + cCB dried after 6 days of ball-
milling, then 0.5 h of ultrasonication as ink; sampD — MCO milling for
6 days as ink, then mixing with cCB powder by 0.5 h of ultrasonication;
sampE — MCO and ¢CB inks ball-milled separately for 6 days, later mixed
in proportion 1:1 (by weight) by 0.5 h of ultrasonication; sampF — MCO
milling by planetary mill (12 cycles, 5 min of milling per cycle, 45 min
break for cooling between each cycle), then mixed with ¢CB by 0.5 h of
ultrasonication as ink. A more detailed description of the differences
between samples can be found in Table S3 in the Supplementary Ma-
terial. The results of the overpotential obtained for the sample, where
the spinel was milled for 6 days with ¢CB, and then dried and used in
powder form for the preparation of the ink (sampC), was almost 40 mV
higher than for the samples prepared without the drying step (sampA).
Better results were obtained when separately milled MCO and cCB were
combined in the form of an ink (sampE), although the results of the
electrocatalytic activity of the catalyst prepared in this way are still not
better (overpotential 400 mV) than for sampA. Nevertheless, regardless
of the method of sample preparation, the effect of the ball milling is

10
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much more pronounced and significant.

Comparing the results obtained for the MCO-cCB catalyst treated
with sample after ultrasound only (compare Fig. 5b, sample after 0.5 h
us (equal to O h of milling)), it can be seen that the obtained over-
potential results are at least 20 mV lower. Besides, it can be seen that re-
drying the powders after their previous grinding causes re-aggregation.
The latter observation was confirmed by DLS analysis (Fig. S3b), where
additional wide peaks above 1 um of diameter are visible, indicating the
presence of particle powder agglomerates. Cheng et al. in their work
showed that carbon, present during the ball-milling process, acts only as
areducing agent to functionalise Bag 5Sro 5C0g gFeg 203 perovskite but it
does not participate in the OER [32]. The ball milling process can also be
an easy and effective method to prepare different composites of metal
oxides with carbon. Also, Fabbri et al. showed that the presence of
carbon as an additive to the catalyst is not important for OER as it acts as
a reducing agent [9]. They showed that the removal of carbon from the
electrode after BSCF perovskite functionalisation did not deteriorate
OER activity, and more importantly, removed the problem of carbon
corrosion during operation. However, our research has shown that the
presence of ¢CB in the milling process of MCO powder is an important,
but not predominant, factor influencing the future OER performance of
the catalyst.

3.3. Impact of ink composition on electrochemical properties

The influence of other components forming the ink on the electro-
chemical properties of the resulting electrode was also investigated. For
this purpose, the ball-milling process was applied to the preparation of
the inks in which the amount of NafionK+ or cCB was reduced by 2-, 4-
and 10-times, compared to the amounts commonly used in numerous
articles, as well as in the first part of this paper. Nafion, belonging to the
group of ionomers, is added to change the form of the reaction interface
and influence the reaction yield accordingly. It is important that its
amount is on the one hand sufficient to ensure good contact with the
catalyst nanoparticles, and on the other hand not so high as not to inhibit
mass diffusion. The influence of Nafion ionomer on the OER process in
0.1 M KOH solution as an electrolyte was investigated using electro-
chemical measurements allowing the determination of the CV and LSV
curves in the ranges described in the previous section of the article.
Fig. 7a shows how the values of the obtained overpotentials changed
with the amount of Nafion ionomer used after 1, 3, 6, 10, and 30 days of
the grinding process of the catalyst particles. Reducing the amount of
Nafion per electrode to the ionomer to catalyst ratio (I/C) of 0.04, i.e. by
90 % in relation to the original I/C ratio of 0.4, resulted in a decrease in
the overpotential by an average of 10-25 mV depending on the ball-
milling time. After 30 days of this mechanical treatment, the sample
in which the I/C was 0.04 obtained an overpotential of 352 mV with a
current density of 10 mA cm™~2, which is a very good result for the group
of manganese-cobalt catalysts (Table 2). It is visible that the reduction of
the amount of ionomer used contributes to the improvement of the ef-
ficiency of the OER process taking place on the surface of the catalyst.
According to Li et al., increasing the amount of ionomer, resulting in the
ratio of ionomer-to-catalyst exceeding 0.5, contributes to the formation
of large aggregates of both components [45]. As a result, mass transport
can be blocked while reducing the active surface area of the catalyst. In
our case, the ionomer/catalyst ratio ranged from 0.04 to 0.4 (Table 54),
therefore it does not exceed the limit above which aggregation of the
catalyst particles could occur. In contrast, completely removing Nafion
ionomer from the catalyst layer results in poor stability of the OER
process due to poor connectivity of the catalyst particles to the GC
electrode layer. Li and co-workers also showed that this phenomenon is
observed regardless of the type of catalyst [45].

It is assumed that as the I/C ratio increases, the electrode capacitance
decreases. On the other hand, the reduction of the contribution of Nafion
ionomer to the MCO catalyst resulted in an increase in capacity, which
can be observed in Fig. 7b. The electrode capacity is presented in the SSA

- 141 -


http://mostwiedzy.pl

Pobrano z mostwiedzy.pl

AN\ MOST

S. Pawtowska et al.

Applied Surface Science 619 (2023) 156720

(a) (b)
560 3000
5401 mEm0.41/C = 041/C t
mEm0.21/IC s 0.21/C
520 E0.11/C 25001 4 0.11/C
£ 500 = 0.04 1/C + 0.041/C
5 4807 — 2000 *
£ 460 e ¢
D 440 =:15004 ~
8 420 & 5 - %
g 4001 10004 3 i
S 3801 o z
360 500 ¢ .
3401 S ; .
13 6 10 30 0 20 40 60 80 100 120
Time of ball-milling [day] Specific surface area [M? g]
C d
(—‘) - 0.41/C ( )560 = 1cCB/C
E m 0. 540 c
£ 25{m #0.21/C — 5201 [ 0.5 cCB/C
i 0.11/C 5001 [ 0.25 cCB/C
5 204 s0041c|| E70H I 0.1 cCB/C
c S 4601
o 4
g "°. - § a0
Z 10 - S 420
u= o =
S ° ", © 400
@ 54 i ol o oiéq ™ S 3804
@ * ® H 3604
Z ol %eessss 3§ 8 340
= 1234567891011 30 1 3 6
= Time of ball-milling [day]

Time of ball-milling [day]

Fig. 7. Effect of the amount of NafionK+ (a) and cCB (d) on the electrochemical properties of the catalyst depending on the ball-milling time. Comparison of the SSA
of the impact of the catalyst nanoparticles on the Cg; of the electrode depending on the amount of NafionK + used in the ink (b). The thickness of the Nafion layer
surrounding a single MCO particle depending on the milling time and the amount of NafionK + used (c).

function, so the parameter is closely related to the reduction of the
particle diameter as a result of the ball-milling process. In the case of
samples with 0.4 and 0.2 of I/C, it is clearly seen that after 6 days of
milling (corresponding to an SSA of 28.6 m?/g), there is no linear
relationship. In the case of the other two samples with a smaller amount
of Nafion, an increase in the Cg) value can be seen with the increase in
the SSA of the catalyst particles. Thus, the capacity increases with the
extension of the grinding time, which is not observed after the 6th day of
ball-milling, when the I/C ratio exceeds at least 0.2. It happens because
when the amount of Nafion is large, the effect of reducing active sites on
the surface of the catalyst by covering it with this ionomer is present.
The reduction of electrochemical active sites translates into the elec-
trical double layer (EDL) charging [45,58]. The availability of the
catalyst surface for the electrolyte is blocked by the forming layer of
Nafion which is a kind of separator. Such a layer blocks the transport of
electrons in the EDL, as well as the adsorption of electroactive in-
termediates such as *OH, *O, and *OOH. The thickness of this layer
varies depending on the amount of ionomer used. The amount of ion-
omer, therefore, has a significant influence on the number of active sites
available on the surface of the catalyst particles. Li and co-workers also
came to similar conclusions [45]. Likewise, the thickness effect of Nafion
on catalytic performance is different depending on the size of the par-
ticles surrounding the ionomer layer. Fig. 7c shows how the thickness of
the Nafion layer changed depending on the amount of its addition and
the MCO particle size dependent on the ball-milling time. The calcula-
tions assumed the sphericity of the MCO particles and their average
diameter value determined from the SEM images. However, the pres-
ence of cCB particles, the size of which also decreased proportionally as
aresult of the milling, was ignored, so the thickness of the Nafion on the
cCB surface can be considered as changes to the same extent as in the
case of MCO. It should also be remembered that in a given volume of ink
applied to the surface of the electrode, the amount of catalyst particles
increases with the increase in the degree of their fragmentation, which is
the result of the mechanical treatment. The total surface area of the MCO
particles thus changes from 0.32 10° m? to 5 10 % m? for particles in
ink after ultrasonic treatment and 30 days of ball milling, respectively.

In the calculations, it was assumed that the spinel particles have a per-
fect spherical shape and do not form aggregates so that the Nafion layer
surrounds each particle in the same way. It is visible that with a decrease
in the amount of Nafion ionomer used and an increase in the ball-milling
time, the thickness of the Nafion layer on the surface of the catalyst
particles decreases. This is a desirable phenomenon that explains the
strong decrease in the overpotential value (up to 352 mV with a current
density of 10 mA cm ™) for samples with the lowest 1/C (0.04 in 5 pL of
ink loaded on the electrode) and the longest time of mechanical treat-
ment (30 days). These results also confirm that the hypothesis put for-
ward in the previous section concerning the inhibition of the
improvement of the catalytic properties of the electrode after 6 days of
ball-milling as a result of blocking the surface of the MCO catalyst
particles by a too-thick layer of Nafion was correct.

In the case of reducing the amount of ¢CB in the ink, the effects (in
the range of the amount of cCB that was checked) were opposite to the
Nafion (Fig. 7d). Reducing the ratio of conductive carbon black to
catalyst (cCB/C) in the ink portion applied to the GC electrode from 1 to
0.1 resulted in an overpotential increase of 100 mV after 6 days of ball-
milling. Nevertheless, reducing the cCB contribution to the catalyst layer
reduced the number of conduction paths as manifested by a lower yield
of manganese cobalt spinel. When the amount of ¢cCB was increased from
1 cCB/Cto 1.5 and 2, no further improvements in activity were observed
(Fig. S5a). It is related to the supersaturation of the catalytic layer with
conductive particles cCB. The density of catalytic active sites decreases
as a result of a decrease in the amount of MCO catalyst particles in a
given volume in favor of conductive carbon particles cCB. A similar
observation of the deterioration of the catalytic properties of the NiSe-
NigSeo/MWCNT catalyst after increasing the amount of MWCNT carbon
nanotubes was made by Oyetade and Kriek [50]. Also, the electrode
capacity tended to decrease with the decrease in the amount of cCB in
the catalyst layer (Fig. S5b). It is visible that the amount of conducting
particles is very important and affects the use of the electrocatalyst in
the OER reaction. Mattick et al. obtained very similar results showing
that the lower the catalyst/carbon ratio (increasing carbon content), the
lower the values of the overpotential of the OER reaction [49]. Equally
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important, the addition of c¢CB also contributes to an increase in the
stability of the samples in subsequent cycles of the OER process [48,78].

3.4. Long-term stability tests

The long-term stability tests at 10 mA cm™2 were evaluated by the
chronopotentiometry method. The analysis was performed in 0.1 M
KOH with a commercial electrolyzer cell (ElectroCell, Micro Flow Cell).
Fig. 8a presented results for conductive carbon (cCB) and MnCo204 (C)
ratio equal to 1 ¢cCB/C and 2 cCB/C. The analysis was carried out for 50 h
at room temperature. In the case of sample 1 cCB/C, we observed a
stable voltage for the first 3 h, then it increased by about 120 mV during
the next 4 h. For the next 43 h, the voltage at a relatively constant level
was observed again, although periodic increases and decreases of about
50 mV were visible (Fig. 8b). These fluctuations were most likely related
to the formation (voltage increase) and subsequent detachment (voltage
decrease) of oxygen bubbles accumulating on the surface of the porous
carbon paper support. For 50 h of the electrolysis process with a catalytic
layer of 1 cCB/C, the potential increased by a maximum of 9 %. In the
case of a sample with 2 times more cCB than the MCO catalyst in the
catalytic layer (2 cCB/C), the graph of voltage stability over time looked
very similar (Fig. 8c). Nevertheless, in this case, the initial voltage in-
crease at the very start of the electrolysis process lasted for the first 10 h.
Then, for the next 30 h (i.e. up to 40 h of the process), slight but
recurring voltage increases and decreases were observed. They were
caused, as in the case of sample 1 c¢CB/C, by the formation and
detachment of oxygen bubbles. For about 40 h, a slight but continuous
increase in voltage was observed, which indicates a slow degradation of
the carbon paper support with the catalytic layer. It is difficult to clearly
determine whether this degradation was the result of the disintegration
of carbon paper or the fall off of particles forming the catalyst layer. As
Lankauf et al. showed, pure carbon paper support in the conditions of
0.1 M KOH began to degrade after 30 min [72]. The presence of a higher
concentration of conductive carbon particles (cCB) in the catalytic layer
has some effect on the stability of the system in long-term tests. How-
ever, further research is needed to determine this impact precisely.

4. Conclusion

A commercially available MnCo,04 spinel powder was treated using
a ball-milling process to refine the powder particles and thus increase
their electrocatalytic efficiency. The results of the morphological anal-
ysis and the BET measurement showed a clear increase in the frag-
mentation of the spinel particles with the extension of the milling time.
This is visible in the growth of the SSA, the size of which increased
almost 3-fold after 6 days of machining. Physicochemical analysis
revealed some differences between the MCO samples milled in the
presence of cCB and its absence. First of all, the addition of cCB caused
the formation of cobalt hydroxide on the surface of the spinel, which

Applied Surface Science 619 (2023) 156720

significantly improved the catalytic properties of the compounds
modified in this way. The performed electrochemical studies indicated
that 6 days of ball milling of MCO spinel particles resulted in a decrease
in the obtained overpotential by more than 60 mV compared to the
original sample (without mechanical treatment). In the case of the
morphology after 30 days of the ball-milling process, the size of the
spinel particles is drastically decreased. The obtained results of material
electrochemical activity towards OER are among the best for this type of
spinel-based materials presented in the literature.

The presented results also show that the catalytic properties in the
OER process are decisively influenced by the use of mechanical treat-
ment of MCO spinel particles. The use of the low-energy ball-milling
process contributed both to the fragmentation of the spinel particles, as
well as to the breakdown of the resulting agglomerates of nanoparticles
of powder formed in the milling process. It was also found that the
addition of cCB has a more negligible effect on the increasing electro-
chemical activity of the MCO catalyst than mechanical modification.
Studies of the effect of the ball-milling process on the electrochemical
activation of oxide catalysts are very interesting and show a promising
way to fabricate low-cost and high active electrocatalysts. The presence
of Nafion prevents the catalyst from detaching from the electrode sur-
face, but also facilitates the creation of an efficient interface for charge
transport and the OER process. The blocking effect of Nafion on the mass
transport and electrochemical reactions can be considered a common
phenomenon with alkaline OER regardless of the catalyst loading and
the type of materials used. Additionally, it needs to be highlighted that
the presence of an optimisation process of Nafion and c¢CB content is
necessary to form a stable and efficient catalyst layer for OER. Based on
the obtained data, we conclude that the improvement of the electro-
catalytic properties of the manganese-cobalt spinel subjected to the
milling process is the result of the synergistic effect of (Fig. 9): (1)
chemical changes that occur on the surface of the MCO catalyst particles
as a result of mechanical treatment with cCB; (2) physical changes
resulting from the mechanical fragmentation of spinel particles, which
however, has a much stronger impact; (3) the appropriate composition
of the components forming the catalyst layer. Determining the weight of
the importance of the individual factors is complicated and requires
further and more complex research.

Based on the results obtained in this article, we can recommend a
certain methodology for the preparation of OER electrocatalysts. First of
all, the appropriate fragmentation of the starting material produces a
very strong improvement in the activity of the catalyst layer. The reason
for this is both an increase in the active surface area of the catalyst and
possible changes in the valence of the ions that make up the catalyst. Of
course, depending on the material, the time needed for fragmentation of
the catalyst material to obtain the best possible results in a relatively
short time may vary. Nevertheless, as our research has shown that
fragmentation of the oxide material by low-energy ball-milling is an
efficient and necessary process that should be added to any procedure
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Fig. 8. Long-term stability tests of MnCo,04 catalyst with ratio conductive carbon black (cCB) and MCO catalyst (C) equal 1 ¢cCB/C and 2 ¢CB/C at 10 mA/cm?.
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Fig. 9. Impact of ball-milling process and ink composition on electrochemical activity of catalyst layer for OER.

for the preparation of metal oxide-based electrocatalysts. Secondly, the
ratio of Nafion to catalyst should not exceed 0.1 to provide the smallest
possible barrier separating the catalyst surface from the electrolyte, thus
increasing the availability of active sites of the catalyst. This is of
particular importance when the catalyst particles are subjected to the
milling process, so the ratio of their size to the Nafion layer is smaller
and smaller, and the ionomer used can block more. Third, the right
amount of electron conductive particles (e.g. conducting carbon) is
crucial. According to our findings, the weight ratio of carbon-catalyst
should not be less than 1. The recommendations presented should be
verified and adjusted to the various materials for the desired effects to be
achieved. Nevertheless, focussing on these three aspects is important
and should be optimised at the very beginning of work aimed at
developing efficient OER electrocatalysts.
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SUPPLEMENTARY MATERIAL

Tailoring a low-energy ball milled MnCo0204
spinel catalyst to boost oxygen evolution

reaction performance

Sylwia Pawlowska “*, Krystian Lankauf®, Patryk Blaszczak b Jakub Karczewski ®,

Karolina Gérnicka ®, Grzegorz Cempura ¢, Piotr Jasinski ¢, Sebastian Molin ¢

Calibration of Hg/HgO reference electrode: Standard three-electrode system
and Rotating Ring Disk Electrode (RDE-3A) equipment were used, with a rotating
platinum disc (diameter 3 mm) as the working electrode and a Pt wire as the counter
electrode. 0.1 M KOH electrolyte was saturated with high-purity H> for 30 minutes. After
that time, the hydrogen flow was maintained above the electrolyte solution throughout
the calibration. Cycling voltammetry (CV) was used with a scan rate of 10 mV s’
Calibration was carried out until the potential was stabilised, which required 30-40
cycles. The thermodynamic potential for the hydrogen electrode reactions is where the
current crossed zero. The working electrode rotated at a speed of 1600 rpm. Hydrogen

for the calibration process was produced using a hydrogen generator.
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Fig. S1. Example graph showing the calibration process of the Hg/HgO reference electrode

using a hydrogen generator to determine its equilibrium potential.

Morphology of milled MnCo2:04 spinel particles:

Fig. S2. MCO spinel particle morphology analysis without any modification (pure MCO), after 30
minutes of ultrasonication (MCO - us), and after 1, 2, 3, 4, 5, 6, 7, 10, and 30 days of ball-

milling treatment.

MnCo0204 spinel particle size analysis: In comparison, powders without any
treatment and after 0.5 hours of sonication have a higher variety in size than powders after
grinding (Fig. S3a). This is confirmed by the data of the particle size distribution of the
powders obtained by dynamic light scattering analysis (DLS). Suspensions for DLS were
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prepared by suspended powders in ethanol (viscosity 2.781 cP). DLS measurements were
performed at 25 °C, assuming that the refractive index for the wavelength of 633 nm was
2.0 and 1.36 for the dispersed particles and the solvent, respectively. The measurement
was carried out with a disposable micro cuvette with a measurement position of 3 mm
from the bottom. Figure 2b shows the particle size distribution of spinel without any
treatment (pure MCO) and powders after grinding for 3 and 6 days. In general, it was
observed that all spinel powders subjected to the milling process, regardless of the time
used (Figure S3b), show the presence of an additional fraction in the range close to 5 pm.
At a particle size smaller than 20 pum, the surface forces prevail. The grinding stock begins
to stick. For all tested powder samples, peaks ranging from 300 to 900 nm were observed,
which may correspond to the size values of the MnCo,04 spinel powders declared by the
manufacturer (300-500 nm). It should be emphasised, however, that the values
determined by DLS, just like any similar technique based on the analysis of nanoparticles
suspended in a liquid, are hydrodynamic. Thus, their physical size is increased by the
thickness of the electrical double layer surrounding the particle. Determining the size of
non-spherical particles with DLS is very difficult and ambiguous, and the result is also
influenced by the sedimentation of the powder particles. The height at which the light
beam was transmitted in the DLS analysis was 3 mm from the base of the measuring cell,
1.e. in the place where mainly large particles and aggregates could accumulate. However,
this analysis gives a general view of the size range of the analysed objects and the
differences in the size between the powder particles after different durations of the

grinding process.
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Fig. S3. Morphology analysis of MnCo0204 (MCO) spinel powder: (a) histograms of size
distributions of a chosen sample (pure MCO without any treatments, MCO after 3 days of
milling, MCO after 6 days of milling); (b) results of dynamic light scattering (DLS); the specific
surface area (SSA) value of spinel powder dependent on the grinding time.

TEM and EDS analysis of MCO and MCO-cCB powders after 6 days of ball-

milling:

" T Bi 5%

Fig. S4. Visualisation of oxygen on of MCO-cCB powders detected by EDS analysis (a); SAED
pattern of MCO sample (b); HAADF-(S)TEM images of MCO (d); the presence of carbon,
cobalt, and manganese in the structure of MCO spinel particles (d—f); analysis of other elements
(Al, Na, Si) that can be present as a result of the ball-milling of spinel powder treatments (g—j).
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Analysis of unit cell parameters of MnCo,0, spinel powders:

Table S1. LeBail analysis results — unit cell parameters.

Sample ac [A] p [g cm3] Sample ac [A] o [g cm3]
MCO MCO-cCB
pure MCO  8.2003+5.65 10+ 5.7049
0.5h us 8.2034+5.99 10+ 5.6983 0.5h us 8.2106+2.56 10 5.6835
1d b-m 8.2016+3.89 104 5.7021 24h b-m 8.2095+8.53 10 5.6856
2d b-m 8.2024+9.71 10+ 5.7004 48h b-m 8.2001+£12.6 10 5.7053
3d b-m 8.2059+18.0 10+ 5.7016 72h b-m 8.2065+14.0 104 5.6919
4d b-m 8.2045+18.7 10+ 5.6931 96h b-m 8.1972+13.4 10 57114
5d b-m 8.2026+20.3 10 5.7 120h b-m 8.2002+15.7 10 5.7051
6d b-m 8.1996+21.7 10+ 5.7063 144h b-m 8.1959+25.3 10 5.7140
7d b-m 8.1927+22.8 10+ 5.7207 168h b-m 8.2002+17.8 10 5.7050
10d b-m 8.1663+30.4 10+ 5.7763 240h b-m 8.2124+25.9 10+ 5.6797
30d 8.1581+20.3 10 5.7939 8.2202+20.6 10 5.6635

OER activity of different electrocatalysts:
Table S2. Comparison of OER electrocatalysts reported in the literature. All analyses were

performed in 0.1M KOH. | — Nafion ionomer; C — catalyst; cC — conductive carbon.

Catalyst Substr. 1/IC cC/C n at n at 25 Tafel Loading Ref.
10 mA pAcm-  slope [mV of
cm2 2o0x dec™] catalyst
[mV] [mV] [mg cm?]
MnCo204 after 6 GC 0.4 1 375 328 63 0.23 This
days of ball-milling work
MnCo204 after 30 GC 0.04 1 352 340 62 0.23 This
days of ball-milling work
MnCo204 GC 0.2 0.5 400 - 90 0.20 [1]
Co304 GC 0.2 0.5 390 - 71 0.20 [1]
Mn203 GC 0.2 0.5 500 - 146 0.20 [1]
Mn203 + Co304 GC 0.2 0.5 410 - 103 0.20 [1]
Pt/C GC 0.2 0.5 620 - 265 0.20 [1]
MnCo204 GC 0.16 - 510 - 55 0.05 [2]
CoMn204 GC 0.16 - 600 - 64 0.05 [2]
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Mno.3C02.704 fluorine - - 390 - - 1.0 [3]

doped
tin
oxide
Co304 fluorine - - 430 - - 1.0 [3]
doped
tin
oxide
Crystalline CoFe204 GC 0.16 - 560 - 61 0.51 [4]
Amorphous GC 0.16 - 490 - 48 0.51 [4]
CoFe203.66
SrCoo.8F€0.203-5 GC 0.4 1 300 - 90 0.23 [5]
SrNbo.1Coo0.7F€0.203-5 GC 0.4 1 500 - 76 0.23 [6]
SrNbo.1Co0.7Fe0.203-5 GC 0.4 1 390 - 61 0.23 [7]
nanorods
Ir02 GC 0.4 1 450 - 83 0.23 [7]
LaFeOs GC 0.2 0.4 - 340 - 0.26 [71
PrFeOs GC 0.2 0.4 - 365 - 0.26 [7]
GdFeOs GC 0.2 0.4 - 390 - 0.26 [71
YFeO3 GC 0.2 0.4 - 430 - 0.26 [71
ZnFe204 GC 0.2 0.4 - 475 - 0.26 [7]
ZnCo0204 GC 0.2 0.2 - 390 - 0.26 [8]
ZnFe04Co01604 GC 0.2 0.2 - 330 - 0.26 [8]
ZnFeCoOq4 GC 0.2 0.2 - 400 - 0.26 [8]
ZnFe18C00.204 GC 0.2 0.2 - 490 - 0.26 [8]
ZnFeOq4 GC 0.2 0.2 - 570 - 0.26 [8]
NiSe-NizSe2/MWCNT GC 0.02 0.25 325 - 70 0.37 [9]
NiSe-NizSe2/MWCNT GC 0.02 1 434 - 211 0.37 [9]
MnCo1.5Feo0.504 GC 04 1 376 - 44 0.23 [10]

Ink preparation:

Table S3. The various methods of catalyst ink preparation for OER.

sampA sampB sampC sampD sampE sampF

MCO and cCB ball-milled + +

together as ink

A\ MOST
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MCO and cCB ball-milled

separately

MCO milled only

Powder dried after milling

Powder milling by planetary
mill

cCB added without milling

Impact of ink composition:

Table S4. Ratio of Nafion ionomer and conductive carbon (cCB) to catalyst particles in the

catalyst layer.

100% 50% 25% 10%
Mass of NafionK+ in 5 L of ink 18 ug 9 ug 4.5 ug 1.8 ug
Thickness of NafionK+ 417 nm 208 nm 104 nm 41.6 nm
I/C (Nafion ionomer/catalyst) 04 0.2 0.1 0.04
Mass of cCB in 5 yL of ink 45 ug 22.5 ug 11.3 ug 4.5 ug
cCB/C (conductive carbon/catalyst) 1 0.5 0.25 0.1
( 8)560 (b)
5201 [ 1.5 cCB/C 1.5 cCB/C
= 5001 800/ EE1.0 cCB/C
E 0.5 cCB/C
= Zgg- =600 [770.25 cCB/C
= 1 1 0.1 cCB/C
S 440] et
g_ 4201 (5 400-
o 400
3 380 200
360-
340 0- :

1 3 6
Time of ball-milling [day]

6
Time of bgll-milling [d]

Fig. S5. Influence of cCB amount and ball-milling time on overpotential (a) and double-layer

capacitance of electrode (b).

Stability test:
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Fig. S6. System for stability tests using a commercial electrolyzer cell.
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4.5. Enhanced Electrochemical Performance of MnCo1.5Feo.504 Spinel for Oxygen Evolution

Reaction through Heat Treatment

W tej publikacji przedstawiono kontynuacje prac nad spinelem MnCo1 sFeo504. Materiat
zostat przygotowany za pomoca standardowej techniki zol-zel, natomiast zmodyfikowane zostaty
ostateczne temperatury kalcynacji. Otrzymane proszki zostaty poddane obrébce cieplnej w 400,
600, 800 oraz 1000°C w celu zmiany stopni utlenienia atomoéw tworzgcych strukture spinelu.
Celem pracy byto zbadanie wptywu tej obrébki na wtasciwosci fizykochemiczne oraz aktywnosc¢
elektrokatalityczng spinelu MnCo1,5Feo,50a4.

Zaproponowana obrobka cieplna miata bezposredni wptyw na rozrost otrzymanych
krystalitow z 12 nm dla 400°C do 49 nm dla 1000°C, ktéry zostat wyznaczony z dyfraktograméw
rentgenowskich. Za pomocg rentgenowskiej spektroskopii absorpcyjnej zbadano, ze wyzsze
temperatury kalcynacji indukujg zmniejszenie liczby kationow Mn#* oraz Co3*, natomiast kationy
Fe zachowujg +3 stopien utlenienia. Co ciekawe zastosowanie niskoenergetycznego mielenia ma
réwnie znaczacy wptyw na zmiane wartosciowosci pierwiastkéw. Po rozmieleniu wzrasta udziat
kationéw Mn2*, natomiast liczba kationow Co3* powraca do tej z przed obrobki cieplne;.

Aktywnos$¢ elektrokatalityczna spinelu MnCo1,5Feos04, wyznaczona z geometrycznej
gestosci pradu, zmniejsza sie wraz z rosngcg temperaturg kalcynacji, co wynika bezposrednio
z mniejszej powierzchni aktywnej materiatu dostepnej dla reagentéw w trakcie elektrolizy wody.
Natomiast w momencie gdy prad zostanie znormalizowany wzgledem powierzchni wiasciwiej,
okazuje sie, ze wiasciwa aktywno$¢ elektrokatalityczna zwigzana z rozktadem kationowym
materiatu, a nie tylko fizyczng powierzchnig, jest najwyzsza dla prébki otrzymanej w temperaturze
800°C. Analiza warto$ciowosci manganu i kobaltu w probkach przed i po zastosowaniu jako
elektrokatalizatorow OER wykazata wyrazne zmiany stopni utlenienia z Mn2+3* do Mn3*4* oraz
z Co?* > Co%* do Co?* < Co®*. Dowodzi to powstawaniu fazy CoOOH w warunkach utleniajgcych,
ktéra jest wilasciwg forma, na ktorej zachodzi reakcja OER. Przeprowadzajgc elektrolize
w rosngcych temperaturach wyznaczono pozorng energie aktywacji procesu o wartosci
20 kJ mol-'.

Do oryginalnych wynikow zaliczam wyznaczenie wplywu temperatury kalcynacji na
wiasciwosci fizykochemiczne i elektrokatalityczne spinelu MnCo1,s5Feo504. taczgc techniki
spektroskopowe i elektrochemiczne zaobserwowatem zmiany wartosciowosci pierwiastkéw
tworzacych wybrany materiat i powigzatem je z aktywnoscig elektrokatalizy reakcji OER.

W przedstawionej publikacji samodzielne przeprowadzitem synteze materiatow
w réznych temperaturach oraz przygotowatem elektrody RDE z naniesionym katalizatorem.
W dalszej kolejnosci przeprowadzitem pomiary elektrochemiczne w réznych warunkach (stezenie
i temperatura elektrolitu). Przeprowadzatem réwniez pomiary spektroskopowe w zakresie
miekkiego promieniowania rentgenowskiego na linii badawczej PIRX w Narodowym Centrum
Promieniowania Synchrotronowego SOLARIS. Ponadto odpowiadatem za analize otrzymanych

wynikéw, przygotowanie rysunkow oraz napisanie manuskryptu. Jako autor korespondencyjny
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recenzje.
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ABSTRACT: MnCo, sFe, O, spinel oxide was synthesized using
the sol—gel technique, followed by heat treatment at various
temperatures (400, 600, 800, and 1000 °C). The prepared
materials were examined as anode electrocatalysts for water-
splitting systems in alkaline environments. Solid-state character-
ization methods, such as powder X-ray diffraction and X-ray
absorption spectroscopy (XAS), were used to analyze the
materials’ crystallographic structure and surface characteristics.
The intrinsic activity of the MnCo; ;Fe,sO, was fine-tuned by
altering the electronic structure by controlling the calcination
temperature, and the highest activity was observed for the sample
treated at 800 °C. A shift in the valence state of surface cations
under oxidative conditions in an alkaline solution during the
oxygen evolution reaction was detected through ex situ XAS measurements. Moreover, the influence of the experimental conditions
on the electrocatalytic performance of the material, including the pH of the electrolyte and the temperature, was demonstrated.

lihil Metrics & More | Article Recommendations | @ Ssupporting Information

1. INTRODUCTION

achieving high activity lies in the coexistence of Mn*' and
Mn®* cations, with a ratio slightly above 1 (Mn**:Mn>* ratio of
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MnCo,0, spinel oxide is a material of interest in several
applications, for example, as an anode material for water-
splitting systems," a protective coating for solid oxide fuel cells’
interconnects,”™* supercapacitors,™ solid oxide electrolysis
cells’ electrodes,’” and lithium-ion and lithium—oxygen
batteries.”” Generally, MnCo,O, is considered an inverse
spinel with the Mn cations occupying the octahedral sites;
however, depending on the preparation method and
calcination temperature, a complex spinel structure may
occur as Co?*[Co**Mn**]0O,, Co**[Mn**Co*]O,,
Coz*[Mns* C03*2_x]0 or
Co™.96sMn’ 0035[Mn *o7sMn*,,Co? ozlcom ¢l The
spinel crystallizes in a cubic structure with the space group
Fd3m (no. 227). The spinel unit cell comprises 8 face-centered
cubic (FCC) cells, where oxide anions occupy 32 FCC lattice
points and metal cations occupy 8 tetrahedral and 16
octahedral voids.

Among the numerous materials proposed for electrocatalytic
reactions, the spinel family has garnered significant interest due
to the vast array of constituent elements, offering extensive
tunability of the properties. For instance, Wang et al.
investigated the composition effect of ZnMn ,.Co,_0, (x =
0-2.0) spinel oxides on CO oxidation,"” utilizing the local
chemistry and valency characterizations of the cations. The
authors suggested that Mn cations are the primary species
affecting the spinel’s ability to oxidize CO. The key to

© XXXX The Authors. Published by
American Chemical Society

- 4 ACS Publications

1.58). The moderate oxygen adsorption strength facilitates O
vacancy refilling, which is a rate-determining step during CO
oxidation.

In our recent work, Mn,Co;_.0, (x =0, 0.5, 1, 1.5, and 2)
spinel powders, fabricated via a facile EDTA-CA-EG method,
were evaluated as oxygen evolution reaction (OER) electro-
catalysts." The findings revealed that the addition of Mn (x <
1) to the cubic Co;O, phase results in an enhanced
electrocatalytic performance. The lowest overpotential was
achieved for the sample designated as MnCo,0,, exhibiting a
dual-phase structure (~30% Co;0, and ~70% Mn, ,Co,4O,).
A comparatively low overpotential of 327 mV was used to
achieve the benchmark current density of 10 mA cm™ In
another study, Chowdhury et al. investigated Ni—Co spinel
oxides with varying Ni:Co ratios to examine the influence of
compositional variation on the electrocatalytic activity."
Among the synthesized catalysts, Ni—Co oxide with a Ni:Co
ratio of 1:3 demonstrated the best electrochemical perform-
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ance, with onset potentials of 1.51 V vs RHE for the OER. The
authors concluded that the enhanced electrocatalytic activity
was primarily attributed to improved electronic communica-
tion through Co**/Co* and Ni**/Ni** redox couples, and a
high ECSA providing ample accessible active sites. Recently,
we have further improved the OER activity of MnCo,0O, by
partially substituting Co with Fe.'"* When compared to pristine
MnCo,0,, an ideal amount of Fe incorporated into the
octahedral sites (MnCo, Fe,5O,) improved the overpotential
of the OER by 30 mV (at a benchmark 10 mA ¢cm™ GEO
current density). A volcano-type shape function of the e,
occupancy at octahedra sites and the OER-specific activity was
observed.

Spinel oxides provide tunability of their properties through
alterations to the synthesis conditions."~"” Magalhdes et al.
studied the impact of heat treatment on the catalytic properties
of iron cobaltite (FeCo,0,) nanoparticles prepared via
coprecipitation."® The XPS results revealed a higher cobalt
content on the surface of nonheated samples compared to
those treated to 900 °C, which was attributed to the enhanced
catalytic activity in the unannealed samples. Qi et al. prepared
FeMn,O, spinel nanoparticles using coprecipitation and
postannealing at varying temperatures, allowing modulation
of the cationic oxidation states and optimization of the OER
performance.'” Increasing the postannealing temperature led
to the changes in the spinel internal structure, with higher
Fe?*/Fe’* and slightly increased Mn**/Mn** ratios, which were
favorable for the OER performance. Under alkaline conditions,
the material produced at 500 °C exhibited the best OER
activity. Wei et al. prepared a series of MnCo,O, cubic spinels
by a solid-sate chemistry method at various temperatures.*’
They have observed that the Mn valence state ranges from
+3.2 to +3.7, while Co does not change and remains at ~+2.5.
The authors concluded that the OER activity of various
MnCo,0, exhibits a volcano shape as a function of the Mn
valence state in octahedral sites, which depends on the
materials preparation temperature.

In this study, MnCo, ;Fe, O, spinel oxide (MCFS00) was
synthesized using the sol—gel method and subjected to heat
treatment at various temperatures (400, 600, 800, and 1000
°C) to alter the valence of the constituent cations. The
research focused on examining the effects of these changes on
the material’s physicochemical and electrochemical properties,
particularly its OER electrocatalytic activity in alkaline
electrolytes.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. MnCo, ;Fe, O, spinel oxide powders
were prepared usinF the EDTA-citric acid method described in detail
in previous work. * The obtained powders were heat-treated at
various temperatures (400, 600, 800, and 1000 °C) for 2 h in air on
alumina trays. Using yttria-stabilized zirconia (YSZ, Inframat)
spherical grinding media (1 mm), the calcined powders were ball-
milled in ethanol for 144 h in 20 mm diameter glass vials with a
rotation speed of 100 rpm to improve the electrocatalytic perform-
ance.

2.2. Characterization. With CuK radiation (= 1.5404) and a
Lynxeye XE-T detector in the range of 5 to 110° with a 0.01° step
size, powder X-ray diffraction (pXRD) was carried out at room
temperature on a Bruker D2 Phaser diffractometer. The mean
crystallite size was calculated using the Scherrer equation:

o KA
Beosd (1)

where 7 is the mean size of the crystallites, K is a dimensionless shape
factor (K = 0.9), A is the X-ray wavelength, /3 is the line broadening at
half the maximum intensity (fwhm), and 6 is the Bragg angle.

The MnCo, ;Fe, ;04 samples were subjected to X-ray absorption
spectroscopy (XAS) observations for the L2,3-edge spectra of Mn,
Co, and Fe at the SOLARIS National Synchrotron Radiation Centre’s
04BM PIRX (formerly PEEM/XAS) beamline.”* A 1.31 T bending
magnet is used by the PIRX beamline to deliver a photon energy
range of 100 to 2000 eV with a maximum energy resolution of
2.5107* The size of the beam spot illuminating the sample was 50 ym
X 40 pm (horizontal X vertical). Powder samples were placed on the
carbon tape and mounted on the Omicron-type plate sample holder.
The total electron yield detection mode (TEY), which reflects an
information depth of several nm, was used to record the XANES
spectra. Data was collected at room temperature and in UHV. The
Bessy program was used to process the obtained data. The data were
first adjusted to the actual incident photon flux I,. To further analyze
the data, a straight line fitted to the L, pre-edge region was subtracted,
a polynomial function (degree 0) fitted to the L, postedge region was
divided, and the intensity was normalized to a maximum of 1.

According to the BET isotherm model, the N2 adsorption
technique (Quantachrome, NovaTouch LX1) was used to quantify
the specific surface area of the powders. Prior to the sorption test, the
samples were degassed for 3 h at 300 °C in a vacuum.

2.3. Electrode Preparation and Electrochemical Measure-
ments. The powder catalysts were placed on glassy carbon rotating
disc electrodes (RDE-GCE, 0.196 cm?, ALS Co., Ltd.). The RDE
GCE was polished for S min with 9, 3, and 1 ym polishing diamond
solutions prior to the deposition of the catalyst inks. After being
sonicated for 10 min in deionized water or isopropanol, it was dried
overnight at room temperature. Using 1 mm YSZ grinding balls, the
catalyst and Super P Li Conductive Carbon Black (CCB) (Imerys
Graphite & Carbon) powder was ball-milled in ethanol for 144 h in
the same manner as catalyst powders. In the proper proportion, dried
spinel powder, CCB, and S wt % Nafion 117 solution (Sigma-Aldrich)
were combined to create 1 mL of ink with a solids weight ratio of
5:5:2 (catalyst:CCB:Nafion). The inks were then sonicated for 30
min in an ice—water bath. The RDE-GCE was then drop-cast with §
UL of the ink while it was rotating at 500 rpm, resulting in a catalyst
total mass loading of 45.5 pg. In a specially constructed, three-
electrode Teflon cell system with a water jacket, all electrochemical
experiments were carried out in 0.1 M KOH aqueous solution
(produced from 1 M KOH Titripur from Merck, diluted with DI
water ~12 MQ). As the working (WE), counter (CE), and reference
(RE) electrodes, a catalyst-coated RDE-GCE, a Pt coil, and Hg/HgO
in 0.1 M KOH solution (ALS Co., Ltd, Japan) were used,
respectively. The rotating disc electrode (RDE) system (RRDE-3A
Rotating Ring Disc Electrode Apparatus ver. 2.0, ALS Co., Ltd.) was
used in the electrochemical testing along with a BP-300 (BioLogic)
bipotentiostat. To maintain the equilibrium of the O,/H,O over the
electrolyte, a gas flow of SO mL min™' was maintained over the
electrolyte for 30 min before each experiment using a 99.995% O,
purge. A Julabo F12 thermostat was used to maintain a 25 °C
electrolyte temperature. The same procedure was used for all
electrocatalytic tests. Through experimental calibration of the Hg/
HgO reference electrode against RHE, all recorded potentials were
converted to RHE. The range of (—928: —920) mV was found to
correspond to the value of Eqg,,, versus RHE, which is equivalent to
the measured equilibrium potential of hydrogen electrocatalysis
(HER/HOR). Ten voltage cycles in the range of 1.0—1.7 V versus
RHE at a scan rate of 100 mV s were used to condition the disc
electrode. The background correction for the OER polarization curves
was carried out by averaging the positive- and negative-going scans.
To remove the resistance of the solution, all potential values were iR-
corrected. Electrochemical impedance spectroscopy in the frequency
range of 10 kHz to 0.1 Hz at 0 V versus OCV with an amplitude of 10
mV and a rotation speed of 1600 rpm was used to compute the
uncompensated resistance (R,). Using the EC-Lab software, the
Randles equivalent circuit was fitted. The geometric surface area of
the RDE-GCE (0.196 cm?) was used to normalize the current density
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Figure 1. (a) pXRD patterns of MnCo; sFeysO, powders calcined at different temperatures; the XRD pattern at the bottom corresponds to
reference MnCo,0, (COD ID 2300280, Fd3m, no. 227);** (b) specific surface area determined by BET measurements.
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Figure 2. (a) Mn L, (b) Fe L,, and (c) Co L; XANES spectra of MnCo, ;Fe, O, powders and several reference materials.

(expressed in the unit mA cm™’gpo). The difference between the
potential at 10 mA cm gy and the typical potential of oxygen
electrocatalysis (1.23 V) was used to compute the OER overpotential.
Current normalization using the BET specific surface area of each
oxide catalyst was used to calculate the specific (expressed in the unit
HA cm™25x). At least three different samples of each substance were
made and tested for repeatability.

For the ex situ XAS measurements, 25 L of the catalyst containing
ink was deposited onto the Sigracet 39 AA carbon paper covering a
surface area of S X 10 mm (presented in Figure S1). The electrode
was subjected to OER conditions by performing the following OER
protocol: 1, conditioning (10 cycles, 10 mV sL1-17 Vs RHE); 2,
OER polarization (3 cycles, 10 mV s™!, 1-1.9 V vs RHE); 3,
chronopotentiometry (10 mA ecm >ggo, 1 h). Data collected during
this protocol are presented in Figure S2. Subsequently, the electrode
was dried and the XAS spectra of the Mn, Fe, and Co were collected
at the PIRX beamline.

The OER tests at various temperatures were performed using a
Julabo F12 thermostat to control the temperature inside the
electrochemical cell (25, 31, 33, 37.5, 43.5, and SO °C). From the
experimental OER current-polarization curves, the values of a current
at 0 V overpotential i, were extracted and used to construct Arrhenius
plots. The following equation was used to calculate the apparent
activation energy E.:

din(i,)  E,

a1/T) T R ©)

where T is the temperature and R is the gas constant.

The influence of the pH on the OER activity was tested in the
electrolytes of the following concentrations: 0.01, 0.1, and 1.0 M
KOH. The exact value of the pH was measured with the CP-401 pH-

meter (Elmetron) coupled with ERH-11 combination pH electrode
(Hydromet). Prior to the experiment, the pH-meter was calibrated in
five buffer solutions (pH = 2, 4, 7, 9, and 12, Chempur).

3. RESULTS AND DISCUSSION

A series of MnCo, ;Fe,sO, spinel oxides were synthesized
using the sol—gel method, followed by calcination at various
temperatures. As depicted in Figure 1, the samples used in this
study were phase-pure and well-crystallized in a cubic structure
(space group Fd3m, no. 227). The peaks in the X-ray
diffraction patterns became progressively narrower as the
calcination temperature increased, indicating the growth of
powder particles. According to the Scherrer equation, the
crystallite diameter increased 4-fold when the calcination
temperature was raised from 400 to 800 °C. Furthermore, the
growth of the powder particles was corroborated by the
decrease in the specific surface area, as determined by
Brunauer—Emmett—Teller (BET) measurements, from 64,
36, 20, to 20 m*> g™\

X-ray absorption near-edge spectroscopy (XANES) data for
the L; edges were collected to investigate the valence of Mn,
Co, and Fe in the prepared spinel oxides (Figure 2).
Additionally, reference samples with stable and specified
valence states of their constituent transition metal cations
were compared (Co?* in CoALO,, Co*" in ZnCo,0,, Co** and
Co* in Co;0,, Fe’* in ZnFe,O, Mn*" in MnO, Mn’** in
Mn,05, and Mn** in MnQ,). Since the measurements in the
total electron yield mode (TEY) are surface-sensitive (nano-
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Figure 3. (a) Oxygen evolution polarization curves, corresponding (b) overpotentials 77, and (c) Tafel slopes of MnCo, sFe, 5O, catalysts prepared

at various temperatures.
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Figure 4. (a) Oxygen evolution polarization curves with current normalized by the BET specific surface area; (b) correlation between OER
potentials at SO A cm™qx and calcination temperature of MnCo, ;Fe, O, powders.
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Figure S. (a) Mn L,, (b) Fe L,, and (c) Co L, XANES spectra of MnCo, Fe, O, calcined at 800 °C before and after the OER testing protocol.

meter depth), the obtained results describe the valence state of
surface cations.”

The Mn spectrum of the sample prepared at 400 °C overlaps
with that of a mixture of MnO and Mn,O; phases. For powder
calcined at 400 °C, the relative Mn>* concentration is higher
than that for the powders processed at higher temperatures.
The average Mn oxidation state increases with increasing
processing temperature. For the powder annealed at 1000 °C,
a slight shift, within the experimental error, indicating a
possible lower average Mn oxidation state can be noticed at the
right shoulder. As presented in Figure 2b, neither heat
treatment had an impact on the Fe oxidation state. According
to the Co L; edge spectra, all the samples exhibit a Co**/Co*"
ratio close to 1; however, the sample annealed at 400 °C shows
a slightly lower amount of Co** (in a tetrahedral position) vs
C 03+/4+.

After low-temperature preparation at 400 °C, the sample
contains more Mn in the tetrahedral position at the +2
oxidation state, whereas higher processing temperatures shift

Mn to the octahedral position. The increase of Mn**”/* at

octahedral positions increases the concentration of active sites
as well as polaron charge carriers, influencing the electrical
conductivity and electrocatalytic performance.””*

The OER electrocatalytic activity of the prepared materials
was tested in an alkaline environment (0.1 M KOH). As shown
in Figure 3a, all the samples exhibit an onset reaction potential
above 1.5 V vs RHE. To better illustrate the differences
between the specific samples, the overpotentials (1) required
to achieve a geometric current density of 10 mA cm™ are
presented in Figure 3b. The overpotentials increase linearly
with the calcination temperature, ranging from approximately
390 to 415 mV. The Tafel slopes of the reported samples fall
within the range of 40—60 mV dec™', suggesting that the
number of electrons transferred in the rate-determining step is
between 3 and 4. These values align with the evolution of O,
through the simultaneous oxidation and formation of
hydroxide and oxyhydroxide during OER.’® The sample
prepared at 800 °C exhibits the lowest Tafel slope, indicating
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Figure 7. OER polarization curves of MnCo, ;Fe,;0, 800 °C scanned in (a) 0.1 M KOH in different temperatures and (b) corresponding

Arrhenius plot.

the fastest reaction kinetics among the tested materials due to a
higher number of active sites.

To gain a better understanding of the intrinsic electro-
catalytic properties of the materials, the measured polarization
curves were normalized using the specific surface area values
obtained from the BET, as shown in Figure 4a. Due to the
broad particle size distribution, which is reflected by BET
surface area values ranging from 20 to 64 m* g™, the observed
trend differs significantly from that of the polarization curves
normalized with respect to the geometrical surface area. As
depicted in Figure 4b, the sample calcined at 800 °C is
characterized by the lowest overpotential required to sustain a
current density of SO yA cm >ox. This aligns with previous
observations including the shift to a lower Tafel value,
substantiated by a higher availability of active sites, in
accordance with the XANES results.

To examine the influence of oxidative conditions in the
alkaline solution, ex situ XAS measurements were performed
on a carbon paper electrode coated with a MnCo, sFe, ;O, 800
°C catalyst. As shown in Figure 5, the spectra of Mn and Co
changed significantly, while the Fe spectrum after the OER
protocol was barely affected in the background pre-edge
region. After the OER protocol, the Mn spectrum shape is
altered in a manner that closely aligns with the MnO,
spectrum, with a small contribution from the Mn,O; spectrum.
This indicates a valence shift from Mn>*/3* to Mn*/* for
surface cations. Similarly, Bergmann et al. observed a shift of
the edge position in the XANES spectra corresponding to an
increase of the mean Mn oxidation state to almost +4.0 of the
MnO, after applying oxidative potential in 0.1 M KPi.*” The
optimal Mn valence for the OER on various Mn oxides ranges
from Mn*¢* to Mn***>* A similar shift toward a higher
oxidation state is observed for the Co cations. As depicted in

Figure Sc, after the OER, there is a change in the high-/low-
energy peak ratio, illustrating the transition of Co cations with
an oxidation state from Co** > Co*" to Co* < Co*".
According to Calvillo et al,, the increase of Co(III) species in
octahedral sites is in agreement with the formation of CoOOH
in Co—Fe spinels under oxidative conditions.”” The CoOOH
is identified as the catalytic OER phase. Overall, based on the
XAS results, after the OER test, the surface Mn>* oxidizes to
the */** state, and the Co** oxidizes toward Co®*, indicating
the formation of the active sites based on Mn and Co, while Fe
remains inactive.

3.1. Influence of pH and Temperature on Activity.
The OER activity of the MnCo; ;Fe, O, calcined at 800 °C
was tested in electrolytes with varying concentrations (0.01 M,
pH =12.15,0.1 M, pH = 13.15, 1 M, pH = 14.15). The strong
influence of the pH on the electrochemical performance is
evident in Figure 6a, with the highest performance obtained in
the 1 M KOH electrolyte.

The pH-dependent electrocatalyst performance suggests the
presence of decoupled proton—electron transfer during the
catalytic reaction.’® A decrease in the Tafel slopes is also
observed (Figure 6b). This change in the Tafel slope indicates
a variation in the number of electrons transferred in the rate-
determining step.”®

Following the study of the influence of the pH, the
performance of the OER was tested at various electrolyte
temperatures. As illustrated in Figure 7a, a noticeable increase
in activity occurs with the rising temperature. Based on the
slope of the Arrhenius plot shown in Figure 7b, the apparent
activation energy was calculated according to eq 1, presented
in the 2. A value of 20 kJ mol™ is slightly lower than the 25 kJ
mol ™! reported for NiFeO, by Nurlaela et al,*’ yet significantly
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lowgr than the 71 kJ mol™! for NiCoO,** and 75 kJ mol™* for
Ni.”

The enhanced OER electrocatalysis with increasing electro-
lyte temperature could be attributed to accelerated kinetics and
temperature-induced variations in active species. As demon-
strated by Zhou et al,, the active species of NiCo,0, nanorod
arrays at room temperature is NiCo,O,; however, under
elevated temperature conditions, the active species transitions
from NiCo,0, to oxyhydroxides.* Moreover, NiOOH
exhibits a lower overpotential compared to NiCo,0O,.

4. CONCLUSIONS

In conclusion, this study successfully synthesized
MnCo, sFe, O, spinel oxide using the sol—gel technique,
followed by heat treatment at various temperatures. The
structural properties were investigated through the XRD and
XAS techniques. It was found that the preparation conditions
significantly impacted the material’s specific surface area and
valence states, which directly influenced the electrocatalytic
performance. The powder annealing temperature could be
correlated with the number of active sites (redox active
species). For the powder processed at 400 °C, a higher amount
of Mn?* was observed. For powders processed at 600 °C and
especially at 800 °C, the concentration of Mn*"/*" was the
highest, whereas for the powder processed at 1000 °C, the
average Mn oxidation state decreased again. Electrochemical
studies revealed that the intrinsic activity of the
MnCo, sFe, O, spinel could be fine-tuned by controlling the
powder calcination temperature. Furthermore, the pH-depend-
ent studies of electrocatalyst performance suggested the
presence of decoupled proton—electron transfer during the
catalytic reaction.
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Figure S2. OER protocol performed on the Sigracet 39 AA carbon paper electrode coated with

MnCo; 5Feps04-800 °C desired for the XAS ex-situ measurements.
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5. PODSUMOWANIE

W przedstawionej rozprawie omoéwiony zostat temat wytwarzania nanokrystalicznych
materiatéw elektrokatalitycznych do zastosowania jako materiaty elektrodowe w alkalicznej
elektrolizie wody. Elektroliza wody jest to proces stuzacy do produkcji wodoru i tlenu poprzez
reakcje elektrochemiczne. Z zatozeniem zasilania z odnawialnych zrédet energii otrzymywany
wodor klasyfikowany jest jako wodor zielony, a wiec o minimalnym wplywie na srodowisko.
W zwigzku z planem odejscia od paliw kopalnych przez wiele z krajéow oraz w ogdle
z ograniczonymi rezerwami tych paliw, niezbedne jest przejscie na alternatywne zrodto energii.
Przy aktualnym stanie wiedzy jedng z najbardziej obiecujgcych $ciezek jest wykorzystanie
wiasnie wodoru jako paliwa do wytwarzania energii elektrycznej w ogniwach paliwowych, ze
wzgledu na bez emisyjno$¢ tego procesu. Najbardziej znaczacg przeszkodg przed
zastosowaniem elektrolizy wody do produkcji wodoru na masowg skale sg zbyt wysokie koszty
wynikajgce z braku optymalnych materiatéw elektrodowych moggcych zastagpi¢ platyne i iryd.

W niniejszej rozprawie przeprowadzono badania nad tlenkami o strukturze spinelu lub
perowskitu do zastosowania jako elektrokatalizatory reakcji utlenienia tlenu, tj. jednej z reakgc;ji
zachodzgcych w trakcie rozpadu wody, ktéra obarczona jest dominujgcymi nadpotencjatami
ograniczajgcymi cato$ciowy proces. Materiaty te zostaty przygotowane nieskomplikowanymi
metodami syntezy chemicznej, ktére mogg by¢ skalowane do zapotrzebowania przemystowego.
Ponadto szczegodlny nacisk potozony zostat na modyfikacji tych materiatéw w celu zaindukowania
zmian wtasciwosci fizykochemicznych, a w rezultacie poprawie ich wydajnosci katalitycznej.

Wyniki badan zebrane w formie publikacji naukowych przedstawionych w rozdziale 4
niniejszej pracy udowadniajg postawione tezy. W pierwszym etapie przeprowadzona zostata
synteza serii spineli MnxCosxO4, a badania wykazaty, ze najbardziej aktywna elektrokatalitycznie
jest otrzymana dwufazowa struktura MnCo20s4. Dalsze prace przedstawity mozliwos¢
optymalizacji stechiometrii spinelu MnCo204 oraz perowskitu SrTiOs.q poprzez podstawianie
zelaza za kolejno kobalt lub tytan. Wprowadzenie zelaza do struktury spinelu lub perowskitu ma
niebagatelny wptyw na modulacje wasciwosci fizykochemicznych np. przewodnosci elektrycznej,
rezystancji przeniesienia tadunku, ilosci wakanséw tlenowych, powierzchni wtasciwej czy
rozktadu elektronéw na orbitalach atomowych. Co wazniejsze zmiany tych wiasnosci znajdujg
odzwierciedlenie we wzrodcie wydajnosci katalizy reakcji utleniania tlenu w $rodowisku
zasadowym, obserwowanej jako obnizenie nadpotencjatu wymaganego do przebiegu reakgciji.

Przedstawione wyniki dowodzg pierwszej tezy postawionej w niniejszej rozprawie.

W dalszej czesci zaproponowano zastosowanie obrobki cieplnej lub mechanicznej
przygotowanych materiatow jako metody poprawy aktywnosci elektrokatalitycznej. Wykazano, ze
wihasciwosci fizykochemiczne spineli MnCo0204 oraz MnCo1 sFeo,504 mogg by¢é modulowane bez
zmiany ich sktadu chemicznego, poprzez zastosowanie posyntezowej obrébki zmieniajgcej
morfologie oraz powierzchniowg strukture atomowg, co ma bezposredni wptyw na wiasnosci
elektrokatalityczne.

Przedstawione wyniki dowodzg drugiej tezy postawionej w niniejszej rozprawie.
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W szczegdlnosci, jako swoje osiggniecia uwazam:

e Opracowanie protokotéw pomiarowych do wyznaczenia aktywnosci i stabilnosci
elektrokatalitycznej katalizatoréw proszkowych

e Synteze ztozonych materiatéw tlenkowych metodg zol-Zel

e Dopracowanie procesu polerowania elektrod roboczych oraz optymalizacja procesu
nanoszenia warstw katalitycznych na podtoza piankowe oraz z wegla szklistego

e Zastosowanie metod elektrochemicznych i spektroskopowych do wyjasnienia zmian
aktywnosci elektrokatalitycznej materiatéw wynikajgcych z wprowadzenia nowych

pierwiastkow do struktury krystalicznej

Zaproponowane nanokrystaliczne materiaty tlenkowe poddane odpowiedniej obrobce
posyntezowej stanowig alternatywe dla stosowanych dotychczas, kosztownych materiatéw
elektrodowych. Zastosowane metody syntezy sg osiggalne w typowym laboratorium
technologicznym, co jest wazne z perspektywy produkcji katalizatoréw w wigkszej, przemystowej
skali.

Naturalnym kierunkiem rozwoju niniejszej pracy jest zastosowanie i przetestowanie
przedstawionych materiatow jako elektrody w elektrolizerach duzej mocy. Ponadto dalsze
badania skoncentrowane bedg na poszukiwaniu nowych, bardziej przyjaznych $rodowisku
katalizatorow pozbawionych w swojej strukturze kobaltu. Zastosowanie tego pierwiastka powinno
by¢ ograniczone ze wzgledu na wiele aspektéw, m.in. jego kancerogennosé¢, wydobycie
zwigzane z famaniem praw cztowieka, czy rosnacy popyt wynikajgcy z rosngcej produkcji baterii
do pojazdow elektrycznych, ktdéry w perspektywie 5 lat moze przekroczy¢ podaz. Ciekawg
alternatywg sg spinele manganowo-kobaltowe, ktérych aktywnosc¢ elektrokatalityczna moze by¢
modyfikowana poprzez wprowadzenie domieszek lub podstawienie manganu lub miedzi poprzez
inne metale przejsciowe.

Niemniej, opublikowane artykuty stanowig kolejny krok w dgzeniu do produkciji zielonego

wodoru.
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