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STRESZCZENIE

Reakcja fotokatalitycznego generowania wodoru jest obiecujacym procesem
otrzymywania tego cennego, ekologicznego paliwa. Jednak efektywnos$¢ procesu
fotokatalizy w duzym stopniu zalezy od stosowanego fotokatalizatora. Jednym
z wazniejszych wyzwan w dziedzinie fotokatalizy heterogenicznej jest stworzenie
fotokatalizatora o wysokiej aktywnosci 1 stabilnosci fotokatalitycznej, co mozna osiagnaé

poprzez taczenie odpowiednich materiatow w nanostruktury hybrydowe.

Celem naukowym pracy doktorskiej bylo: (i) opracowanie uproszczonych
i powtarzalnych metod syntezy nowych nanostruktur hybrydowych wykazujacych
podwyzszong efektywnos$¢ fotokatalitycznego generowania wodoru pod wplywem
promieniowania z zakresu ultrafioletowego 1 widzialnego, (i7) charakterystyka
fizykochemiczna otrzymanych struktur, (iii) korelacja warunkéw otrzymywania
z fotoaktywnoscig oraz wlasciwosciami powierzchniowymi. Rozprawa doktorska sktada
sie z dwoch gléwnych czesci. Pierwsza czg$¢ stanowi wstep teoretyczny przyblizajacy
tematyke fotokatalitycznego generowania wodoru oraz zastosowania materialow
hybrydowych na bazie perowskitow i nanoczastek typu Janus. Druga czg$¢ pracy zawiera
cztery artykuty naukowe, poprzedzone wprowadzeniem do metod syntezy poszczegélnych
fotokatalizatorow hybrydowych i technik zastosowanych do okreslenia ich wlasciwosci
fizykochemicznych, opis metodyki przeprowadzanego procesu fotokatalitycznego

generowania wodoru oraz krotkie omowienie badan przedstawionych w kazdym artykule.

W ramach prowadzonych badan opracowano cztery typy materiatow hybrydowych,
charakteryzujacych si¢ potencjalem do zastosowan fotokatalitycznych. Zastosowano
podejscia oparte na taczeniu polprzewodnikéw z metalami szlachetnymi oraz szkieletow

metaloorganicznych z czastkami perowskitow.

Aktywno$¢ fotokatalityczng w reakcji generowania wodoru przeprowadzono
w zakresie promieniowania UV-Vis (dla serii 1, 2 1 4), oraz Vis (dla serii 3). Wyniki badan
aktywnosci fotokatalitycznej oraz charakterystyki nanomateriatdéw pozwolity na doktadne
wyjasnienie zachodzacych mechanizméw reakcji 1 wplywu morfologii oraz skfadu

uktadow hybrydowych na wydajnos¢ w procesie fotokatalizy.



ABSTRACT

Photocatalytic hydrogen generation is a promising process for obtaining this valuable
ecological fuel. However, the efficiency of the photocatalytic process depends largely on
the photocatalyst used. One of the most important challenges in the field of heterogeneous
photocatalysis is creating a photocatalyst with high photocatalytic activity and stability,

which can be achieved by combining appropriate materials into hybrid nanostructures.

The scientific goals of this doctoral thesis were: (i) to develop simplified and repeatable
methods for the synthesis of new hybrid nanostructures demonstrating increased efficiency
in photocatalytic hydrogen generation under the influence of radiation in the ultraviolet and
visible ranges, (if) to characterize the physicochemical properties of the resulting structures,
and (ii7) to correlate the synthesis conditions with photoactivity and surface properties. The
doctoral thesis consists of two main parts. The first part is a theoretical introduction
introducing the topic of photocatalytic hydrogen generation and the application of hybrid
materials based on perovskites and Janus nanoparticles. The second part of the work
contains four scientific articles, preceded by an introduction to the synthesis methods of
individual hybrid photocatalysts and the techniques used to determine their
physicochemical properties, a description of the methodology for the photocatalytic

hydrogen generation process, and a brief overview of the research presented in each article.

As part of the research, four types of hybrid materials were developed, demonstrating
potential for photocatalytic applications. Approaches were employed based on combining

semiconductors with noble metals and metal-organic frameworks with perovskite particles.

Photocatalytic activity in the hydrogen generation reaction was measured in the UV-
Visible (for series 1, 2, and 4) and Visible (for series 3) radiation ranges. The results of the
photocatalytic activity studies and the characterization of the nanomaterials allowed for
a thorough explanation of the reaction mechanisms and the influence of the morphology

and composition of the hybrid systems on the efficiency of the photocatalytic process.



WYKAZ SKROTOW, SYMBOLI I AKRONIMOW

A
2D

AQE

BET

CB

COF

EDS

EPR

FTIR

GC-TCD

h+

ICP-OES

JNPs

LARP

LC-TEM

dhugo$¢ fali [nm]
uktad dwuwymiarowy (ang. two-dimensional)

pozorna wydajno$¢ kwantowa (ang. Apparent Quantum
Efficiency)

powierzchnia wlasciwa wyznaczona metodg Brunauer’a,
Emmett’a, Teller’a

pasmo przewodnictwa potprzewodnika

kowalencyjna struktura organiczna (ang. Covalent Organic
Framework)

spektroskopia rentgenowska z dyspersja energii (ang. Energy
Dispersive X-Ray Spectroscopy)

elektron
szeroko$¢ pasma wzbronionego [eV]

elektronowy rezonans paramagnetyczny (ang. Electron
Paramagnetic Resonance)

spektroskopia w podczerwieni z transformacja Fouriera (ang.
Fourier Transform Infrared Spectroscopy)

chromatografia gazowa z detektorem przewodnictwa cieplnego
(ang. Gas Chromatography with Thermal Conductivity
Detector)

dziura (luka elektronowa)

spektrometria emisyjna ze wzbudzeniem w plazmie
indukcyjnie sprzezonej (ang. Inductively Coupled Plasma
Optical Emission Spectroscopy)

nanoczastki typu Janus (ang. Janus nanoparticles)

Metoda syntezy polegajaca na ponownym wytracaniu
wspomaganym  ligandem  (ang.  Ligand  Assisted
Reprecipitation)

transmisyjna mikroskopia elektronowa w fazie cieklej (ang.
Liquid-Cell Transmission Electron Microscopy)



LED

LUCO

MOF
NHE
NPs

PCA

SEM
Spektroskopia PL

SPR

TEM
TEOA

TRPL

uv
UV-Vis
VB
Vis

XPS

XRD

dioda elektroluminescencyjna (ang. light-emitting diode)

najnizej nieobsadzony orbital krystaliczny (ang. Lowest
Unoccupied Crystal Orbital)

szkielet metaloorganiczny (ang. Metal Organic Framework)
standardowa elektroda wodorowa
nanoczastki (ang. nanoparticles)

analiza gtownych sktadowych (ang. Principal Component
Analysis)

skaningowa mikroskopia elektronowa
spektroskopia fotoluminescencyjna

powierzchniowy rezonans plazmonowy (ang. Surface Plasmon
Resonance)

transmisyjna mikroskopia elektronowa
2,2'2"-Nitrylotrietanol (trietanoloamina)

fotoluminescencja z rozdzielczos$cia czasowa (ang. Time-
Resolved Photoluminescence)

promieniowanie ultrafioletowe

promieniowanie z zakresu ultrafioletu i widzialnego
pasmo walencyjne potprzewodnika
promieniowanie widzialne

rentgenowska spektroskopia fotoelektronéw (ang. X-ray
photoelectron spectroscopy)

dyfrakcja promieniowania rentgenowskiego (ang. X-Ray
Diffraction)



1. WPROWADZENIE

Zanieczyszczenia $Srodowiska i wyczerpywanie si¢ pokladéw paliw kopalnych to
powody kryzysu srodowiskowego, ktory od lat stanowi wyzwanie dla $wiata. Spalanie
paliw kopalnych wptywa na zubozenie naturalnych zasobow oraz jest przyczyna emisji do
atmosfery szkodliwych tlenkow siarki, azotu, wegla, metali cigzkich, zwigzkow
organicznych oraz pylow [1-3]. Jednym ze sposobdw na rozwigzanie tych problemow jest
wprowadzenie ekologicznej alternatywy energetycznej dla paliw kopalnych, czyli wodoru.
Charakteryzuje si¢ on wysoka warto$cia opatlowa, a jego spalanie nie wydziela do
atmosfery szkodliwych gazéw [4-6]. Kluczowym wyzwaniem pozostaje jednak efektywna

produkcja wodoru w duzej skali.

Fotokataliza heterogeniczna stanowi przyktad procesu, ktory pozwala na produkcje
wodoru w sposob zrdwnowazony [7]. Polega na prowadzeniu reakcji pod wplywem
dzialania promieniowania UV, widzialnego Iub podczerwieni, w obecnosci
fotokatalizatora w postaci ciata stalego, ktoéry poprzez absorpcje $wiatta inicjuje badz
zmienia szybko$¢ reakcji. Kluczowym aspektem fotokatalizy jest rodzaj uzytego
fotokatalizatora, ktéry powinien cechowaé si¢ wysoka wydajnoscia, dluga stabilnoscia
iniskg ceng. Ponadto korzystna jest rowniez mozliwo$¢ odpowiedniego dostosowania
ksztattu, rozmiaru, sktadu i funkcjonalnos$ci czastek oraz wystgpowanie kombinacji
réznych materiatdbw w obrgbie fotokatalizatora, dzigki czemu nastgpuje efektywne
separowanie fotogenerowanych par elektron-dziura, kluczowych dla tego procesu.
W zwiazku z tym trwaja intensywne badania nad opracowaniem struktur hybrydowych,
ktore dzigki potaczeniu cech poszczegdlnych materialow zwickszaja wydajnosé, stabilnosé

1 trwalos¢ fotokatalizatora.

W tym kontekscie, przedstawione w niniejszej pracy doktorskiej badania uzasadnione
byly przede wszystkim poszukiwaniem nowych hybrydowych nanomateriatow do
fotokatalitycznego generowania wodoru pod wptywem promieniowania z zakresu UV-Vis
1 Vis. Cze$¢ badan byla prowadzona przy wsparciu finansowym Narodowego Centrum
Badan i Rozwoju, ze $rodkow Mechanizmu Finansowego Europejskiego Obszaru
Gospodarczego (EOG) i Norweskiego Mechanizmu Finansowego 2014-2021, w ramach
projektu naukowego pt. ,Pioneering hybrid materials for CO> photoconversion”

(nr: NOR/SGS/HotHybrids/0130/2020-00). Badania byty finansowane takze z funduszu



Narodowego Centrum Nauki w ramach projektu naukowego MINIATURA-6 pt. ,,Nowe
wielosktadnikowe, fotoaktywne nanostruktury typu Janus™ (nr: 2022/06/X/ST4/00176).

W  wyniku przeprowadzonych badan otrzymatam cztery serie materiatow do
fotokatalitycznego generowania wodoru. Pierwsza z nich obejmuje nanostruktury
hybrydowe sktadajace si¢ z perowskitu halogenkowego CsPbX3 (gdzie X = Br lub I) oraz
szkieletu metaloorganicznego Ce-UiO-66-Y (gdzie Y = H, Br, NH»). Druga seria zawiera
nanoczastki typu Janus, czastki o budowie zblizonej do struktury typu Janus oraz struktury
,wielogtowe” (zang. multi-headed structures), zbudowane z poOtprzewodnika
1 osadzonych na nim czastek metalicznych, sktadajace si¢ z perowskitu SrTiO3 oraz czastki
metalu szlachetnego (Ag, Au lub Ag/Au). Trzecia seria sktada si¢ z nanoczastek typu Janus
oraz struktur ,,wieloglowych”, zbudowanych z pdtprzewodnika iosadzonych na nim
czastek metalicznych, na bazie potprzewodnika ZnS oraz srebra, a ostatnia seria zawiera
bimetaliczne nanoczastki typu Janus skladajace si¢ ze srebra i platyny (petniace rolg ko-

katalizatora), potaczone z potprzewodnikiem SrTiOs.

Przedstawione powyzej serie fotokatalizatorow posiadaja dwie cechy wspolne:
(i) stanowig dwu- lub trzy- elementowe uktady hybrydowe, oraz (ii) zostaty zastosowane
w reakcji fotokatalitycznego generowania wodoru pod wplywem promieniowania
z zakresu UV-Vis lub Vis. Badania dowodza, ze fotokatalizatory sktadajace si¢ z kilku
odpowiednio dobranych materiatdw moga wykazywaé znacznie wyzsza wydajnosé
fotokatalityczng 1 stabilno$¢ w poréwnaniu do fotokatalizatoréw wykonanych
z pojedynczych materialow [8]. Jest to szczegdlnie istotne w procesie fotokatalitycznego
generowania wodoru, ze wzgledu na trwajace poszukiwania wysoce efektywnej metody

otrzymywania tego gazu.



2. CZESC TEORETYCZNA

2.1. Fotokatalityczne generowanie wodoru

Efektywna produkcja wodoru oraz jego zastosowanie jako alternatywy dla
wysokoemisyjnych, nieodnawialnych i $rodowiskowo szkodliwych zrodet energii
odgrywaja kluczowa role w dazeniu do gospodarki niskoemisyjnej [9,10]. Wsrod
obiecujacych metod wytwarzania wodoru szczegélne miejsce zajmuje proces

fotokatalityczny [3,4].

Podstawowy mechanizm fotokatalitycznego generowania wodoru w procesie
rozszczepienia wody pod wptywem promieniowania UV-Vis obejmuje nastgpujace etapy

[13-15]:

1) absorpcje fotondw o energii rownej lub wigkszej od przerwy energetycznej (E,)
zastosowanego fotokatalizatora, w wyniku czego elektrony (e”) z pasma walencyjnego
sag wzbudzane do pasma przewodnictwa (CB), tworzac dziury (h") w pasmie
walencyjnym (VB);

2) separacj¢ 1 migracj¢ wygenerowanych nos$nikéw *ladunku elektron-dziura na
powierzchni¢ fotokatalizatora;

3) reakcje redukcji i utleniania na powierzchni fotokatalizatora:

e redukcja protonéow (H') pochodzacych =z dysocjacji wody do wodoru
czasteczkowego (H»), przez elektrony znajdujace si¢ w pasmie przewodnictwa:
2H* +2e~ - H,

e utlenianie czasteczek wody (H20) lub jonéw hydroksylowych (OH™) do tlenu

czasteczkowego (O2) przez dziury znajdujace si¢ w pasmie walencyjnym:

H,0 + 2h* > 20, + 2H*
2

20H™ + 2h* =0, + H,0
2

W celu zwigkszenia wydajnosci reakcji fotokatalitycznej stosuje si¢ reagenty
eliminowane (ang. sacrificial agents), ktorych dziatanie opiera si¢ na efektywnym
wykorzystaniu dziur w pasmie walencyjnym, poprzez ich utlenianie, tym samym
zapobiegajac rekombinacji no$nikdéw tadunku elektron-dziura [16,17]. Czasteczka wody
jest bardzo stabilna, stad jej rozszczepienie wymaga duzego nakladu energii
(AH =286 kJ/mol), a zastosowanie reagentow eliminowanych pozwala na sumaryczne

obnizenie zuzycia energii w procesie generowania wodoru [17]. Ws$rdd najczescie)
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stosowanych reagentow eliminowanych wyréznia si¢: metanol (CH3OH), etanol
(C2HsOH), siarczyny (S2~/S037), trietanoloamine (TEOA) oraz glicerol (C3HsO3) [17—
19].

W gronie fotokatalizatorow stosowanych najcze¢sciej w reakcji fotokatalitycznego

generowania wodoru, mozna wyrdznic¢ trzy gtowne typy:

Y

2)

3)

4)

pojedynczy poélprzewodnik: to podstawowy element wigkszosci systemoOw
fotokatalitycznych. Aby modgl by¢ zastosowany w fotokatalizie, musi posiadac
odpowiednig szeroko$¢ pasma wzbronionego, wlasciwe pozycje pasm energetycznych,
by¢ stabilny chemicznie i fotochemicznie oraz posiada¢ rozwinigta powierzchnig, na
ktérej zachodzi reakcja fotokatalityczna. Wadami pojedynczych materiatow
potprzewodnikowych sg zwykle: szybka rekombinacja no$nikéw tadunku elektron-
dziura, zbyt szeroka przerwa energetyczna oraz nieodpowiednie potozenia krawedzi
pasm energetycznych, przez co fotokatalizatory te wymagaja dalszych modyfikacji
w celu zwigkszenia wydajnosci reakcji [20];

heteroztacze typu II: to uktad dwoch potprzewodnikow o réznych potozeniach
krawedzi pasm przewodnictwa 1 walencyjnych. W trakcie procesu fotokatalitycznego,
fotogenerowane elektrony zostaja przeniesione z potprzewodnika o bardziej ujemnym
potencjale pasma przewodnictwa do potprzewodnika o bardziej dodatnim potencjale
CB. Z kolei fotogenerowane dziury (h*) migruja z potprzewodnika o bardziej dodatnim
potencjale pasma walencyjnego do potprzewodnika o bardziej ujemnym potencjale VB.
Tego typu migracje powoduja efektywne rozdzielenie no$nikéw ladunku elektron-
dziura, a co za tym idzie — spowolnienie ich rekombinacji [21];

heteroztacze typu Z: to uktad dwoch roznych potprzewodnikow dobranych w taki
sposob, aby jeden z nich dziatal jako miejsce wydzielania wodoru, a drugi jako miejsce
wydzielania tlenu. W uktadzie tym fotogenerowane elektrony jednego pétprzewodnika
rekombinuja z dziurami drugiego polprzewodnika, dzigki czemu nos$niki tadunku sg
efektywnie separowane. Konfiguracja fotokatalityczna schematu Z ma na celu
przezwyci¢zenie  ograniczen  wynikajacych z  zastosowania  pojedynczego
polprzewodnika, szczegdlnie zbyt waskiego zakresu absorpcji $wiatla oraz
niewystarczajacych potencjatow redoks [22];

heteroztacze typu S: to uktad, w ktéorym transfer tadunku pomig¢dzy dwoma
potprzewodnikami wynika z obecno$ci wewngtrznego pola elektrycznego. Innymi

stowy, dwa polprzewodniki tworzg heterozlacze, w ktorym ze wzglgedu na roznice
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w poziomach Fermiego, elektrony z potprzewodnika o wyzszym poziomie migruja do
poiprzewodnika o nizszym poziomie, az do osiggni¢cia rownowagi, co prowadzi do
powstania pola elektrycznego pomiedzy nimi. W trakcie procesu fotokatalitycznego,
utworzone pole elektryczne sprzyja transferowi elektronéw z pasma przewodnictwa
poOlprzewodnika o stabszej zdolnosci redukcyjnej do pasma przewodnictwa drugiego
poiprzewodnika (o silniejszej zdolnosci redukcyjnej). Z kolei dziury z pasma
walencyjnego potprzewodnika o stabszej zdolnosci utleniajacej migruja poprzez pole
elektryczne do pasma walencyjnego poOtprzewodnika o silniejszej zdolno$ci
utleniajacej. Dzigki ukierunkowanemu przeptywowi no$nikow tadunku, rekombinacja
no$nikéw tadunku elektron-dziura jest znacznie ograniczona, co prowadzi do wyzszej

wydajnosci fotokatalitycznej [23,24].

Rysunek 1 w schematyczny sposob przedstawia mechanizm reakcji fotokatalitycznej

z zastosowaniem opisanych powyzej typoéw uktadow fotokatalitycznych.
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Rysunek 1. Schematy mechanizmoéw fotokatalitycznych zachodzacych w zaleznosci od typu zastosowanego
fotokatalizatora. CB — pasmo przewodnictwa, VB — pasmo walencyjne, e —elektron, h* — dziura, A — akceptor
elektronu, D — donor elektronu [20-24]

Glowne wlasciwosci fotokatalizatora, ktére sa kluczowe dla jego wysokiej

efektywnosci w reakcji fotokatalitycznego generowanie wodoru to [25]:

e szeroko$¢ przerwy energetycznej: zbyt szeroka przerwa energetyczna powoduje, ze
fotokatalizator moze absorbowaé jedynie promieniowanie ultrafioletowe, ktore
stanowi niewielka cze$¢ promieniowania stonecznego (okoto 5%), co ogranicza
wykorzystanie energii stonecznej. Z kolei zbyt waska przerwa energetyczna moze
spowodowaé, ze potencjaly pasm przewodnictwa i walencyjnego nie beda
wystarczajaco ujemne/dodatnie, aby skutecznie przeprowadzi¢ reakcje redoks [26];

e polozenie krawedzi pasma walencyjnego i przewodnictwa: fotokatalizatory
stosowane w procesie generowania wodoru powinny charakteryzowaé si¢

odpowiednim potozeniem pasma walencyjnego i pasma przewodnictwa. Dolna
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granica pasma walencyjnego musi posiada¢ wyzsza energi¢ od potencjatu redoks
pary O2/H20 (1,23 V vs. NHE), co umozliwia efektywne utlenianie wody. Z kolei
gorna granica pasma przewodnictwa powinna posiadaé energi¢ nizsza niz potencjat
redukcji H/H> (0 V vs. NHE), co warunkuje skuteczng redukcj¢ protonow do
czasteczkowego wodoru [27];

o efektywno$¢ separacji no$nikow tadunku: zbyt szybka rekombinacja nosnikow
tadunku elektron-dziura przyczynia si¢ do znacznego obnizenia aktywnoSci
fotokatalitycznej materiatu. Na separacje tadunkow wplywaja m.in. wlasciwosci
krystaliczne, defekty strukturalne i modyfikacje powierzchniowe fotokatalizatora
[28];

e stabilno$¢ chemiczna i odpornos¢ na fotokorozje: fotokatalizatory, ktére sa podatne
na fotokorozj¢ w $rodowisku reakcji, zwykle posiadajg krotka uzytecznosé
1 stabilnos¢ [29];

e powierzchnia wiasciwa: od wielkosci powierzchni wilasciwej zalezy ilo$¢
zaadsorbowanych reagentow, ktore biorg udziat w reakcjach fotokatalitycznych

[29].

W celu uzyskania wysokiej wydajnosci fotokatalitycznej, korzystne jest tworzenie
struktur hybrydowych, sktadajacych si¢ z okreslonej kombinacji materiatow, co pozwala
precyzyjnie kontrolowa¢ wiasciwosci fotokatalizatora. Wérod stosowanych w fotokatalizie
struktur hybrydowych wyrdzni¢ mozna: kompozyty tlenkow metali z siarczkami metali
[30-34], materialy kompozytowe typu rdzen-otoczka [35-39], kowalencyjne struktury
organiczne (COF) z kropkami kwantowymi [40—44], kropki kwantowe na nos$nikach 2D
[45-49], kompozyty trojsktadnikowe [50-55], perowskity polaczone ze szkieletem
metaloorganicznym (MOF) [56—60], nanoczastki typu Janus [61-65].

W niniejszej pracy doktorskiej skoncentrowatam si¢ na materiatach hybrydowych na
bazie perowskitow otoczonych szkieletem metaloorganicznym oraz nanoczastkach typu
Janus z powodu potencjalnej ilosci kombinacji roznych materialow, szerokich mozliwosci
jakie daja tego typu struktury w reakcjach fotokatalitycznych (np. zwigkszenie wydajnos$ci
fotokatalitycznej i fotostabilnosci), oraz bioragc pod uwage fakt, Zze nadal brakuje
systematycznych badan w kierunku aktywnosci tych materialbw w procesie

fotokatalitycznego generowania wodoru.
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2.2. Zastosowanie materialtow hybrydowych na Dbazie perowskitow

w fotokatalizie heterogenicznej

Perowskity to klasa materialow o specyficznej strukturze krystalicznej
1 0gélnym wzorze chemicznym ABXj, gdzie A jest zwykle jednowarto$ciowym kationem
nieorganicznym (np. Cs*, Rb") lub organicznym (np. metyloamina, formamidyna), B jest
zwykle kationem metalu dwuwarto$ciowego (np. Pb**, Sn**, Ge*"), a X to zwykle anion
tlenkowy, halogenkowy lub siarczkowy. W kontek$cie fotokatalizy najwicksze
zainteresowanie budzg perowskity halogenkowe (w ktérych anionem sg CI-, Br~ lub I)
zawierajagce otéw lub cyne [66]. Charakteryzuja si¢ one mozliwoscia absorpcji
promieniowania widzialnego, wysoka wydajnoscia kwantowa fotoluminescencji,
zmniejszong rekombinacja no$nikow tadunku elektron-dziura oraz regulowang szerokos$cia

przerwy energetycznej [67].

Mimo wyzej wymienionych wiasciwosci, perowskity halogenkowe wykazuja niska
stabilno§¢, co stanowi ograniczenie utrudniajace wykorzystanie ich potencjatu
w fotokatalizie [68,69]. Ponadto perowskity sa podatne na degradacje w obecnosci wilgoci,
tlenu, $wiatla i podwyzszonej temperatury. Aby temu zapobiec, stosuje si¢ enkapsulacje
perowskitow w materiatach porowatych, takich jak szkielety metaloorganiczne [70],
tworzy si¢ heterostruktury z innymi nanomateriatami [71-74], czy tez modyfikuje
powierzchni¢ perowskitow ligandami [75]. Dzigki tworzeniu struktur hybrydowych nie
tylko poprawia si¢ stabilno$¢ perowskitow, ale takze zwigksza si¢ efektywnosé
rozdzielania no$nikow tadunku elektron-dziura oraz ilo§¢ miejsc adsorpcji na powierzchni
struktury, w ktorych moga zachodzi¢ reakcje fotokatalityczne — wynika to z wigkszej
powierzchni wlasciwej fotokatalizatora [76—79]. Nanomaterialy na bazie perowskitow sg
szeroko stosowane w roznorodnych reakcjach fotokatalitycznych pod wpltywem
promieniowania z zakresu ultrafioletowego oraz widzialnego, takich jak: fotodegradacja
zanieczyszczen organicznych [57,74,80], fotokonwersja ditlenku wegla [71,81-84] czy tez

fotokatalityczne generowanie wodoru [56,73,85-87].

Wsrod materialdow najczesciej taczonych z perowskitami wyr6ézni¢ mozna
nanomateriaty weglowe (grafen, tlenek grafenu i zredukowany tlenek grafenu) [85,88-91],
tlenki 1 siarczki metali [74,80,87,92,93] oraz metale szlachetne [94-96]. Stosunkowo
nowym podejsciem do tworzenia stabilnych struktur o wysokiej aktywnosci

fotokatalitycznej jest laczenie perowskitow ze szkieletami metaloorganicznymi, ktore
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dzigki swojej porowatosci i krystalicznej strukturze moga petni¢ funkcje ochronnej
matrycy dla perowskitow. Laczenie odbywa si¢ zazwyczaj poprzez enkapsulacje lub
modyfikacje powierzchni MOF-a ligandami, co wplywa na silniejsze oddzialywanie
perowskitu z MOF-em. Otoczka z MOF-a moze ogranicza¢ mobilno$¢ jonow
1 halogenkdéw, co przyczynia si¢ do wyzszej stabilno$ci czastek perowskitu. Z kolei
interakcje migdzy perowskitem a MOF-ami mogg sprzyja¢ efektywnemu transferowi
1 rozdzielaniu fotogenerowanych no$nikéw tadunku elektron-dziura, minimalizujac proces
rekombinacji. Dzigki porowatej strukturze, MOF-y moga przyczyni¢ si¢ takze do
zwigkszenia adsorpcji reagentdw, co takze zwicksza ogdélng wydajno$¢ reakcji

fotokatalitycznej [97-99].

Jednym z aktualnych kierunkow rozwoju w dziedzinie fotokatalizy jest stosowanie
w reakcjach fotokatalitycznych nowych struktur hybrydowych zawierajacych perowskity.
Przyklady przedstawione w Tabeli 1 wskazuja, Ze najczesSciej do zastosowan
fotokatalitycznych stosuje si¢ perowskity potaczone z tlenkami (np. TiO2, WigO49, tlenek
grafenu), siarczkami (np. MoS,, CdIn,Ss), grafitowym C3N4, a takze coraz czgsciej
pojawiaja si¢ doniesienia dotyczace potaczen perowskitow z MOF-ami (np. ZIF-8, NH»-
UiO-66, MOF-808, ZIF-67). Jednakze, materialy te najczeSciej stosowane sg
w fotokatalitycznej degradacji lekow pod wptywem promieniowania widzialnego. Ponadto
struktury hybrydowe zawierajagce perowskity moga by¢ wykorzystywane takze
w procesach fotokonwersji CO2 pod wptywem promieniowania z zakresu UV-Vis oraz Vis.
Mimo obiecujacych wynikow, zar6wno w procesie fotodegradacji zwigzkdéw organicznych
jak 1 fotokonwersji COz, istnieje niewielka ilo§¢ opublikowanych badan na temat uktadow
hybrydowych laczacych perowskit z MOF-em, a szczeg6lnie poprawy dlugoterminowej
stabilno$ci otrzymanych materialow w §rodowisku reakcyjnym czy mechanizmu reakcji
transferu tadunku na granicy perowskit-MOF, co podkresla, ze wcigz jest to temat
wymagajacy dalszych systematycznych badan. Stosunkowo nowym kierunkiem badan jest
réwniez wykorzystanie uktadow hybrydowych typu perowskit-MOF w fotokatalitycznym
generowaniu wodoru — dotychczasowe doniesienia wskazujg, ze materiaty te znacznie
zwigkszaja wydajno$¢ generowania wodoru w poréwnaniu z niemodyfikowanymi
perowskitami [58]. Warto réwniez zwrdci¢ uwage, iz wigkszos¢ tego typu struktur
hybrydowych wymaga wieloetapowej syntezy z zastosowaniem réznych technik (np.
kompozyt CsPbBry/MOF-808 otrzymano z zastosowaniem metody stragceniowej

w temperaturze pokojowej (w celu otrzymania CsPbBr3), metody solwotermalnej (w celu
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otrzymania MOF-808) oraz techniki mielenia mechanochemicznego (w celu otrzymania
kompozytu) [57]). Brakuje zatem takze prostych, skalowalnych metod otrzymywania

ztozonych struktur zawierajacych perowskity.
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2.3.  Zastosowanie nanoczastek typu Janus w fotokatalizie heterogenicznej

Nanoczastki typu Janus to grupa nanomateriatdéw o powierzchni charakteryzujacej
sie dwoma (lub wiecej) typami wlasciwosci fizycznych [104]. Moga by¢ zbudowane z np.
dwoch roznych poétprzewodnikow [62,64,105-107], potprzewodnika i metalu
[61,63,108-110], dwoch réznych metali [111-113], atakze z czastek zwigzkow
organicznych [114—116]. Rysunek 2 przedstawia przykladowe ksztalty czastek typu

Q0%
\NeN

Rysunek 2. Przyktadowe struktury czastek typu Janus

Janus.

Struktury typu Janus stanowig szczeg6lng klase nanomaterialow fotokatalitycznych
— dzigki kontrolowanej asymetrii czastki zapewniony jest bardziej korzystny rozdziat
fotogenerowanych tadunkow (e i 4™") co wptywa bezposrednio na spowolnienie procesu
rekombinacji, w zwigzku z czym struktury te moga wykazywaé znacznie wyzsza
wydajnos¢ w reakcjach fotokatalitycznych w poréwnaniu do konwencjonalnych

nanomateriatow [116,117].

Badania dowodza, Zze nanoczastki typu Janus sa stosowane w fotokatalitycznej
degradacji zwigzkéw organicznych [63,64,105,110,118], atakze coraz czgsciej sa
stosowane w reakcji fotokatalitycznego generowania wodoru [61,65,106,119,120] oraz
w fotokonwersji dwutlenku wegla [62,113]. Tabela2 przedstawia zestawienie
nanoczastek typu Janus o roéznych strukturach stosowanych w procesach
fotokatalitycznych. Warto zauwazy¢, ze najczg$ciej stosowanymi w dziedzinie
fotokatalizy strukturami typu Janus sga uktady skladajace si¢ z metalu szlachetnego

(gtownie ztota) i potprzewodnika szerokopasmowego (TiO2 lub ZnO). Nanoczastki typu
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Janus zbudowane z dwodch réznych metali moga by¢ wykorzystywane jako ko-
katalizatory w reakcjach fotokatalitycznych, dzialajac jako pulapka elektronowa
1 spowalniajagc rekombinacj¢ fotogenerowanych par elektron-dziura. Jednak do tej pory
opublikowano tylko dwie prace naukowe dotyczace zastosowania bimetalicznych czastek
typu Janus jako ko-katalizatory w fotokatalizie — czastki Pd-Au zastosowano
w fotokonwerscji CO2 do CH4 przy zastosowaniu TiO: jako gtownego fotokatalizatora
[113], a strukture typu Janus AuNi osadzong na powierzchni grafitowego azotku wegla
zastosowano w fotogenerowaniu wodoru [121]. Ponadto dotychczasowe badania
wykazaly, ze morfologia nanoczastek bimetalicznego ko-katalizatora jest kluczowym
czynnikiem wplywajacym na ich aktywno$¢ fotokatalityczng w  reakcji
fotokatalitycznego generowania wodoru [122,123]. Na przyklad bimetaliczny ko-
katalizator o strukturze typu Janus zbudowany z Au oraz Ni wykazal wydajnosé
36 mmol-g !-godz.™!, a ko-katalizator typu rdzen-otoczka o tym samym sktadzie wykazat
nizsza aktywno$¢ - 23,4 mmol-g !-godz.”! [121], dlatego istotne jest odpowiednie
dobranie warunkéw syntezy tych nanomateriatow, umozliwiajace kontrolg ich ksztattu
i wielko$ci. Mozna zatem stwierdzi¢, ze nanoczastki typu Janus posiadaja potencjat do
zastosowan fotokatalitycznych, ale sa gtdwnie stosowane do fotoredukcji zanieczyszczen
organicznych i nadal brakuje dalszych systematycznych badan, ktére w szczegdlowy
sposoéb  wyjasnialyby  mechanizmy zachodzacych reakcji  fotokatalitycznych
z uwzglednieniem wptywu wielkos$ci czastki metalicznej w strukturze typu Janus.
Ponadto istotne jest odpowiednie dobranie warunkow syntezy tych nanomaterialow,
umozliwiajace kontrole ich struktury, co moze przektada¢ si¢ na wydajnosé

fotokatalityczna.
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2.4. Podsumowanie

Proces fotokatalitycznego generowania wodoru stanowi obiecujacy, proekologiczny
kierunek produkcji paliwa przyjaznego S$rodowisku. Aby otrzymaé go z wysoka
wydajnoscig, niezbedne jest zastosowanie wysoce aktywnych, stabilnych i trwatych
fotokatalizatorow. Preparatyka struktur kompozytowych zawierajacych co najmniej dwa
rodzaje materiatow znaczaco wpltywa na ulepszenie wlasciwosci fizykochemicznych

1 aktywnosci fotokatalizatora.

Materiaty hybrydowe sktadajace si¢ z perowskitow i szkieletoéw metaloorganicznych
nie sg tak szeroko eksplorowane w tym zakresie mimo wielu przestanek podkreslajacych
ich fotokatalityczne mozliwosci — przeglad literatury wskazuje, ze do tej pory przebadano
w reakcji fotokatalitycznego generowania wodoru potaczenie perowskitu CsPbBr3 z MOF-
em typu ZIF-8 oraz polaczenie perowskitu Cs3Bizlo z MOF-ami typu UiO-67, UiO-66 oraz
NH>-UiO-66, jest to zatem dziedzina wymagajaca dalszego rozwoju. Kluczowe w zakresie
syntezy struktur zawierajacych perowskity jest takze poprawienie ich dlugoterminowe;j
stabilnos$ci, a szkielety metaloorganiczne, dzigki porowatej strukturze, moga efektywnie
enkapsulowa¢ (otacza¢) czastki perowskitu, co moze wptywaé nie tylko na lepsza

stabilnos$¢, ale rowniez na podwyzszenie wydajnosci fotokatalitycznej uktadu.

Druga grupa proponowanych materiatow, czyli nanoczastki typu Janus, takze nie jest
wystarczajaco przebadana w procesie fotokatalitycznego generowania wodoru — do tej pory
powstaty publikacje prezentujace struktury Cd-CuxS/CulnS; [106],
Co304/HCNS/Pt [130], Cu1.94S-ZnS [107], CeO>-TiO; [131], y-MnS/Cu7S4[132], Au-
TiO2[120], Au/CdSe [61], AuNi [121] oraz Ag-MoOxSy [65] zatem wymagane sg dalsze
badania rozwijajace ten kierunek badan. Szczeg6lng uwage nalezy poswieci¢ zbadaniu
mechanizmoéw zachodzacych reakcji fotokatalitycznych z udzialem tych czastek oraz
wplywu wielko$ci czastki metalicznej w strukturze typu Janus na aktywnos$¢

fotokatalityczna.

W tym kontek$cie, w niniejszej pracy doktorskiej skoncentrowalam si¢ na
opracowaniu idoborze odpowiednich warunkéw syntezy nowych nanostruktur

hybrydowych nalezacych do dwoch réznych grup:

1) hybryd zawierajacych perowskity i szkielety metaloorganiczne,

2) nanoczgstek typu Janus:
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a) skladajacych si¢ z perowskitu oraz metalu szlachetnego,
b) skladajacych si¢ z potprzewodnika oraz metalu szlachetnego,

c) skladajacych si¢ z dwoch metali szlachetnych (petnigcych role ko-katalizatora).

Ponadto istotnym elementem pracy bylo wykonanie pelnej charakterystyki otrzymanych
materialdow oraz zbadanie wlasciwosci fotokatalitycznych w reakcji fotokatalitycznego
generowania wodoru. Badania eksperymentalne, przedstawione w dalszej czg¢$ci pracy,
udowodnity podniesienie stabilnosci perowskitow w uktadzie perowskit-MOF, a takze
wysokg aktywno$¢ fotokatalityczng w pordéwnaniu do aktywno$ci pojedynczych
elementow, z ktérych zbudowana byla struktura hybrydowa. Z kolei w przypadku
otrzymanych nanoczastek typu Janus potwierdzono wptyw struktury, a doktadniej
wielkosci czastki metalicznej, na aktywno$¢ fotokatalityczng. Przeprowadzone badania,
poza uzupetnieniem luk wiedzy w dziedzinie fotokatalizy, wskazuja dalszy kierunek

rozwoju tematyki struktur hybrydowych w zastosowaniu fotokatalitycznym.
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3. CEL1ZAKRES PRACY

Gltéwnym celem pracy doktorskiej byto lepsze zrozumienie wptywu budowy (tj. sktadu
chemicznego oraz morfologii) struktury hybrydowej na aktywno$¢ fotokatalityczng

w reakcji generowania wodoru.

W badaniach szczego6lng uwage poswigcono (i) opracowaniu uproszczonych metod
preparatyki (tj. powtarzalnych, stosunkowo szybkich, niewymagajacych zaawansowanej
aparatury chemicznej czy specjalistycznych warunkow typu atmosfera gazu obojetnego lub
bardzo wysoka temperatura) nowych nanostruktur hybrydowych wykazujacych
podwyzszong aktywnos$¢ w reakcji fotokatalitycznego generowania wodoru pod wptywem
promieniowania z zakresu UV 1 Vis, (ii) korelacji warunkow otrzymywania struktur z ich

fotoaktywnoscig oraz wlasciwos$ciami powierzchniowymi.
Na podstawie przeprowadzonego przegladu literaturowego zalozytam, ze:

e nanostruktury hybrydowe zawierajace (i) potprzewodnik z metalem, (ii) czastki
bimetaliczne pelnigce funkcje ko-katalizatora lub (iii) perowskit ze szkieletem
metaloorganicznym, charakteryzuja si¢ podwyzszong aktywnoscig fotokatalityczna
pod wptywem promieniowania UV-Vis lub Vis w reakcji generowania wodoru,

e polaczenie szkieletu metaloorganicznego Ce-UiO-66-NH> z perowskitem CsPblz
powoduje podwyzszenie efektywnosci w reakcji fotokatalitycznego generowania
wodoru oraz podwyzszenie dlugotrwatej fotostabilnosci perowskitu na skutek
energetycznie dopasowanych pasm przewodnictwa i walencyjnego oraz HOCO
1 LUCO, a takze drobng struktur¢ MOF-a, ktora pozwala na efektywne otoczenie
perowskitu, chronigc go przed fotodegradacja,

e ilo$¢ oraz rodzaj uzytego prekursora metalu (Ag, Au) w procesie syntezy
nanoczastek typu Janus ma kluczowy wptyw na ostateczng morfologi¢ i strukture
nanomateriatow, co bezposrednio koreluje z aktywnoscig fotokatalitycznego
generowania wodoru w $wietle UV-Vis oraz Vis,

e rozmiar i morfologia czastek perowskitu SrTiOs, zastosowanych w syntezie czastek
typu Janus, znaczaco wplywaja na rozmieszczenie, ilo$¢ i wielko$¢ nanoczastek
metali szlachetnych (Ag i Au), co z kolei determinuje aktywnos$¢ fotokatalityczng

otrzymanych struktur hybrydowych w reakcji wytwarzania wodoru,
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e modyfikacja powierzchni perowskitu SrTiOz nanoczastkami Ag znacznie zwicksza
wydajno$¢ fotogenerowania wodoru w poréwnaniu do modyfikacji nanoczastkami
Au,

e nanostruktury typu Janus o okreslonej geometrii wykazuja wyzsza wydajnosé
fotokatalityczng w reakcji generowania wodoru w poréwnaniu do struktur
zblizonych do czastek typu Janus oraz do struktur zawierajacych wiele czastek
metalicznych w strukturze,

e Dbimetaliczne ko-katalizatory Pt-Ag wykazuja wyzsza efektywno$¢ w reakcji
fotokatalitycznego generowania wodoru w poréwnaniu do monometalicznego ko-
katalizatora Pt,

o wielkos¢ czastek srebra w strukturach bimetalicznych ko-katalizatorow Pt-Ag moze

wplywac na aktywnos¢ fotokatalityczng w reakcji generowania wodoru.

W  ramach postawionego celu przeprowadzitam badania dla czterech serii

fotokatalizatoré6w w zakresie:

1)

2)

otrzymywania nowych nanostruktur hybrydowych CsPbX;@Ce-UiO-66-Y

skladajacych si¢ z perowskitu CsPbX; (gdzie X = Br lub I) oraz szkieletu

metaloorganicznego Ce-UiO-66-Y (gdzie Y = H, Br, NH>)

e opracowanie metody preparatyki nanostruktur hybrydowych zawierajacych
nieregularne nanokrysztaly perowskitu CsPbBr3 lub nanoczastki perowskitu CsPbls
w ksztatcie nanowstazek potaczone z szesciennymi strukturami MOF-6w Ce-UiO-
66-H 1 Ce-UiO-66-Br lub z bardzo drobnymi nanoczastkami MOF-a Ce-UiO-66-
NHa,

e zbadanie wpltywu rodzaju halogenku w perowskicie CsPbXs, rodzaju grupy
funkcyjnej w MOF-ie oraz ilosci MOF-a w kompozycie na wilasciwosci
1 aktywno$¢ fotokatalityczng struktur CsPbX3@Ce-UiO-66-Y,

e zbadanie dtugoterminowej fotostabilno$ci najbardziej aktywnego fotokatalizatora
CsPbl;@(Ce)UiO-66-NHz_13:1 w odniesieniu do niemodyfikowanego perowskitu
CsPbl;,

otrzymywania nanoczastek typu Janus, struktur zblizonych do czastek typu Janus

oraz struktur ,wieloglowych” (ang. multi-headed structures), tj. zawierajacych

wiele czastek metalu osadzonych na powierzchni polprzewodnika, skladajacych

si¢ z perowskitu SrTiOs oraz czastek metalu szlachetnego (Ag, Au lub Ag/Au)
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opracowanie metody preparatyki nanoczastek SrTiOs3-Ag, SrTiOs3-Au oraz SrTiOs-
Ag/Au przy zastosowaniu dwoch rodzajow struktur SrTiO3z — matych nanoczastek
o wielko$ci ok. 50 nm oraz duzych, kubicznych czastek o wielkosci ok. 450 nm,
zbadanie wptywu rozmiaru i ksztattu perowskitu, rodzaju metalu, ilo$ci prekursora
metalu, czasu trwania reakcji oraz temperatury reakcji otrzymywania nanoczastek
SrTiOs3-Ag, SrTiOs3-Au oraz SrTiO3-Ag/Au na wlasciwosci fizykochemiczne oraz
aktywnos$¢ fotokatalityczng otrzymanych struktur,

zbadanie wplywu dtugosci fali promieniowania monochromatycznego na pozorng
wydajnos¢ kwantowa (AQE) wybranego materialu w reakcji fotokatalitycznego
generowania wodoru (przy dlugosci fali: 320 nm, 330 nm, 340 nm, 350 nm,

360 nm, 380 nm, 400 nm, 420 nm, 530 nm i 550 nm),

3) otrzymywania nanoczastek typu Janus oraz struktur ,,wieloglowych” (ang. multi-

4)

headed structures), tj. zawierajacych wiele czastek metalu osadzonych na

powierzchni polprzewodnika, skladajacych si¢ z nanoczastek polprzewodnika

ZnS oraz czastek srebra

opracowanie metody preparatyki nanoczastek ZnS-Ag o rdznej wielkosci 1 ilosci
czastek srebra na powierzchni potprzewodnika ZnS,

zbadanie wptywu ilosci prekursora metalu (AgNQO3) zastosowanego do syntezy
nanoczastek ZnS-Ag na morfologi¢ oraz aktywnos$¢ fotokatalityczng otrzymanych
struktur,

zbadanie stabilnosci najbardziej aktywnej probki w czterech cyklach reakcji
generowania wodoru,

zbadanie wydajno$ci fotokatalitycznego wydzielania wodoru w zalezno$ci od
dhugosci fali $wiatta monochromatycznego dla najbardziej aktywnej probki,

zaproponowanie mechanizmu reakcji fotokatalitycznej dla otrzymanych struktur,

otrzymywania bimetalicznych nanoczastek typu Janus skladajacych si¢ ze srebra

i

platyny, pelniacych rol¢ ko-katalizatora w reakcji fotokatalitycznego

generowania wodoru

opracowanie metody preparatyki nanoczastek typu Janus Pt-Ag zbudowanych
z kubicznych nanoczastek platyny oraz sferycznych czastek srebra o rdznej
wielkosci,

zbadanie wptywu wielko$ci czastki srebra w strukturze typu Janus Pt-Ag na

morfologie i wlasciwosci fizykochemiczne czastek,
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e otrzymanie ukladéw fotokatalitycznych typu SrTiOs@Pt oraz SrTiO3@Pt-Ag
o r6znych zawarto$ciach masowych Pt-Ag, w ktorych czastki Pt oraz typu Janus Pt-
Ag petnig rol¢ ko-katalizatora,

e zbadanie wptywu zawartosci ko-katalizatora w uktadzie fotokatalitycznym oraz
wielkosci czastki srebra w strukturze Pt-Ag na aktywno$¢ w reakcji
fotokatalitycznego generowania wodoru pod wptywem promieniowania z zakresu
UV-Vis,

e zbadanie dlugoterminowej stabilno$ci najbardziej aktywnej probki w reakcji
generowania wodoru,

e zbadanie zdolno$ci bimetalicznych nanoczastek Pt-Ag do samobieznego ruchu

aktywowanego za pomocg paliwa chemicznego (H203).

Wszystkie serie otrzymanych struktur hybrydowych zostaly poddane peinej
charakterystyce  fizykochemicznej, a nastgpnie zbadano ich efektywnosé
w procesie fotokatalitycznego generowania wodoru pod wptywem promieniowania UV-
Vis lub Vis. Przeprowadzono takze korelacjc wynikow uzyskanej aktywnos$ci
fotokatalitycznej z innymi wlasciwo$ciami otrzymanych probek (m.in. zakresem absorpcji
promieniowania UV-Vis, morfologia, skladem fazowym), aby na tej podstawie

zaproponowa¢ mechanizmy zachodzacych reakcji.
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4. METODYKA BADAWCZA

4.1. Preparatyka fotokatalizatorow
W Tabeli 3 zestawiono metody preparatyki zastosowane w niniejszych badaniach.
W artykutach stanowigcych integralny element niniejszej pracy (Al, A2, A3 oraz A4)

przedstawiono doktadne opisy sposobdéw preparatyki materiatéw, w tym rodzaj, ilo§¢

iczystos¢ zastosowanych prekursorow,

rodzaje

prowadzenia procesu (temperatura, czas).

Tabela 3. Metody preparatyki zastosowane w badaniach, ktdre zostaty opisane w artykutach A1, A2, A3 i A4

rozpuszczalnikéw oraz warunki

Artykul | Material hybrydowy Tetap Metoda preparatyki M etap
synteza MOF-a Ce-UiO-66-Y z otrzymanie struktury hybrydowe;j
Al CsPbX@Ce-Ui0-66-Y odpowiednia grulza, funkcyjna w z zastosox_zvaniem techniki ponownego
temperaturze 100°C przez wytracania wspomaganego ligandem
30 minut (LARP), w temperaturze pokojowej
wzrost czastek metali szlachetnych na
powierzchni SrTiOj; poprzez redukcje
A2 SrTiOs-Ag, SrTiOs-Au synteza hydrotermalna chemiczna w tagodnych warunkach, tj.
oraz SrTiO3-Ag/Au perowskitu SrTiOs w niskiej temperaturze (T=30—40°C),
bez dostgpu $wiatla i czasie reakcji
2-3 godz. (w zaleznoéci od prébki)
wzrost czastek srebra na powierzchni
ZnS poprzez redukcj¢ chemiczng w
A3 ZnS-Ag S}fnteza hygrqlt(errélalsna fagodnych warunkach, tj. w niskiej
péiprzewodnika Zn temperaturze (T=35°C), bez dostgpu
$wiatla i czasie reakcji 2 godz.,
otrzymanie kubicznych wzrost nanoczastek srebra na
A4 Pt-Ag (ko-katalizator) nanoczastek platyny za pomoca powierzchni czastek platyny poprzez
redukcji chemicznej synteze wspomagang siarczkiem sodu
4.2.  Charakterystyka wlasciwosci fizykochemicznych

Tabela 4 przedstawia metodyki badawcze zastosowane w niniejszej pracy celem
okreslenia wiasciwosci fizykochemicznych otrzymanych struktur. Szczegétowa analiza
wynikow pomiaréw fizykochemicznych oraz informacje na temat stosowanej literatury

przedstawiono w odpowiednich artykutach: A1, A2, A3 i A4.

Tabela 4. Zestawienie technik badawczych zastosowanych w badaniach, ktore zostaty opisane w artykutach
Al, A2, A3iA4

Technika badawcza Cel badania Artykul
SEM okreslenie wielkosci, ksztaltu i jednorodnosci Al, A2, A3, A4
TEM okreslenie wielkosci, ksztaltu i jednorodnosci Al, A2, A3, A4
EDS analiza sktadu oraz rozmieszczenia pierwiastkow Al, A2, A3, A4
XRD analiza sktadu fazowego Al, A2, A3, A4
Spektrofotometria UV-Vis okreslenie zakresu absorpcji promieniowania Al, A2, A3, A4

ocena sktadu warstwy powierzchniowej oraz okreslenie
XPS rodzaju wigzan chemicznych i stopnia utlenienia Al, A3, A4
poszczegdlnych pierwiastkow
ICP-OES analiza sktadu pierwiastkowego Al, A3, A4
. ocena wlasciwosci fotoluminescencyjnych oraz rekombinacji
Spektroskopia PL fotogenerowanych no$nikow 1adunk}3 e}l,ektron-dziura : Al, A2, A4
FTIR okreslenie grup funkcyjnych molekut Al, A3
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okreslenie dynamiki czasu zycia fotogenerowanych
TRPL no$nikéw tadunku elektron-dziura A2, Ad
EPR okreslenie zachowania fotogenerowanych elektronow i dziur A3
generowanych podczas absorpcji promieniowania
BET analiza wielko$ci powierzchni wiasciwej Al
LC-TEM obserwaf:ja samobieznego ruchu czastek in-situ w czasie A4
rzeczywistym

Ponadto artykul A3 zostal wzbogacony o analiz¢ z zastosowaniem metody z dziedziny
chemoinformatyki — analize gtownych sktadowych (ang. principal component analysis),
ktéra miata na celu przedstawienie korelacji wtasciwosci fizykochemicznych probek ZnS-
Ag z aktywnoscig fotokatalityczng. W artykule A4 przeprowadzono natomiast dodatkowe
badania wtasciwosci fotoelektrochemicznych w celu oceny zmian gesto$ci generowanego

fotopradu dla wybranych préobek.

4.3. Badanie aktywnosSci fotokatalitycznej

Wszystkie serie struktur hybrydowych otrzymanych w ramach niniejszej pracy zostaty
zbadane w reakcji fotokatalitycznego generowania wodoru. Na Rysunku 3 przedstawiono
schemat uktadu stosowanego w reakcji fotokatalitycznego generowania wodoru dla

wszystkich serii fotokatalizatorow.

reaktor kwarcowy

|

| filtr wodny : lampa Xe

|

|

| o]

|

|

. / fotokatalizator

I plaszcz

| chiodzacy mieszadlo zasilacz
| magnetyczne

| @
|

Rysunek 3. Schemat stosowanego uktadu fotokatalitycznego

W badaniach zastosowano lampe ksenonowg Oriel 66021 o mocy 1000 W (w badaniach
do publikacji A1 i A2) oraz lampe¢ ksenonowa Quantum Design LSH 602 o mocy 1000 W
(w badaniach do publikacji A3 i A4) wyposazone w filtr wodny w celu usuniecia czgsci
$wiatla podczerwonego, 25 mg fotokatalizatora i 20 ml roztworu elektrolitu. Proces

prowadzono w cylindrycznym reaktorze ze szklem kwarcowym o pojemnosci 30 ml
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i grubosci warstwy naswietlanej 2,5 cm, wyposazonym w plaszcz chlodzacy. Przed
rozpoczeciem procesu fotokatalitycznego mieszaning reakcyjng przedmuchiwano przez
30 minut azotem w celu osiagnigcia rownowagi adsorpcyjno-desorpcyjnej. Nastepnie
prowadzono reakcje fotokatalityczng pod wptywem promieniowania UV-Vis lub Vis przez
4 godziny. Po kazdej godzinie reakcji pobierano 200 ul probki gazowej z reaktora,
a wydzielony woddr oznaczano za pomocg chromatografii gazowej (chromatograf gazowy
marki Thermo Scientific TRACE 1300-GC z kolumng HayeSep Q (80/100) i detektorem
przewodnictwa cieplnego (TCD) z azotem jako gazem no$nym), na podstawie wczesniej
sporzadzonej krzywej wzorcowej. Tabela 5 przedstawia szczegotowe informacje dotyczace

przeprowadzanych badan aktywnosci fotokatalityczne;.

Tabela 5. Warunki prowadzenia reakcji fotokatalitycznego generowania wodoru dla poszczegdlnych
artykutow

Artykul Z.ak.r e Nz!tez'eme . Rodzaj elektrolitu Czas reakcji
promieniowania promieniowania

Al UV-Vis 100 mW/cm? acetonitryl/ TEOA/woda

A2 UV-Vis 100 mW/cm? woda/TEOA 4

A3 Vis (A>420 nm) 78 mW/cm? woda/Na;SO3/Na,$-9H,0 godz.

A4 UV-Vis 100 mW/cm? woda/TEOA

Ponadto dla najbardziej aktywnych probek przedstawionych w artykutach Al i A4
wykonano testy dlugoterminowej fotostabilnosci fotokatalizatora. W tym celu zastosowano
ten sam uklad fotokatalityczny (Rysunek 3) i takie same warunki prowadzenia procesu,
z wyjatkiem czasu reakcji, ktory wynosit 20 godzin. W artykule A2 dla najbardziej
aktywnej probki przeprowadzono badanie pozornej wydajno$ci kwantowej w reakcji
fotokatalitycznego generowania wodoru przy zastosowaniu okreslonych dhlugosci fal
promieniowania z zakresu UV-Vis oraz czterokrotnie mniejszego reaktora, a co za tym
idzie — takze czterokrotnie mniejszej ilosci fotokatalizatora i elektrolitu, przy zachowaniu
4-godzinnego czasu reakcji. Z kolei w artykule A3 zbadano stabilno$¢ najbardziej aktywne;j
probki w czterech cyklach pomiarowych pod wptywem promieniowania z zakresu Vis.
W artykule A3 przedstawiono takze wyniki badan fotokatalitycznych z zastosowaniem
promieniowania monochromatycznego, aby zbada¢ aktywno$¢ wybranego materiatu
w zaleznosci od dhugosci fali promieniowania. W badaniu tym zastosowano reaktor
o pojemnosci 7,5 ml, 6,25 mg fotokatalizatora oraz 5 ml roztworu elektrolitu, przy
zachowaniu 4-godzinnego czasu reakcji. Szczegdtowe informacje dotyczace badania
fotoaktywnos$ci probek, w tym stosowanej aparatury, znajduja si¢ w odpowiednich

artykutach: Al, A2, A3 i A4.
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5. WYNIKI BADAN I DYSKUSJA

5.1. ARTYKUL A1l - Novel room-temperature synthesis of pioneering
CsPbX3@(Ce)UiO-66-Y hybrid nanomaterials for boosted photocatalytic

hydrogen evolution

Perowskity typu halogenki cezowo-otowiowe o wzorze ogdélnym CsPbX3 (gdzie
X=Cl, Br, I) sag potencjalnymi fotokatalizatorami ze wzgledu na: (i) mozliwos¢
dostosowywania przerwy energetycznej, (ii) dtugi czas zycia fotogenerowanych no$nikow
tadunku, oraz (iii) wysoka wydajno$¢ fotoluminescencji. Mimo to, ich praktyczne
zastosowanie w fotokatalizie heterogenicznej, w tym w reakcji generowania wodoru, jest
ograniczone przez niska stabilno$¢ chemiczng i strukturalng — sg wrazliwe na wilgo¢, tlen,
$wiatlo oraz temperature [79,133]. Dodatkowo cechujg si¢ ograniczong separacjg no$nikow
tadunku [134]. Aby przezwyci¢zy¢ te ograniczenia, perowskity taczy si¢ zinnymi
materialami fotokatalitycznymi [135]. Szczegélnie interesujagce w tym aspekcie s3
szkielety metaloorganiczne, ktore posiadaja duza powierzchni¢ witasciwa, porowata
strukturg oraz mozliwo$¢ dostosowywania strukturalnego (r6zne ligandy, atomy metalu,
modyfikacje po syntezie). Jednym z obiecujacych w dziedzinie fotokatalizy MOF-0w jest
(Ce)Ui0-66, zawierajacy kwas 1,4-benzenodikarboksylowy jako linker organiczny oraz
klastry ceru ktore dzigki obecno$ci pustych orbitali 4f ulatwiaja transfer tadunku
i poprawiaja separacj¢ par elektron-dziura [136]. Dodatkowo zastosowanie grup
funkcyjnych w linkerze (takich jak -NHa, —Br, czy —H) umozliwia dalsze dostosowywanie
wiasciwosci elektronowych. W dotychczasowych badaniach udowodniono, ze potaczenie
MOF-6w z réznymi poOtprzewodnikami (np. TiO2, ZnCdS) prowadzi do poprawy
wydajnosci fotokatalitycznej dzigki zwigkszonej separacji tadunkow i tworzeniu defektow

powierzchniowych [137,138].

W momencie podejmowania badah brakowato doniesien o zastosowaniu hybrydowych
materiatéw typu CsPbX3@MOF w reakcji fotokatalitycznego generowania wodoru.
Niniejsza publikacja wypetlnia t¢ luke, prezentujac po raz pierwszy synteze
i charakterystyke nowych struktur powstalych z potaczenia perowskitow CsPbX3 i MOF-

6w Ce-UiO-66-Y oraz oceng ich aktywnosci fotokatalityczne;j i stabilnosci.

W ramach zatozonych badan, otrzymano trzy typy probek:
e perowskity: CsPbBr3; (CPB) i CsPbls (CPI),
e MOF-y (Ce)UiO-66-Y z grupami funkcyjnymi (Y = H, Br, NH>),

39



e struktury hybrydowe: CsPbX3@(Ce)UiO-66-Y w roéznych proporcjach molowych
perowskitu do MOF-a.
MOF Ce-UiO-66-Y z odpowiednimi grupami funkcyjnymi otrzymano poprzez synteze
w rozpuszczalniku organicznym, w temperaturze 100°C przez 30 minut. Preparatyke
perowskitow przeprowadzono metoda ponownego wytracania wspomaganego ligandem,
w temperaturze pokojowej. Synteze te¢ zoptymalizowano pod katem rodzaju
rozpuszczalnika, stabilizatorow (kwasu oleinowego 1 oleiloaminy) oraz oczyszczenia
perowskitow. Struktury hybrydowe otrzymano przez dodanie odpowiedniej ilosci proszku
MOF-a do syntezy perowskitow, a proces ten zoptymalizowano pod katem sekwencji

dodawania odczynnikow.

W Tabeli 6 przedstawiono wszystkie otrzymane w tej serii probki, wraz ze wskazaniem
rodzaju perowskitu w probce, grupy funkcyjnej w MOF-ie oraz stosunku molowego

perowskitu do MOF-a w strukturze hybrydowe;.

Tabela 6. Zestawienie probek otrzymanych w ramach badan przedstawionych w artykule Al

Sygnatura probki Rodzaj perowskitu Gruv[: ﬁg}rlﬁ?na St(zscu;)e(ljl\l/;l(())llg)w y
CPB CsPbBr3 — -
CPI CsPbls - —
(Ce)Ui0O-66 — -H -
(Ce)UiO-66-Br — —Br -
(CC)UiO-66-NH2 — —NHz —
CPB@(Ce)UiO-66 13:1 CsPbBr3 -H 13:1
CPB@(Ce)UiO-66-Br 17:1 CsPbBr3 —Br 17:1
CPB@(Ce)UiO-66-NH, 13:1 CsPbBr3 —NH, 13:1
CPB@(Ce)UiO-66-NH, 20:1 CsPbBr3 —NH, 20:1
CPB@(Ce)UiO-66-NH, 10:1 CsPbBr3 —NH, 10:1
CPI@(Ce)UiO-66 13:1 CsPbls -H 13:1
CPI@(Ce)Ui0O-66-Br _17:1 CsPbl —Br 17:1
CPI@(Ce)UiO-66-NH, 13:1 CsPbls —NH, 13:1
CPI@(Ce)UiO-66-NH, 20:1 CsPbls —NH, 20:1
CPI@(Ce)UiO-66-NH, 10:1 CsPbls —NH, 10:1

Wykonane badania charakterystyki fizykochemicznej pozwolity na kompleksowa
ocen¢ strukturalng, morfologiczng i chemiczng otrzymanych materialtbw — zaréwno
niemodyfikowanych perowskitow (CsPbBr3, CsPblz), MOF-6w ((Ce)UiO-66-Y), jak i ich
polaczen. Szczegbdlng uwage poswigcono  materiatom  hybrydowym  typu
CsPbX3@(Ce)UiO-66-Y, poniewaz to one stanowity nowatorski element tej pracy. Analiza
XRD potwierdzita otrzymanie ortorombicznych struktur perowskitow oraz MOF-ow
o wysokiej krystaliczno$ci, z czego najwyzsza krystaliczno$¢ wykazywat (Ce)UiO-66,
a uklady hybrydowe zachowaly charakterystyczne refleksy dla obu komponentéw. Badania
sktadu chemicznego i powierzchni probek za pomocg analiz EDS i XPS potwierdzity

obecno$¢ kluczowych pierwiastkow w  strukturach (Pb, Br, Cs i Ce dla probki
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CPB@(Ce)UiO-66-NH>_13:1 oraz Pb, I, Cs i Ce dla probki CPI@(Ce)UiO-66-NH>_13:1),
a badanie ICP-OES umozliwito precyzyjne okreslenie zawarto§ci masowej otowiu i cezu
w probkach CPI@(Ce)UiO-66-NH> o roznych stosunkach molowych komponentow.
Zastosowanie mikroskopii elektronowej SEM 1 TEM potwierdzilo, Ze niemodyfikowany
perowskit CsPbBr3; miat posta¢ nieregularnych kostek o rozmiarach 100-350 nm, a CsPblz
przyjmowal forme¢ nanowstazek o dlugosci 200-650 nm. Z kolei MOF-y (Ce)UiO-66-Y
charakteryzowaty si¢ strukturami porowatymi, typowymi dla szeSciennych MOF-ow —
czastki (Ce)Ui10-66 oraz (Ce)UiO-66-Br posiadaty ksztalty szescienne, a (Ce)U10-66-NH»

posiadat forme jednolitej, bardzo drobnej, porowatej struktury.

W przypadku materiatow hybrydowych taczacych perowskit CsPbBr3 z (Ce)Ui0-66
1 (Ce)UiO-66-Br, poszczegdlne komponenty byly trudne do odrdéznienia ze wzgledu na
podobienstwo morfologii, ale w potaczeniu z (Ce)UiO-66-NH,, perowskit byt wyraznie
otoczony przez drobne czastki MOF-a, co §wiadczy o efektywnej integracji sktadnikow.
W przypadku struktur hybrydowych zawierajacych CsPblz oraz MOF-a (Ce)UiO-66 lub
(Ce)Ui0O-66-Br zaobserwowano wyrazne morfologie obu komponentéw: perowskit
w ksztalcie nanowstazek 1sze$cienne ksztaltty MOF-6w. Z kolei w materiatach
hybrydowych zbudowanych z perowskitéw i MOF-a (Ce)UiO-66-NH> zaobserwowano

struktury perowskitow otoczone wyjatkowo drobnymi czastkami MOF-ow.

Badanie FTIR potwierdzito obecno$¢ charakterystycznych grup w MOF-ach, m.in.
karboksylowych, aminowych ibromowych. W uktadach hybrydowych zbudowanych
z perowskitow (CsPbX3) i MOF-6w ((Ce)UiO-66-Y) nie zaobserwowano powstawania
nowych wigzan chemicznych, co sugeruje odziatywania fizyczne, a nie chemiczne migedzy
perowskitem a MOF-em. Pomiar powierzchni BET wykazal, Zze najwigksza powierzchnig
wlasciwg charakteryzowala sie probka (Ce)UiO-66 (1052 m?/g), z kolei modyfikacja tego
MOF-a grupg funkcyjng -NH> znaczaco zwigkszylta $rednig wielko$¢ porow (z 1,9 nm do
22 nm). Wtasciwos$ci optyczne otrzymanych probek zbadano za pomoca spektrofotometrii
UV-Vis oraz spektroskopii fotoluminescencyjnej. Struktury hybrydowe zawierajace MOF-
a z grupa —NH> wykazywaly zwigkszong intensywno$¢ absorpcji promieniowania UV-Vis
w poréwnaniu do pozostalych materialow, jednocze$nie posiadajac zredukowang
intensywno$¢ fotoluminescencji w porownaniu do niemodyfikowanych perowskitow
i pozostatych uktadow hybrydowych, co sugeruje spowolnienie proceséw rekombinacji

fotogenerowanych no$nikéw tadunku elektron-dziura.
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Celem badan fotokatalitycznych byta ocena efektywnosci otrzymanych materiatow
w generowaniu wodoru pod wptywem promieniowania UV—Vis. W pierwszej kolejnosci
oceniono aktywno$¢ poszczegolnych komponentéw. Niemodyfikowane perowskity, czyli
CsPbBr; 1 CsPbls, wykazaly umiarkowang aktywno$¢ fotokatalityczna, osiagajac
odpowiednio 87,3 1 141,3 umol Ha/gka: po 4 godzinach naswietlania. Z kolei pojedyncze
struktury MOF (Ce)UiO-66-Y z grupami funkcyjnymi -H, -Br i -NH2 wykazywaty bardzo
niska aktywno$¢, mieszczaca si¢ w przedziale 2,6-3,0 pmol Ha/gka. Kluczowe znaczenie
miala zatem analiza materiatow hybrydowych zbudowanych z perowskitow (CsPbX3)
1 MOF-6w ((Ce)Ui0O-66-Y), ktéra wykazata jednoznacznie, ze struktury zawierajace MOF-
a z grupa funkcyjna -NH> wykazuja wyrazny efekt synergii, co oznacza, ze ich aktywnos$¢
byta wyzsza niz suma aktywnosci ich poszczegdlnych komponentéw (odpowiednio
CsPbBr3 1 (Ce)UiO-66-NHa, oraz CsPbls i (Ce)UiO-66-NH»). Probka CPI@(Ce)UiO-66-
NH> w stosunku molowym komponentéw 13:1 wykazywala najwyzsza efektywnosc
fotogenerowania wodoru (162,5 umol H2/grat po 4 godzinach reakcji) pod wpltywem

promieniowania z zakresu UV-Vis.

Waznym aspektem badan bylo takze okreslenie stabilnosci najbardziej aktywnego
fotokatalizatora w czasie. W tym celu wykonano 20-godzinny test stabilnosci dla dwoch
materiatéw: struktury hybrydowej CPI@(Ce)UiO-66-NHz_13:1 oraz niemodyfikowanego
perowskitu CsPbls. Wykazano, ze struktura hybrydowa wykazywata aktywnos$¢ przez
15 godzin, osiagajac maksymalng wydajnos$¢ reakcji 350 umol Ha/gka po 15 godzinach,
podczas gdy niemodyfikowany perowskit wykazywat aktywno$¢ przez 8 godzin. Oznacza
to, ze potaczenie perowskitu z MOF-em znaczaco zwigksza stabilno$¢ i odpornos¢ na

degradacje w warunkach prowadzenia reakcji.

Na podstawie przeprowadzonej charakterystyki fizykochemicznej oraz analizy
wlasciwosci fotokatalitycznych struktur hybrydowych, zaproponowano mechanizm
zachodzacej reakcji fotokatalitycznej, oparty na synergii mi¢dzy perowskitem a MOF-em,
zgodnie z ktérym fotowzbudzone elektrony znajdujace si¢ w pasmie HOCO MOF-a
migruja do pasma LUCO tworzac pary elektron-dziura. Nastepnie elektrony te
przemieszczaja si¢ z pasma LUCO w MOF-ie do CB perowskitu, gdzie nastepuje redukcja
protondéw do czasteczek wodoru. Zastosowanie uktadéw hybrydowych CPI@(Ce)UiO-66-
NHz_13:1 przyczynia si¢ do wydluzenia czasu zycia fotogenerowanych no$nikow tadunku

oraz do zminimalizowania intensywnosci proceséw rekombinacji par elektron-dziura.
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Podsumowujac:

e po raz pierwszy otrzymano nanostruktury hybrydowe typu CsPbX;@(Ce)Ui0-66-
Y metoda ponownego wytragcania wspomaganego ligandem w temperaturze
pokojowej, z zastosowaniem odpowiednio dobranych warunkow syntezy,

e wykonano pelng charakterystyke fizykochemiczng nowych nanomateriatow (XRD,
SEM, TEM, EDS, BET, FTIR, spektroskopia PL, spektrofotometria UV-Vis, XPS,
ICP-OES), tym samym potwierdzajac otrzymanie z sukcesem zaktadanych struktur,

e najwyzsza aktywnos$¢ fotokatalityczng w reakcji generowania wodoru uzyskano dla
struktury hybrydowej CPI@(Ce)UiO-66-NH> 13:1 (162,5 umol Ha/gkat), tym
samym wykazujac synergiczny efekt migdzy MOF-em i perowskitem,

e otrzymana probka CPI@(Ce)UiO-66-NH>_ 13:1 charakteryzowala si¢ bardzo dobra
fotostabilnoscia (15 godzin) w poréwnaniu do niemodyfikowanego perowskitu
CsPbl; (8 godzin),

e przedstawiono mechanizm reakcji oparty na transferze tadunku migdzy

komponentami struktury hybrydowej — MOF-em a perowskitem.

5.2. ARTYKUL A2 - Shape engineering of Janus-like nanoparticles based on
SrTiO;s perovskite

Wsrod znanych materialow fotokatalitycznych tytanian strontu (SrTiO3) wyrdznia si¢
wysoka stabilno$cig chemiczna, niskg toksyczno$cig oraz korzystnymi parametrami
strukturalnymi, w tym odpowiednig szeroko$cig pasma wzbronionego umozliwiajaca
absorpcje promieniowania z zakresu UV [139,140]. Pomimo tych zalet niemodyfikowany
SrTiO; wykazuje ograniczong aktywnos$¢ fotokatalityczna, gtownie ze wzgledu na szybka
rekombinacje par elektron-dziura oraz brak zdolnosci absorpcji $wiatta w zakresie
widzialnym. Dotychczasowe badania wykazaty, ze mozliwe jest poprawienie wlasciwosci
fotokatalitycznych tego nanomaterialu poprzez jego modyfikacje [141,142]. Jednym
z obiecujacych rozwigzan jest osadzanie metali szlachetnych, takich jak srebro i zloto, na
powierzchni perowskitu. Metale te, dzigki efektowi powierzchniowego rezonansu
plazmonowego (SPR), moga znaczaco rozszerzy¢ zakres absorpcji $wiatta oraz pehic role
putapek dla elektronow, co wydluza czas zycia wzbudzonych no$nikow tadunku [143].

Badania potwierdzaja, ze nanoczastki typu Janus zbudowane z potprzewodnika oraz
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czastki metalicznej posiadajg potencjat do zastosowania w fotokatalitycznym generowaniu

wodoru, jednakze nadal istnieje niewiele prac na ten temat [61,119,120].

Perowskit SrTiO; jest uznawany za obiecujacy materiat fotokatalityczny, jednak
w literaturze brakuje systematycznych badan dotyczacych zastosowania czastek typu Janus
na bazie SrTiO; w procesie fotokatalitycznego wytwarzania wodoru. W zwigzku z tym
opracowanie nowych, powtarzalnych metod preparatyki takich materialow oraz analiza ich

wptywu na fotokatalityczng produkcje wodoru stanowi istotny i aktualny kierunek badan.

W tym kontekscie celem pracy bylo opracowanie uproszczonego sposobu preparatyki
czastek typu Janus, struktur zblizonych do czastek typu Janus oraz struktur ,,wielogtowych”
zawierajacych wiele czastek metalu osadzonych na powierzchni pétprzewodnika, na bazie
SrTiO; (o dwoch réznych rozmiarach i ksztattach) i metali szlachetnych — srebra i zlota.
Ponadto kluczowe bylo rowniez zbadanie wptywu parametréw syntezy (takich jak typ
matrycy SrTiOs, ilo§¢ prekursora metalu, czas itemperatura reakcji) na morfologi¢
uzyskanych czastek oraz ich fotokatalityczng aktywno$¢ w procesie generowania wodoru
w zakresie $wiatla UV-Vis. Badania miaty na celu réwniez weryfikacje czy utworzone
struktury poprawig wydajno$¢ fotokatalityczng w stosunku do niemodyfikowanego

perowskitu.

W ramach pierwszego etapu syntezy czastek typu Janus otrzymano metodg
hydrotermalng dwa rodzaje probek SrTiOs: mate nanoczastki o rozmiarze 30—75 nm,
o ksztalcie zblizonym do sze$cianu oraz duze czastki o rozmiarze 250—-650 nm, o wyraznie
kubicznym ksztalcie, pokryte drobnymi czastkami TiO». Podczas drugiego etapu syntezy,
na powierzchni perowskitu SrTiOs nastapit wzrost czastek metali szlachetnych (srebra
lub/i zlota) poprzez prosta synteze redukcji chemicznej w wodnej zawiesinie. Stosowano
roézne ilosci prekursoréw metali, zmieniano temperaturg reakcji (T=30-40°C) oraz czas
syntezy (t=2—3 godz.), aby uzyskac¢ r6zne morfologie, w tym struktury zblizone do czgstek
typu Janus oraz struktury zawierajace wiele czastek metalu osadzonych na powierzchni
poiprzewodnika. W Tabeli 7 przedstawiono wszystkie otrzymane w tej serii probki wraz
z warunkami drugiego etapu syntezy prowadzacego do otrzymania ostatecznych struktur

(rodzaj 1 ilo$¢ prekursora metalu, czas 1 temperatura reakcji).
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Tabela 7. Zestawienie probek otrzymanych w ramach badan przedstawionych w artykule A2

Wybrane parametry Il etapu syntezy
. Rodzaj i ilo§¢ prekursora metalu zastosowanego do
Sygnatura probki otrz;mania Ill)anoczastek na powierzchni SrTgiO3 Czas Tempoeratura

AgNO; (25 mM) [ml] KAuCl; (20 mM) [ml] [godz] °C]
STO1 * - - - -
STO2 ** - - - -
STO1-Ag-4-2-35 4 - 2 35
STO1-Ag-5-2-35 5 - 2 35
STO1-Ag-7-2-35 7 2 35
STO1-Ag-5-3-35 5 - 3 35
STO1-Ag-5-3-40 5 - 3 40
STO1-Au-4-3-30 - 4 3 30
STO1-Au-6-3-30 - 6 3 30
STO2-Ag-5-3-35 5 - 3 35
STO2-Ag/Au 4 1 3 30
STO2-Au-6-3-30 - 6 3 30
STO2-Au-8-3-30 - 8 3 30
STO2-Au-10-3-30 - 10 3 30

*mate czastki SrTiO3 o wielko$ci 30—75 nm, zblizone ksztaltem do sze$cianu
**duze czastki SrTiO3 o wielkosci 250-650 nm o wyraznie kubicznym ksztatcie

Po otrzymaniu probek wykonano analiz¢ ich wlasciwosci fizykochemicznych
i strukturalnych. Analiza z zastosowaniem dyfrakcji promieniowania rentgenowskiego
(XRD) wykazata, ze podstawowg fazg we wszystkich probkach byt SrTiOs, z niewielkimi
iloSciami TiO,. W probkach zawierajacych metale szlachetne obserwowano
charakterystyczne refleksy dla srebra i ztota, a w niektérych przypadkach wykryto rowniez
obecnos¢ AgoO, ktory mogl wyksztatci¢ si¢ poprzez utlenienie czgéci srebra na
powierzchni potprzewodnika. Obrazy SEM 1 TEM potwierdzity obecno$¢ czastek srebra
i ztota osadzonych na powierzchni SrTiOs3, tworzac tym samym struktury typu Janus,
struktury zawierajace wiele czastek metalu osadzonych na powierzchni péiprzewodnika
oraz struktury zblizone do czastek typu Janus. Analiza UV—-Vis wykazata, Zze obecnos¢
czastki srebra lub/i zlota na powierzchni SrTiOs poszerza zakres absorpcji $wiatta
w kierunku widzialnym, co zwigzane jest z efektem powierzchniowego rezonansu
plazmonowego. Ponadto analiza TRPL wykazata, ze czas zycia no$nikéw dla probki
zawierajacej srebro — STOI1-Ag-5-3-35 — byl ponad dwukrotnie dluzszy niz dla
niemodyfikowanego SrTiOs, co wskazuje na ograniczenie zjawiska rekombinacji par
elektron-dziura, co moze by¢ zwigzane ze zdolno$cig nanoczastek Ag do wychwytywania

elektronow.

Przeprowadzone badania fotokatalityczne pod wplywem promieniowania UV-Vis
wykazaly, Zze utworzenie struktury ,,wielogtowe]” (zawierajacej wiele czastek metalu
osadzonych na powierzchni poétprzewodnika) oraz czastek typu Janus na bazie SrTiO;
isrebra znaczaco poprawia aktywno$¢ w reakcji generowania wodoru. Najwyzsza

wydajnos¢ osiagneta probka STO1-Ag-5-3-35, ktorej aktywno§¢ byla prawie
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szesciokrotnie wyzsza w porownaniu do niemodyfikowanego SrTiO;. Z kolei probka
STO1-Ag-5-3-40 wykazata trzykrotny wzrost aktywnosci wzgledem niemodyfikowanego
perowskitu. Probki SrTiO; zawierajace czastki zlota, charakteryzowaly si¢ niska
aktywno$cig w porownaniu do niemodyfikowanego SrTiO;3 oraz probek SrTiOs-Ag. Dla
probek zawierajacych duze czastki SrTiOs; (o sygnaturze STO2) i Ag zaobserwowano
prawie czterokrotny wzrost wydajno$ci fotokatalitycznej, natomiast probki zawierajace
w strukturze czastki Ag i Au wykazaty 1,5-krotny wzrost efektywnos$ci. Na podstawie
przeprowadzonych badan stwierdzono, ze mniejsze czastki StrTiO; (o sygnaturze STO1)

wykazuja wyraznie wyzszg aktywnos$¢ fotokatalityczna.

Dla najbardziej aktywnej probki (STO1-Ag-5-3-35) przeprowadzono badanie
fotokatalitycznego generowania wodoru dla okreslonych dtugosci fal promieniowania,
celem obliczenia pozornej wydajnosci kwantowej przy danej dtugosci fali. Badanie to
wykazalo, Zze najwyzsza efektywno$¢ kwantowa zostata osiagnigta przy dlugosci fali
320 nm (12,67%) i stopniowo spadala wraz ze wzrostem dtugosci fali, osiagajac 0% dla
dhlugosci powyzej 380 nm. Na podstawie przeprowadzonych badan zaproponowano
szczegdlowy mechanizm reakcji fotokatalitycznej dla najbardziej aktywnej probki (STO1-
Ag-5-3-35), zgodnie z ktorym pod wptywem promieniowania UV—Vis w SrTiO3 dochodzi
do wzbudzenia elektronow, ktére migruja do pasma przewodnictwa i nastgpnie sa
putapkowane przez nanoczastki srebra, hamujac proces rekombinacji fotowzbudzonych

par elektron-dziura..
Podsumowujac:

e opracowano warunki dwuetapowej metody otrzymywania struktur typu Janus,
struktur ,,wielogtowych” (zawierajacych wiele czastek metalu osadzonych na
powierzchni poétprzewodnika) oraz struktur zblizonych do czastek typu Janus na
bazie SrTiO; oraz metali szlachetnych (Ag, Au),

e wykazano, ze wielko$¢ 1 ksztatt czastek matrycy SrTiOs, a takze odpowiedni dobor
parametrow syntezy (tj. ilo$¢ prekursora metalu, czas i temperatura) istotnie
wplywaja na sposob osadzania si¢ metalu szlachetnego na powierzchni perowskitu
1 wydajnos$¢ fotokatalityczng struktur,

e udowodniono, ze mniejsze czastki SrTiO; (STO1) sg bardziej efektywne w reakcji

fotokatalitycznego generowania wodoru w poréwnaniu do duzych czastek (STO2),

46



e potwierdzono, ze obecno$¢ czastki srebra na powierzchni SrTiO3 znaczaco
zwigksza aktywno$¢ fotokatalityczng perowskitu, osiagajac prawie szesciokrotny

wzrost wydajno$ci fotogenerowania wodoru dla probki STO1-Ag-5-3-35.

5.3. ARTYKUL A3 - From Janus nanoparticles to multi-headed structure —

photocatalytic H; evolution

Siarczek cynku (ZnS) to potprzewodnik szeroko stosowany w reakcjach
fotokatalitycznych ze wzgledu na niska toksyczno$¢, tatwos¢ syntezy i wysoka stabilnosé
chemiczng [144]. Jednak szerokie pasmo wzbronione ZnS ogranicza jego aktywnos$¢ do
zakresu promieniowania ultrafioletowego, co znaczaco zmniejsza efektywnos¢
wykorzystania $wiatta slonecznego, ktdrego dominujacg cze¢§¢ stanowi promieniowanie
widzialne [145,146]. Z tego wzgledu stosuje si¢ modyfikacje powierzchni ZnS metalami
szlachetnymi, ktére dzigki obecnosci zjawiska powierzchniowego rezonansu
plazmonowego, umozliwiaja absorpcje $wiatla w zakresie widzialnym 1 poprawiaja
separacje nosnikow tadunku, co w konsekwencji prowadzi do zwigkszenia wydajnosci
fotokatalitycznej [147]. Pomimo rosngcego zainteresowania strukturami typu Janus, do tej
pory brakuje badan na temat otrzymywania i zastosowania nanomaterialéw typu Janus
zbudowanych na bazie ZnS modyfikowanego srebrem. Brakuje takze doniesien
literaturowych z wykorzystaniem czastek typu Janus w reakcjach fotokatalitycznego

generowania wodoru, szczego6lnie w zakresie promieniowania widzialnego.

W zwiazku z powyzszym, celem pracy byto opracowanie uproszczonej, powtarzalnej
metody syntezy oraz szczegotowe zbadanie wplywu ilosci prekursora srebra na morfologie
1 aktywno$¢ fotokatalityczng czastek typu Janus oraz struktur ,,wielogtowych”
(zawierajacych wiele czastek metalu osadzonych na powierzchni poétprzewodnika),
zbudowanych z siarczku cynku oraz srebra. Badania miaty rowniez na celu okreslenie, jak
zmieniajagce si¢ parametry syntezy wplywaja na morfologi¢, wlasciwosci optyczne,
strukturalne, elektronowe i zdolno$¢ do fotokatalitycznego generowania wodoru pod
wplywem promieniowania z zakresu widzialnego. Zbadano takze zalezno$¢ miedzy
rodzajem struktury a wydajnoscig fotokatalityczng, co moze pomoc w dalszym

projektowaniu bardziej efektywnych fotokatalizatorow.

W ramach Dbadan przygotowano serie probek ZnS oraz ZnS-Ag

o zroznicowanej morfologii. W pierwszym etapie syntezy czastek ZnS-Ag otrzymano ZnS
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metoda hydrotermalng. Nast¢gpnie w drugim etapie syntezy otrzymano nanoczastki ZnS-
Ag z zastosowaniem redukcji chemicznej, podczas ktérej do wodnego roztworu
zawierajacego zawiesing ZnS dodawano rozne ilosci prekursora AgNOs o stezeniu 25 mM.
Proces syntezy przebiegal przez 2 godziny w kontrolowanej temperaturze 35°C. W wyniku
redukcji jonow srebra, na powierzchni ZnS powstawaty réwniez zwiagzki Ag>S, Ag,0O oraz
ZnO, ktoérych ilos¢ wzrastata wraz ze wzrostem ilosci prekursora AgNO3 dodanego
podczas syntezy. W Tabeli 8 przedstawiono wszystkie otrzymane w tej serii probki wraz
ziloScig prekursora srebra uzytego w drugim etapie syntezy oraz krotkim opisem

1 wizualizacja otrzymanej struktury.

Tabela 8. Zestawienie probek otrzymanych w ramach badan przedstawionych w artykule A3

Sygnatura Tlos¢ AgNOj3 zastosowana w . Wizualizacja
probki II etapie syntezy [ml] Opis otrzymanych struktur struktury
7nS ) Duze, sferyczne, porowate czastki
o wielkosci 170-250 nm
ZnS-Ag-1 1 Czastki typu Janus, zbudowane z (®
polprzewodnika ZnS oraz  czastki
ZnS-Ag-2 2 metalicznej Ag. Powierzchnia ZnS jest
dodatkowo pokryta bardzo malymi
ZnS-Ag-3 3 czastkami AgS i Ag,O
ZnS-Ag-4 4 Struktury hybrydowe zblizone morfologia ;
do czastek typu Janus, zbudowane z X
ZnS-Ag-5 5 potprzewodnika ZnS i kilku czastek ZnO
i Ag. Powierzchnia ZnS jest dodatkowo
ZnS-Ag-6 6 pokryta matymi czastkami Ag,S
ZnS-Ag-7 7
Struktury ,,wielogltowe” skladajace si¢ z
ZnS-Ag-8 8 potprzewodnika ZnS i wielu czastek ZnO .
ZnS-Ag-9 9 i Ag. Powierzc_hnia ZnS jest dodatkowo
pokryta matymi czastkami Ag,S \\/
ZnS-Ag-10 10

Analiza XRD otrzymanych probek potwierdzita obecno$¢ fazy ZnS oraz w zaleznosci
od ilosci srebra, obecno$¢ dodatkowych faz AgrO, AgeS oraz ZnO. Mikroskopia SEM
1 TEM wykazaty, ze czastki ZnS mialy sferyczng, porowata struktur¢ o rozmiarach ok.
170-250 nm. W przypadku struktur ZnS-Ag, w zalezno$ci od ilo$ci uzytego w trakcie
syntezy prekursora srebra, uzyskano struktury typu Janus (przy niskim st¢zeniu AgNO3 —
od 1 do 3 ml), struktury zblizone do nanoczastek typu Janus (przy wigkszych ilo$ciach
AgNO; —od 4 do 6 ml) oraz struktury ,,wielogtowe” zawierajace wiele czastek osadzonych
na powierzchni ZnS (przy najwiekszych ilosciach AgNO; — od 7 do 10 ml). Srednia
wielkos$¢ czastek metalicznych Ag w strukturze typu Janus miescita si¢ w zakresie od 25

do 120 nm i zalezala od ilosci wprowadzonego prekursora srebra. Analiza EDS

48



potwierdzita rdwnomierne rozmieszczenie pierwiastkow Zn, S, Ag i O w badanych
strukturach. Spektrofotometria UV—Vis wykazata pasma absorpcji potozone w zakresie od
398 nm do 742 nm, charakterystyczne dla nanoczastek srebra. Wyniki badan EPR dla
wybranych probek (ZnS, ZnS-Ag-2 i ZnS-Ag-7) potwierdzily, ze niemodyfikowany ZnS
jest aktywny jedynie pod wplywem promieniowania UV, natomiast struktury ZnS-Ag
wykazywaty aktywno$¢ rowniez pod wptywem $wiatta widzialnego, co bylo zwigzane z
efektywng separacjg fadunkow. Analiza XPS potwierdzita obecno$¢ jonow Zn?*, Ag" oraz
S?" w badanych probkach oraz wykazala, ze ilo$¢ srebra i tlenu wzrasta wraz ze wzrostem

ilosci prekursora AgNO:s.

Badania fotokatalityczne wykazaly, ze najwyzszg aktywno$cig w reakcji generowania
wodoru pod wptywem promieniowania widzialnego charakteryzowaty si¢ probki ZnS-Ag
otrzymane poprzez wprowadzenie od 1 do 3 ml AgNOs do syntezy, przy czym najlepszy
wynik uzyskano dla probki ZnS-Ag-2, ktora po 4 godzinach wykazata efektywnos$¢
22,59 pmol Ho/grar.  Jest to wynik okoto trzynastokrotnie wyzszy niz dla
niemodyfikowanego ZnS. Wykazano, ze wraz ze wzrostem ilo$ci srebra w probkach,
efektywno$¢ generowania wodoru znaczaco malala, a najnizsza aktywnos¢ wykazywaty
struktury ZnS-Ag otrzymane poprzez wprowadzenie od 7 do 10 ml AgNOs do syntezy.
Oceng fotostabilno$ci najbardziej aktywnej probki (ZnS-Ag-2) przeprowadzono
w czterech cyklach pomiarowych, a otrzymane wyniki sugeruja bardzo dobra stabilno$¢.
Z kolei badania fotokatalityczne z zastosowaniem §wiatla monochromatycznego wykazaty,
ze najwigksza aktywnos$¢ probki ZnS-Ag-2 wystepuje przy dlugosci fali 400 nm. Przy

wyzszych dlugosciach fali promieniowania aktywno$¢ znaczaco spadata.

Na podstawie przeprowadzonych badan zaproponowano mozliwy mechanizm reakcji
fotokatalitycznej dla badanych struktur zakladajacy dwa mozliwe sposoby wzbudzenia
czastek. Zgodnie z pierwszym sposobem, swiatto widzialne jest absorbowane przez srebro
w wyniku powierzchniowego rezonansu plazmonowego, co prowadzi do fotogenerowania
elektronow, ktore sg transferowane na powierzchni¢ zwigzkow AgO 1 AgoS, gdzie
zachodzi redukcja protonow do wodoru. W drugim mozliwym sposobie wzbudzenia to
AgS oraz AgO bezposrednio uczestnicza w absorpcji $wiatla i fotogenerowaniu par
elektron-dziura. Jednakze w obu sposobach wzbudzania kluczowa role w procesie petnia

czastki AgsS, ktére sg miejscem redukcji protondw.
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Podsumowujac:

e opracowano skuteczng dwuetapowa metod¢ otrzymywania struktur typu Janus,
struktur zblizonych do czastek typu Janus oraz struktur ,wieloglowych”
zawierajacych wiele czastek metalu osadzonych na powierzchni péiprzewodnika,
na bazie ZnS oraz srebra,

e wykazano, ze ilo$¢ prekursora srebra (AgNOs3) uzyta podczas syntezy ma
decydujacy wptyw na morfologi¢ czastek, ich wtasciwosci fizykochemiczne oraz
aktywno$¢ fotokatalityczna,

e potwierdzono, ze odpowiednia kontrola morfologii oraz iloSci srebra
w strukturze ZnS-Ag umozliwia uzyskanie fotokatalizatorow o wysokiej
aktywnos$ci w reakcji fotokatalitycznego generowania wodoru pod wplywem
$wiatla widzialnego,

e dla probki ZnS-Ag-2 osiggnigto 13-krotny wzrost efektywnosci reakcji
fotokatalitycznego generowania wodoru pod wplywem promieniowania
widzialnego w porownaniu do niemodyfikowanego ZnS,

e udowodniono, ze struktury typu Janus zawierajace pojedyncze, mate czastki srebra,
sa bardziej efektywne w reakcji fotokatalitycznego generowania wodoru,

w poréwnaniu do struktur zawierajacych wiele czastek srebra oraz ZnO.

5.4. ARTYKUL A4 - Multifunctional Pt-Ag Janus nanoparticles: photocatalytic

H; generation and nanomotors activity observed by in-situ LC-TEM

Wysoka wydajnos¢ w reakcjach fotokatalitycznych zapewnia zastosowanie
odpowiedniego ko-katalizatora (ang. co-catalyst), czyli substancji, ktéora wspomaga
dzialanie gléwnego fotokatalizatora. Substancja ta nie uczestniczy bezposrednio
w absorpcji promieniowania, ale znaczaco wptywa na wydajno$¢ i mechanizm reakcji
fotokatalitycznej. Gtoéwna funkcja ko-katalizatora jest poprawa efektywnosci separacji
no$nikow tadunku elektron-dziura oraz ulatwienie proceséw utleniania i redukcji
zachodzacych na powierzchni fotokatalizatora [148,149]. Szczegdlnie istotne w konteks$cie
wyboru ko-katalizatora jest staranne dopasowanie materialdow pod wzgledem ich
poziomow energetycznych i struktur elektronowych. Badania dowodza, ze najczesciej
stosowanymi ko-katalizatorami w reakcjach fotokatalitycznych sa metale szlachetne,

sposrod ktorych wyrdznia sie platyng ze wzgledu na jej wysoka skuteczno$¢ wynikajaca
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z niskiego nadpotencjatu i wysokiej pracy wyjscia w pordwnaniu z innymi metalami
szlachetnymi (praca wyjscia dla Pt @=5,65 eV, dla Ag ®=4,26 eV, dla Au &=5,12 eV, dla
Pd ©=5,12 ¢V, dla Rh @ =4,98 eV [150]). Coraz wigksze zainteresowanie zyskuja takze
bimetaliczne ko-katalizatory sktadajace si¢ z metali szlachetnych, ktore przyczyniaja si¢ do
zwigkszonej absorpcji §wiatla widzialnego poprzez efekt lokalnego powierzchniowego
rezonansu plazmonowego i wspomagaja separacj¢ tadunkéw [113]. Tym samym uktady
bimetaliczne moga wykazywa¢ synergiczne dzialanie, prowadzace do zwigkszonej
aktywnos$ci  fotokatalitycznej. Opréocz  odpowiedniego  skladu  ko-katalizatora
bimetalicznego istotny jest rowniez jego ksztalt, co takze potwierdzaja badania naukowe
[151]. Jednakze nadal w literaturze naukowej nie ma systematycznych badan nad
zastosowaniem bimetalicznych nanoczastek typu Janus zbudowanych z platyny i srebra
o kontrolowanej asymetrii struktury, w reakcji fotokatalitycznego generowania wodoru

w roli ko-katalizatora.

W tym kontekscie celem badan bylo opracowanie metody preparatyki nowych
bimetalicznych nanostruktur typu Janus zawierajacych Pt i Ag oraz zastosowanie ich
w reakcji fotokatalitycznego generowania wodoru jako ko-katalizatory. Istotnym punktem
badan byto takze zbadanie wptywu wielko$ci czastki srebra w strukturze typu Janus na
wlasciwosci fizykochemiczne i fotokatalityczne w poréwnaniu do nanoczastek platyny.
Zbadano takze zdolnos$¢ czastek Pt-Ag do samobieznego poruszania si¢ w osrodkach

ptynnych pod wptywem paliwa chemicznego, jakim jest nadtlenek wodoru.

Synteza struktur typu Janus obejmowata dwa etapy: w pierwszym etapie otrzymano
kubiczne nanoczagstki platyny za pomoca redukcji chemicznej, w ktorej kwas
heksachloroplatynowy(IV) (H2PtClg) stanowit prekursor jonow platyny, kwas
askorbinowy (AA) byt odczynnikiem redukujacym, a surfaktant (bromek
heksadecylo(trimetylo)amoniowy, CTAB) pozwalat na kontrolowanie procesu nukleacji
1 wzrostu nanostruktur poprzez odzialywanie z powierzchniag wzrastajacej nanoczastki
celem jej stabilizacji. W drugim etapie syntezy nastapil wzrost nanoczastek srebra na
powierzchni kubicznych nanoczastek platyny poprzez syntez¢ wspomagang siarczkiem
sodu. Zastosowanie jonéw S? zapewnia precyzyjng kontrole szybkos$ci reakcji redukeji
jonow Ag" oraz selektywne osadzanie nanoczgstek srebra na jednej z plaszczyzn
nanoczastek platyny, tym samym otrzymuje si¢ anizotropi¢ ksztattu w postaci nanoczastek

typu Janus.
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W wyniku przeprowadzonych syntez otrzymano: kubiczne nanoczastki platyny
o wielko$ci 1640 nm oraz dwie serie struktur typu Janus Pt-Ag o réznym stosunku
masowym platyny do srebra oraz réznej wielko$ci czastki srebra w strukturze. Podjeto
takze wiele prob otrzymania nanoczastek typu Janus, w ktorych czastka srebra bytaby
mniejsza od czastki platyny. W tym celu przeprowadzono szereg syntez, w ktorych
zmieniano warunki procesu otrzymywania: sprawdzano krotszy czas reakcji (20 minut oraz
1 godzina), nizsze stezenie azotanu srebra (5 mM), mniejszg lub wigksza ilos¢ siarczku
sodu (0,5 ml lub 1,5 ml), mniejszg ilo$¢ azotanu srebra (0,372 ml) oraz nizsza temperature
(40°C oraz 60°C). Niestety zadna z przeprowadzonych w ten sposob syntez nie pozwolita
na otrzymanie struktur Pt-Ag, w ktorych czastka srebra bytaby mniejsza od czastki platyny.
W zwiazku z tym dalsze badania kontynuowano na podstawie serii przedstawionych

w Tabeli 9.

Tabela 9. Zestawienie probek otrzymanych w pierwszym etapie badan w artykule A4

Stosunek Wielkos¢ . oo
Sygnatura . Wizualizacja
6bki Skiad masowy czgstki struktur
P (Pt: Ag) srebra [nm] witury
Pt NPs Nanoczastki  platyny w  ksztalcie ) ) r
kubicznym, o wielkosci 16-40 nm o

-\

Nanoczastki typu Janus skladajace si¢ z
Pt-Ag 1.83:1 | czastki Pt w ksztalcie kubicznym oraz 1,83:1 20-50
czastki Ag w ksztalcie sferycznym

Nanoczastki typu Janus skladajace si¢ z
czastki Pt w ksztalcie kubicznym oraz
czastki Ag w ksztalcie sferycznym lub
nieregularnym -

Pt-Ag_0.5:1 0,5:1 60-100 /

Kolejnym etapem badan bylo przeprowadzenie kompleksowej analizy
fizykochemicznej otrzymanych probek. Badania TEM i EDS potwierdzily prawidtowy
sktad i morfologie struktur typu Janus sktadajacych si¢ z Pt i Ag oraz wysoka jednorodnos¢
czastek w probce. Badanie dyfrakcji promieniowania rentgenowskiego XRD dla struktur
typu Janus wykazato znacznie wyzsza intensywnos$¢ reflekséw pochodzacych od srebra
w probce posiadajacej wigksze czastki srebra. Widma absorpcji promieniowania UV-Vis
wykazaly pasma charakterystyczne dla kubicznych nanoczastek platyny oraz wyrazne
pasmo absorpcji dla srebra z maksimum przy 450 nm dla probki Pt-Ag 0.5:1, ktore byto
efektem istnienia zlokalizowanego powierzchniowego plazmonu (LSPR). Analiza XPS

potwierdzita, Ze pierwiastki Pt i Ag wystepuja w stanach metalicznych.
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W dalszym etapie badan nanoczastki platyny oraz typu Janus jako ko-katalizatory,
osadzono na powierzchni potprzewodnika SrTiOs metoda adsorpcji powierzchniowe.
SrTiO; pehit role gtownego fotokatalizatora w reakcji fotokatalitycznego generowania
wodoru. Zastosowano ko-katalizatory w ilosci 0,1, 0,5 oraz 1 % wagowy platyny w probce
w stosunku do tytanianiu strontu. W Tabeli 10 przedstawiono wszystkie probki otrzymane

w tym etapie badan.

Tabela 10. Zestawienie probek SrTiOs@Pt oraz SrTiOs@Pt-Ag otrzymanych w drugim etapie badan
rzedstawionych w artykule A4

Svenatura probki Zawarto$¢ wagowa Pt w probce w Wielko$¢ czastki srebra w
e P stosunku do SrTiO; [%] strukturze typu Janus [nm]
SrTiOs - -
StTiOs@Pt NPs_0.1 wt.% 0,1 -
SrTiOs@Pt NPs_0.5 wt.% 0,5 -
StTiOs@Pt NPs_1 wt.% 1 -
StTiOs@Pt-Ag 1.83:1 0.1 wt.% 0,1 20-50
StTiOs@Pt-Ag 1.83:1 0.5 wt.% 0,5 20-50
StTiOs@Pt-Ag _1.83:1 1 wt.% 1 20-50
StTiOs@Pt-Ag 0.5:1 0.1 wt.% 0,1 60-100
StTiOs@Pt-Ag 0.5:1 0.5 wt.% 0,5 60-100
StTiOs@Pt-Ag 0.5:1 1 wt.% 1 60-100

Badania XRD otrzymanych fotokatalizatorow SrTiOs, SrTiO3@Pt oraz SrTiO;@Pt-Ag
potwierdzity obecno$¢ tytanianu strontu, ale ze wzgledu na bardzo matg ilos¢ ko-
katalizatora w stosunku do SrTiOs; nie zaobserwowano refleksow charakterystycznych dla
Pt i Ag. Z kolei badania absorpcji promieniowania UV-Vis wykazaly, ze wraz ze
zwigkszajaca si¢ zawarto$cig platyny i srebra w probece, zwigkszala si¢ absorpcja
w zakresie widzialnym od 400 do 800 nm. Najwyzsza intensywnos$¢ absorpcji w tym

zakresie osiggneta probka SrTiOz@Pt-Ag 0.5:1 1 wt.%.

Badania fotokatalitycznego generowania wodoru pod wptywem promieniowania UV-
Vis z zastosowaniem otrzymanych fotokatalizatorow potwierdzaja, ze modyfikacja
tytanianu strontu ko-katalizatorami (nanoczastkami platyny oraz typu Janus Pt-Ag)
znacznie zwigksza aktywno$¢ fotokatalityczng perowskitu. Najbardziej aktywna probka
wykazywata wydajno$¢ ponad 7-krotnie wyzsza od niemodyfikowanego tytanianu strontu
— byla to probka SrTiOz;@Pt-Ag 1.83:1 0.5 wt.%, zawierajaca w strukturze ko-
katalizatora czastki srebra o wielko$ci 20-50 nm. Udowodniono takze, ze nanoczastki typu
Janus Pt-Ag s3 bardziej aktywne w reakcji fotokatalitycznego generowania wodoru niz
nanoczastki platyny. Podkresla to synergi¢ dziatania tych dwoch metali, dzigki ktorej
system ten dziata lepiej niz fotokatalizatory zawierajace wylacznie jednometaliczne ko-
katalizatory. Przeprowadzono takze 20-godzinny proces fotokatalitycznego generowania

wodoru celem zbadania fotostabilnosci najbardziej aktywnej probki (SrTiOs3@Pt-
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Ag 1.83:1 0.5 wt.%), ktory wykazal najwyzsza aktywnos$¢ ok. 400—450 umol/gka po
10 godzinach reakcji. Po tym okresie ilo$¢ generowanego wodoru ustabilizowala si¢, co
wskazuje, ze fotokatalizator zachowal dobra stabilno$¢ i1 aktywno$¢ w warunkach

dhugotrwatej pracy.

Pomiary wiasciwosci fotoelektrochemicznych wykazaly, ze w obecno$ci probki
SrTiOz@Pt-Ag 1.83:1 0.5 wt.% gestos¢ fotogenerowanego pradu elektrycznego jest
wyzsza niz podczas naswietlania uktadu z niemodyfikowanym SrTiOs;. W momencie
odcigcia dostepu promieniowania obserwowano gwattowny spadek gestosci fotopradu
w przypadku obu probek. Zwiekszong warto$¢ gestosci fotopradu dla probki SrTiOz@Pt-
Ag 1.83:1 0.5wt.% mozna przypisa¢ wyzszej efektywnosci separacji oraz
mi¢dzyfazowego transferu fotogenerowanych no$nikéw tadunku w obecnosci ko-
katalizatora typu Janus Pt-Ag. Potwierdzaja to badania fotoluminescencji, zgodnie
zktorymi probka o najwyzszej aktywnosci fotokatalitycznej wykazuje wyrazne
wygaszanie emisji, wskazujagce na ograniczong radiacyjng rekombinacj¢ par elektron-
dziura. Dodatkowo pomiary fotoluminescencji z rozdzielczo$ciag czasowa (TRPL)
wykazuja wydluzony $redni czas zycia no$nikéw dla SrTiO3;@Pt-Ag 1.83:1 0.5 wt.%

wzgledem niemodyfikowanego SrTiOs, co potwierdza hamowanie procesu rekombinacji.

Na podstawie przeprowadzonych badan zaproponowano mechanizm zachodzacej
reakcji fotokatalitycznej. Poziomy Fermiego w metalach szlachetnych (Pt i Ag) sa
polozone nizej niz w polprzewodniku, w zwiazku z czym w wyniku naswietlania
promieniowaniem UV wzbudzone elektrony moga by¢ przekazywane z pasma

przewodzenia polprzewodnika do metalu, stanowigcego tym samym pulapke elektronowa.

Zbadano zdolnos¢ otrzymanych czastek typu Janus Pt-Ag do samobieznego poruszania
si¢ w osrodkach ptynnych pod wptywem paliwa chemicznego, jakim jest nadtlenek
wodoru. Ruch czastek obserwowano przy zastosowaniu transmisyjnej mikroskopii
elektronowej w fazie ciektej w warunkach in situ (z ang. liquid-cell transmission electron
microscopy, LC-TEM). W wyniku przeprowadzonego badania potwierdzono zdolnos¢
czastek Pt-Ag 1.83:1 do autonomicznego, kierunkowego ruchu, co potwierdza
skuteczno$¢ napedu chemicznego w warunkach wodnych. Ruch nanoczastek typu Janus
Pt-Ag opisywany jest mechanizmem samoelektroforetycznym [152]. Zgodnie z tym
mechanizmem, nadtlenek wodoru ulega reakcjom redoks na anodzie (Ag) i katodzie (Pt),

tj. na anodzie Ag zachodzi reakcja utleniania zgodnie z rownaniem:
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H,0, - 0, + 2H" + 2e~,
natomiast na katodzie Pt zachodzi reakcja redukcji zgodnie z rGwnaniem:
H,0, + 2H* + 2e~ - 2H,0.

W konsekwencji rozktad protonéw wzdhuz czastki Pt-Ag jest asymetryczny, co prowadzi
do wytworzenia gradientu st¢zenia jondw oraz rdznicy potencjalu elektrycznego.
W rezultacie generowane jest lokalne pole elektryczne skierowane od srebra do platyny,
ktére napgdza natadowane czastki, powodujac ich ruch zgodnie z mechanizmem
samoelektroforezy, przeciwdziatajac jednoczesnie stabszej sile generowanej przez
pecherzyki wydzielajacego si¢ tlenu. Ruch nanoczastek utrzymuje sie tak dtugo, jak reakcje

redoks generujg asymetryczny rozktad jonéw w otaczajacym roztworze.
Podsumowujac:

e opracowano dwuetapowg metod¢ otrzymywania bimetalicznych nanoczastek typu
Janus, pelnigcych funkcje ko-katalizatora, zawierajacych kubiczne czastki platyny
i kuliste czastki srebra,

e potwierdzono wplyw wielkosci czastki srebra w strukturze typu Janus Pt-Ag na
wlasciwosci fizykochemiczne,

¢ udowodniono, Ze zastosowanie nanoczastek typu Janus Pt-Ag w roli ko-katalizatora
reakcji fotokatalitycznego generowania wodoru powoduje ponad 7-krotnie wyzsza
efektywnos$¢ procesu w poréwnaniu do niemodyfikowanego SrTiOs,

e wykazano, ze nanoczastki typu Janus Pt-Ag sktadajace si¢ z mniejszych czastek
srebra (20-50 nm) stanowig najbardziej obiecujacy ko-katalizator,

e badanie dlugoterminowej stabilnosci przeprowadzone dla najbardziej aktywnej
probki wykazato dobra stabilno$§¢ (ponad 10 godzin) 1 aktywnos$¢ (ok.
450 pmol/gkar) podczas dlugoterminowej reakcji (20 godzin),

e potwierdzono zdolnos$¢ czastek Pt-Ag do samobieznego ruchu aktywowanego za

pomoca paliwa chemicznego (H20»).
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6. WNIOSKI

W ramach niniejszej pracy doktorskiej otrzymatam cztery serie nowych nanostruktur
hybrydowych do fotokatalitycznego generowania wodoru, o zréznicowanym skladzie,
morfologii i wlasciwosciach fizykochemicznych. Kluczowym etapem kazdego z badan byt

dobor warunkéw syntezy, celem otrzymania struktur o zdefiniowanej morfologii.

Struktury hybrydowe, dzigki swojej zlozonej budowie, charakteryzuja sie
wystepowaniem efektu synergii, powodujacego wyzsza wydajnos¢ fotokatalityczng
generowania wodoru w poréwnaniu z pojedynczymi materialami potprzewodnikowymi.
Nanostruktury hybrydowe zawierajace (i) potprzewodnik-metal, (ii) perowskit-szkielet
metaloorganiczny oraz (iii) potprzewodnik-czastki bimetaliczne typu Janus charakteryzuja
si¢ podwyzszong aktywnoscig fotokatalityczng pod wptywem promieniowania UV-Vis lub
Vis w reakcji generowania wodoru w poréwnaniu do prostych, jednorodnych materiatow.
W ramach pracy potwierdzono, ze materialy hybrydowe typu perowskit-szkielet
metaloorganiczny charakteryzuja si¢ znacznie dluzsza fotostabilnosciag w stosunku do
niemodyfikowanego perowskitu. Udowodniono réwniez, ze nanoczastki typu Janus
wykazuja dobrg stabilnos¢ 1 wysoka efektywnos¢ podczas dlugotrwatego procesu (dla serii
Pt-Ag) oraz w czterech cyklach pomiarowych (dla serii ZnS-Ag). Badania wykazaly takze,
ze wielko$¢ 1 i1lo$¢ czastek srebra w strukturze typu Janus znaczaco wptywa na wydajnosé¢
fotokatalityczna, przy czym mniejsza ilo§¢ i wielko$¢ czastek srebra w strukturze pozwolita
otrzymaé¢ wigksza ilos¢ wodoru w trakcie reakcji. Ponadto struktury hybrydowe
o okreslonej morfologii typu Janus wykazuja znacznie wyzsza aktywnos¢ fotokatalityczng
od struktur ,,wieloglowych” (zbudowanych z wielu czastek metalu osadzonych na

powierzchni potprzewodnika).

Otrzymane wyniki potwierdzaja, ze tworzenie nowych materialdow hybrydowych
o precyzyjnej kontroli sktadu imorfologii czastek moze przyczyni¢ si¢ do rozwoju
nanotechnologii w kierunku efektywnej produkcji wodoru — ekologicznego paliwa —

w reakcji fotokatalityczne;.
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22-28.10.2022 — staz naukowy na Uniwersytecie w Turynie we Wtoszech (University of Turin,
Department of Chemistry)

Szkolenia

14-17.10.2025 —udziat w szkoleniu Staff Week: Pedagogical and Social Innovation joining Higher
Education and the Community organizowanym w ramach sojuszu uniwersytetow nadmorskich
SEA-EU na Uniwersytecie w Algarve (Portugalia)

07-11.04.2025 — udziat w programie BIP (Blended Intensive Program) pt. Achieving Sustainable
Goals through Chemistry, Chemical and Food Technology, organizowanym w ramach programu
Erasmus+ oraz sojuszu uniwersytetow nadmorskich SEA-EU na Uniwersytecie w Splicie
(Chorwacja)

12.2024-01.2025 — udzial w szkoleniu dla pracownikéw i doktorantow Katedry Technologii
Srodowiska Wydziatu Chemii Uniwersytetu Gdanskiego pt. Communication and Cooperation in
an International Team, organizowanym przez Centrum Doskonalenia Dydaktycznego i Tutoringu
na Uniwersytecie Gdanskim

Nagrody i wyrdznienia

Laureatka nagrody ,,Best Poster Presentation” za najlepsze wystapienie posterowe podczas
5™ International Conference on Materials Science & Nanotechnology, 21-25.10.2024, Ateny,
Grecja

Laureatka nagrody dla Najlepszego Absolwenta studiow na kierunku Biznes Chemiczny na
Wydziale Chemii Uniwersytetu Gdanskiego przyznanej w 2021 roku

Wielokrotna laureatka ,,Stypendiow Rektora Uniwersytetu Gdanskiego dla najlepszych studentow
za wysoka $rednig ocen lub osiaggnigcia naukowe, artystyczne lub wysokie wyniki sportowe” przez
caly tok studiow pierwszego oraz drugiego stopnia (lata akademickie 2017-2021)

Dzialalno$é dodatkowa

10-12.2025 — pelienie funkcji trenera i mentora ds. energii odnawialnej w Fundacji RC w Gdansku
w ramach projektu ,,Pomorskie Laboratorium Energii” finansowanego przez Ministerstwo Edukacji
Narodowej w ramach programu ,,Odkrywcy”. W trakcie projektu prowadzitam warsztaty dot.
odnawialnych zrodet energii w szkotach ponadpodstawowych wojewodztwa pomorskiego oraz
przygotowywatam grupe uczniéw do Hackathonu ,,Energetyczne Pomorze 2040

13.03.2025 — petnienie funkcji edukatora na stoisku Katedry Technologii Srodowiska podczas Dnia
Otwartego Wydzialu Chemii Uniwersytetu Gdanskiego

27-28.05.2023 — wspotorganizacja miedzynarodowej konferencji online - Baltic Chemistry
Conference

22.04.2022 — petnienie funkcji edukatora na stoisku Katedry Technologii Srodowiska Wydziatu
Chemii Uniwersytetu Gdanskiego podczas Pikniku Naukowego “Klimat dla Nauki”
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ARTICLE INFO ABSTRACT

Keywords: Perovskites are attractive structures for photocatalytic hydrogen generation, but also are limited by low stability,
Perovskite which can be improved by combination with other materials. Perovskite structures have potential for photo-
MOF? catalytic hydrogen generation; however, their practical application is hindered by inherent low stability. This
?X;gds limitation can be effectively mitigated through strategic combinations with complementary materials. Therefore,
Hs generation hybrids consisting of the perovskite CsPbX3 (X = Br, I) and the metal-organic framework (Ce)UiO-66-Y (Y = H,
Photocatalysis Br, NH;) were successfully synthesized for the first time, using a straightforward ligand-assisted reprecipitation

synthesis at room temperature. To develop a room temperature synthesis for CsPbX3@(Ce)UiO-66-Y hybrid
nanomaterials, herein, we optimized the synthesis of perovskite firstly (considering factors such as the choice of
solvents, the drying of stabilizers, and the purification) and then developed an efficient way to combine both
materials. Six types of hybrid materials, differing in the type of perovskite and functional group in the MOFs
linker, were synthesized by the introduction of MOFs powder into a solution containing perovskite precursors
(CsX and PbX, in DMF stabilized by oleyamine and oleic acid) followed by antisolvent addition. We demon-
strated that the hybrids containing perovskite in combination with MOF (Ce)UiO-66-NH, in a molar ratio of 13:1
exhibited significantly higher activity and twice as long reaction stability time compared to the individual
components of the hybrids when tested separately. This outcome underscores the presence of a synergistic effect,
highlighting the potential of these hybrid materials in catalyzing hydrogen generation.

1. Introduction

Photocatalytic hydrogen generation is becoming popular for
acquiring renewable energy and tackling the worldwide energy crisis.
Despite significant progress towards developing practical and effective
photocatalytic systems, many still face challenges such as inadequate
absorption of solar photons and quick recombination of charge carriers.

Recently, a particular focus has been paid to all-inorganic cesium
lead halide perovskites (CsPbXs, X = Cl, Br, I) nanocrystals (NCs) due to
their outstanding properties (tunable band structures, long lifetimes of
photogenerated carriers, high photoluminescence quantum yields) and
potential applications in various fields [1,2]. So far, various methods
have been used to prepare CsPbX3 NCs with controlled sizes, shapes, and

* Corresponding authors.

composition. These methods include hot-injection method [3], room-
temperature reprecipitation [4], microwave [5], solvothermal [6],
ultrasonication [7], and ion exchange phase transformation [8]. How-
ever, regardless of the synthesis method, pure CsPbX3 NCs have suffered
from the same significant issues: (i) they are structurally unstable in the
presence of moisture, oxygen, light, and temperature, (ii) there is a
shortage of active sites, and (iii) charge carriers are not efficiently
transferred [1,9]. To enhance their photocatalytic efficiency and sta-
bility, CsPbX3 NCs are often combined with other photocatalytic mate-
rials [10-13].

One of the recent suggestions is to create a heterojunction using
metal-organic frameworks (MOFs) to greatly increase the stability of
CsPbX3 and their application capabilities [14-17]. MOFs are highly
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structured materials made up of metal clusters and organic ligands.
Their unique porous structure gives them a high surface area and
adjustability [18]. These features make MOFs useful for a variety of
applications, including catalysis, gas storage, and separation [19-22].
MOFs are increasingly utilized as photocatalysts due to their
manufacturing flexibility and potential for post-synthesis adjustments.

Recently, combining cerium-oxo clusters with a UiO-66-Y MOF has
shown significant progress in creating a highly efficient photocatalyst.
This combination, known as (Ce)UiO-66-Y (with Y being H, Br, CHs,
NHj, NO3, and more), benefits from the MOF’s large surface area and
small cerium oxo-clusters referred to small photocatalytic centers
[23-26]. It is believed that the improved separation of photogenerated
charges is due to the promotion of ligand-to-metal charge transfer by the
low-lying empty 4f orbitals of Ce*" [25]. Furthermore, adjusting the
organic linkers can alter the HOCO-LUCO gap, allowing for greater
adsorption and diffusion of reactants and products in the higher range of
absorbed light irradiation. Nonetheless, the rapid recombination of
charge carriers continues to pose a challenge for single-component MOF
photocatalysts. Thereby, the construction of heterojunction has been
described as one of the most attitude approaches to boost the photo-
catalytic efficiency of (Ce)UiO-66-Y through the formation of interfacial
contact between two semiconductors. Parnicka et al. conducted a study
that showed how effective electron transport occurred through (Ti/Ce)
UiO-X MOFs@TiO; heterojunction, leading to improved photocatalytic
hydrogen generation and pollutant degradation. This was facilitated by
the formation of oxygen vacancies in the Ti-Ce-oxo-cluster and the
presence of Ti>" species [27]. Wang et al. synthesized a novel UiO-66
(Ce)/ZnCdS composite through microwave irradiation to investigate
the hydrogen evolution under visible light irradiation [28]. The
improved photocatalytic efficiency was attributed to the presence of
MOF which reduced the recombination rate of charge carriers. Mean-
time, Ding et al. proposed in-situ synthesis of CspAgBiBrg quantum dots
(QDs) embedded into Ce-UiO-66-H with outstanding photocatalytic
properties for CO5 reduction [29]. This assembled structure allows for
efficient solar energy capture and effective separation of the generated
carriers. Wang et al. described the formation of N-Zr/Ce-O bonds be-
tween UiO-66(Zr/Ce) and g-C3N4 nanosheets. These bonds enabled the
transfer of photoelectrons to the MOF nanosheets and improved the
photocatalytic reduction of CO5 [30].

On the other hand, Ding et al. conducted a study on how Zn ions
affect CsPbBr3 NCs in an aqueous environment for hydrogen generation
[31]. They realized that the use of cationic-doped materials could solve
the issue of quantum dots deactivating immediately upon contact with
water while still retaining their photocatalytic abilities. However, as far
as we know, there haven’t been any reports on using CsPbX3@MOF
composite for hydrogen evolution.

In this paper, we present for the first time a novel hybrid material
that combines CsPbX3 with a functionalized (Ce)UiO-66-Y (Y = H, Br,
NH;) prepared via ligand-assisted reprecipitation technique at room
temperature. We started with optimizing the synthesis conditions of the
CsPbXj3 perovskites by investigating the effect of solvent type, the sta-
bilizers, and the purification process of the obtained powder. Then, the
combination of the perovskite and MOFs into hybrid material was
examined by analyzing the influence of reagent order. The significant
improvement in activity and stability observed for hybrids with a spe-
cific perovskite/MOF ratio highlights the potential for synergistic ef-
fects, offering valuable insights for future research and applications.

2. Experimental
2.1. Reagents

Cesium bromide (ALDRICH, 99.9 %), cesium iodide (AlfaAesar, 99.9
%), lead(II) bromide (Sigma-Aldrich, >98 %), lead(II) iodide, (Thermo

Scientific, 99.9 %), N,N-dimethylformamide (DMF, POCH, pure), oleic
acid (OA, Sigma-Aldrich, 90 %), oleylamine (OLAm, SAFC, >98 %),
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terephthalic acid (Acros Organics, 99+%), 2-bromoterephthalic acid
(AmBeed, 98.84 %), 2-aminoterephthalic acid (Thermo Scientific, 99
%), ammonium cerium(IV) nitrate (Fluorochem), glycine (Tokio
Chemical Industry), sodium chloride (Thermo Scientific, 99+%), n-
hexane (POCH, 99 %), ethyl alcohol absolute (POCH, 99.8 %), toluene
(EUROCHEM), acetone (STANLAB), methanol (STANLAB), deionized
water. All chemicals were used without further purification.

2.2. Synthesis of lead perovskites, MOFs, and hybrids
a) Lead perovskites

Lead perovskites with bromine or iodine were obtained using the
ligand-assisted precipitation method (LARP). For this purpose, 0.2 mmol
of CsX and 0.2 mmol of PbX5 (X = Br, I) were added to a beaker with 5
mL of DMF, 0.5 ml of dried OA, and 0.25 ml of dried OLAm, mixed with
magnetic stirring in room temperature for 30 min. Then 50 ml of hexane
was added and stirred for 1 min. Next 50 ml of anhydrous ethanol was
added. For samples prepared in toluene, 50 ml of toluene was used
instead of hexane and ethanol. The solution of perovskite was centri-
fuged (6000 rpm, 5 min), and the resulting supernatant and precipitate
were separated. The precipitated perovskite was dried in the air.

b) MOFs

The method of obtaining (Ce)UiO-66-Y MOFs (Y = H, Br, NHy) was
based on the Lammert et al. [24] and Parnicka et al. [27] publications.
4.26 mmol of the terephthalic acid, 2-aminoterephthalic, and 2-bromo-
terephthalic acid (for (Ce)UiO-66, (Ce)UiO-66-NH,, and (Ce)UiO-66-Br,
respectively) and 24 ml DMF were placed in a round-bottomed flask
(100 ml) under reflux condenser. The 10 ml of ammonium cerium so-
lution (0.533 M) was added dropwise after dissolving the acid. In the
case of (Ce)UiO-66-NH,, instead of cerium ammonium nitrate, a solu-
tion of previously prepared cerium clusters was added (procedure
described in section 2.2. ¢). The reaction temperature was then raised to
100 °C and held for 30 min while stirring. After cooling to room tem-
perature, the product was centrifuged (6000 rpm, 6 min), rinsed with
DMF (4 times) and acetone (4 times), then flooded with methanol and
shaken for 3 days (changing the methanol once a day). The product was
dried at 60 °C in air.

¢) Cerium clusters

The method of obtaining cerium clusters was adopted from Estes et
al. [32]. In a large beaker (500 ml) 120 mmol of glycine, 55 mmol of
ammonium cerium(IV) nitrate, and 27 g of deionized water were placed.
After dissolution, 321 g of saturated NaCl solution was added. The
resulting solution was left at room temperature for 48 h. The obtained
crystals were filtered with cold water and dried at 60 °C.

d) Hybrids

To obtain the CPX@(Ce)UiO-66-X hybrids, after adding OA and
OLAm to the solution of perovskite precursors and stirring for half an
hour according to the procedure described in 2.2a, MOF was added in a
molar ratio of 10:1, 13:1, 17:1 or 20:1 (based on the introduced masses
of reagents, the theoretical amount of moles of perovskite and MOF was
calculated, and on this basis, the molar ratios of perovskite to MOF were
determined). After 5 min of mixing, 50 ml of hexane was added and
stirred for 1 min. After that, 50 ml of anhydrous ethanol was added. The
solution of hybrids was centrifuged (6000 rpm, 5 min), and the resulting
supernatant and precipitate were separated. The precipitated hybrid was
dried in the air.
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2.3. Characterization methods

To determine the crystalline structure, an X-ray diffractometer (XRD,
Rigaku MiniFlex 600) was employed. The scanning electron microscopy
(SEM) technique was used to measure the samples’ morphology, size,
and shape, using a JEOL JSM-7610F microscope operating at 15 kV
under high vacuum conditions. The transmission electron microscope
(TEM) with an energy-dispersive X-ray spectrometer (TEM-EDX) was
also utilized for these measurements. The TEM-EDX setup involved the
use of a Tecnai F20 X-Twin microscope from FEI and an EDAX spec-
trometer. The surface area according to the BET (Brunauer-Emmett-
Teller) method was ascertained utilizing the sorption analyzer 3P In-
strument Micro 200. UV-Vis spectra for suspensions (CPX dispersed in
hexane) were recorded using Thermo Scientific Evolution 220 UV-Vi-
sible spectrophotometer (Thermo Scientific, Waltham, MA, USA)
equipped with ISA-220 integrating sphere accessory. UV-Vis spectra for
powders (MOFs, and hybrids) were acquired using a UV-Vis spectro-
photometer (UV 2600, Shimadzu) that was furnished with four inte-
grating spheres, covering the wavelength range of 300 to 800 nm. For
reference, BaSOj4, a non-absorbing substance, was employed. To analyze
the emission of light after excitation, photoluminescence (PL) mea-
surements were conducted at 20 °C, using an LS-50B luminescence
spectrophotometer equipped with a Xenon (Xe) discharge lamp as the
excitation source and an R928 photomultiplier as the detector. Fourier-
transform infrared spectroscopy (Nicolet iS10 FTIR spectrometer) was
employed to collect the spectra of the samples. The X-ray photoelectron
spectroscopy (XPS) technique was used to analyze the surface chemical
composition of the samples. The PHI 5000 VersaProbe TM spectrometer
from ULVAC-PHI, was utilized for XPS analysis. Monochromatic Al Ko
radiation (hv = 1486.6 eV) was emitted from an X-ray source with a 23
W power. The binding energy (BE) scale of the XPS measurements was
referenced to the C 1 s peak, which had a binding energy of 284.8 eV.
The determination of Pb:Ce ratio in the samples was made by using
atomic emission spectrometry with excitation in induced plasma (ICP-
OES, Agilent 5100 ICP-OES spectrometer).

Table 1
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2.4. Photocatalytic Hy evolution

In a typical experimental setup, 25 mg of the photocatalyst sample
was dispersed into acetonitrile/triethanolamine (TEOA)/water solution
(18 ml:2 ml:300 pl). The mixture was stirred at 500 rpm in a quartz-
closed reactor, maintaining a constant temperature of 10 °C. To estab-
lish adsorption-desorption equilibrium, the suspension was purged with
nitrogen (12 dm?/h) for 30 min before irradiation. After obtaining a
reference sample, the suspension was subjected to UV-Vis light irradi-
ation using a 1000 W Xenon lamp (Oriel 66021). The irradiation in-
tensity was measured with an optical power meter (HAMAMATSU,
€9536-01) and was 100 mW-cm 2. At hourly intervals, a gas sample
measuring 200 pl was extracted from the headspace of the reactor via a
gas-tight syringe. This gas sample was then analyzed using a gas chro-
matography system (Thermo Scientific TRACE 1300-GC) equipped with
a HayeSep Q (100/120) column and a thermal conductivity detector
(TCD) with Ny as the carrier gas, to quantify the amount of hydrogen
that was produced.

3. Results and discussion

A series of samples were prepared, consisting of pure CsPbX3 pe-
rovskites (X = Br, I), MOF (Ce)UiO-66-Y (Y = H, Br, NH>), and hybrids
made of CsPbX3 perovskite and MOF. Hybrid samples differed in the
type of components and their content. The list of sample labels, type of
perovskite precursor, MOF’s linker, molar ratio (based on the introduced
masses of reagents, the theoretical amount of moles of perovskite and
MOF were calculated, and on this basis, the molar ratios of perovskite to
MOF were determined), surface properties, and photoactivity is shown
in Table 1. First, we examined the impact of different solvents, the
sequence of adding reagents, the effect of reaction stabilizers, and the
influence of product purification to achieve the desired product. In this
way, optimal synthesis parameters were developed. Schemes of syn-
thesis are presented in Fig. 1 and Fig. 2. A successful pathway was to add
MOF to the perovskite synthesis, before adding the antisolvent. All
synthesis details as well as problems occurring during the synthesis of

Sample labels, the composition of us-prepared samples, the molar ratio (based on the introduced masses of reagents, the theoretical amount of moles of perovskite and
MOF was calculated, and on this basis, the molar ratios of perovskite to MOF were determined) and their selected properties.

Sample label Type of Terephthalic acid Molar ratio (CPX: BET (m?/  Pore volume Pore size H, evolution after 4 h
perovskite functional group MOF) g) (cm3/g) (nm) (pmol/gcar)
precursors
CPB CsBr  PbBry, — - - - - 87.3
CPI Gsl Pbl, - — — — — 141.3
(Ce)UiO-66 - -H - 1052 0.501 1.90 2.8
(Ce)Ui0-66-Br - -Br - 532 0.305 2.29 2.6
(Ce)UiO-66-NH, - —NH, - 154 0.856 22.22 3.0
CPB@(Ce)UiO- CsBr PbBr, -H 13:1 35 0.053 6.08 98.0
66_13:1

CPB@(Ce)UiO-66- CsBr  PbBr, -Br 17:1 27 0.050 7.33 106.3
Br 17:1

CPB@(Ce)UiO-66- CsBr  PbBr, -NHj 13:1 49 0.227 18.58 121.0
NH,_ 13:1

CPB@(Ce)UiO-66- CsBr PbBr, —NHj 20:1 * * * 71.5
NH,_20:1

CPB@(Ce)UiO-66- CsBr PbBr, —-NH, 10:1 * 97.5
NH,_ 10:1

CPI@(Ce)UiO- Csl Pbl, -H 13:1 37 0.042 4.63 123.1
66_13:1

CPI@(Ce)UiO-66- Csl Pbl, —Br 17:1 55 0.067 4.82 122.0
Br_17:1

CPI@(Ce)UiO-66- Csl Pbl, -NH; 13:1 41 0.153 14.99 162.5
NH, 13:1

CPI@(Ce)UiO-66- Csl Pbl, —NH, 20:1 * * * 152.4
NH,_20:1

CPI@(Ce)UiO-66- Csl Pbl, -NH; 10:1 120.0
NH,_10:1

*The measurement was not performed.
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I) Ethyl acetate

Fig. 1. (a-e) Scheme of the successful pathway of CsPbX3 perovskites synthesis (X = Br, I) along with (f-i) synthesis routes that did not allow obtaining the

desired product.
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Fig. 2. (a-f) Scheme of the successful pathway of CsPbX3@(Ce)UiO-66-Y hybrids synthesis (X = Br, I; Y = H, Br, NH,) along with (g-j) problematic pathways, k) X-ray
diffraction patterns for hybrids obtained by different order of adding reagents, 1) photocatalytic hydrogen evolution performance of hybrids obtained by different

order of adding reagents.

hybrid systems and ways to overcome them are described in Supporting
Information.

The structures of the obtained perovskites and hybrids were exam-
ined using a scanning electron microscope (SEM). The CsPbBr3 perov-
skites obtained during LARP synthesis have the shape of irregular cubes
and their dimensions range from about 100 nm to 350 nm (Fig. S2a). The
CsPbl3 perovskites obtained by the same method have the shape of
nanobelts, with a length of approx. 200 nm to even 650 nm (Fig. S2c).

After combining perovskites with MOFs (Ce)UiO-66-Y (Y = H, Br,
NHy), hybrids were formed (Fig. S3). In the case of CsPbBrs hybrids with
(Ce)Ui0-66 and (Ce)UiO-66-Br, it is difficult to clearly distinguish
perovskite and MOF in the structure due to the similar shapes of both
components. For CsPblz hybrids with (Ce)UiO-66 and (Ce)UiO-66-Br,
distinct morphologies are evident: nanobelts of perovskites and cube-
like shapes of MOFs. Conversely, in hybrids with (Ce)UiO-66-NHj, a
different scenario unfolds, revealing perovskite structures enveloped by
exceptionally fine MOF particles.

For more accurate structure determination and composition, the
selected samples ((Ce)UiO-66-NH;, CPB@(Ce)UiO-66-NH, 13:1 and

CPI@(Ce)UiO-66-NH;_13:1 were examined by TEM analysis. In Fig. 3a-c
the morphology of (Ce)UiO-66-NH,, CPB@(Ce)UiO-66-NH;_13:1, and
CPI@(Ce)Ui0-66-NH;_13:1 has been shown. The sample (Ce)UiO-66-
NH;, presents a relatively uniform and porous structure (Fig. 3a). On the
other hand, the CPB@(Ce)UiO-66-NH; and CPI@(Ce)UiO-66-NH;, hy-
brids were characterized with different morphology depending on the
type of perovskite. The TEM micrographs of CPB@(Ce)UiO-66-NHy
(Fig. 3b) and CPI@(Ce)UiO-66-NH> (Fig. 3c) have presented a uniform
and porous structure of MOF with irregular cubic shape of CPB and
nanobelts-shaped of CPI, respectively.

The EDS-TEM analysis confirmed the presence of Pb, Br, Cr, and Ce
elements of CPB@(Ce)UiO-66-NH,_13:1 as shown in Fig. 3d. Addition-
ally, Fig. S6a shows two different regions of P1 and P2 in CPB@(Ce)UiO-
66-NH,_13:1 hybrid for which the EDS analysis is presented. In the P1
area, there was mainly cerium observed, while the P2 included elements
in the perovskite composition: lead, cesium, and bromine. The rich
distribution of Pb, Br, and Cr elements and the existence of Ce indicate
the successful synthesis of the CPB@(Ce)UiO-66-NHy_13:1.

Meanwhile, the analysis of CPI@(Ce)UiO-66-NHz_13:1 revealed the
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Fig. 3. TEM photos of a) (Ce)UiO-66-NH,, b) CPB@(Ce)UiO-66-NH;_13:1, ¢) CPI@(Ce)UiO-66-NH,_13:1 and elemental mapping of d) CPB@(Ce)UiO-66-NH,_13:1
and e) CPI@(Ce)UiO-66-NH,_13:1.
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existence of Pb, Cr, and Cs elements in nanobelts-shaped perovskites on
or around the surface of the MOF (Fig. 3e). The elements: Ce, Pb, Br, and
Cs are distributed on the surface of the MOF uniformly, confirming the
successful synthesis of the CPI@(Ce)UiO-66-NHz_ 13:1. The chemical
compositions of CPI@(Ce)UiO-66-NH, 13:1 were calculated by EDS
analysis spectra as shown in Fig. S4b. The P1 area peaks correspond to
Cs, Pb and I, while the P2 main area peak originates from Cs.

The XRD analysis of pure perovskites, MOFs, and their composites
are shown in Figures S5a, S6a, 4a, and 5a, respectively. Based on the
XRD perovskite patterns it has been shown characteristic diffraction
peaks associated with the orthorhombic phase for CsPbBr3 and CsPbls,
respectively (Fig. S5) [33-37]. Both CsPbBrs and CsPbls are formed in
the same Pbnm(s.g. #62) space group, but the structure and the location
of the atoms change (see Fig. S7). Fig. S6a shows that the XRD pattern of
(Ce)Ui0-66 indicates a high crystallinity and is compatible with the
simulated pattern in the literature [38]. On the other hand, samples in
which MOF is functionalized with —-Br and -NH; are characterized by
lower crystallinity to Ce-UiO-66.

Fig. 4a shows the XRD patterns of the hybrids with CsPbBr3 and (Ce)
Ui0-66-Y (Y = H, Br, NHy). The diffraction peaks correspond to the
orthorhombic CsPbBr3 perovskite, and the simulated pattern of (Ce)-
UiO-66 confirms the formation of CPB@(Ce)UiO-66-Y (Y = H, Br, NH>)
composites. The XRD spectra of hybrid that contains CsPbl3 and (Ce)
UiO-66-Y (Y = H, Br, NH,) present the characteristic peaks that corre-
spond to the orthorhombic CsPblz perovskite and simulated pattern of
(Ce)-UiO-66 (Fig. 5a).

The FTIR analysis of the pure perovskites revealed the presence of
several typical peaks that prove the presence of residues of unreacted
organic reagents (Fig. S5b). For instance, there are bands in the range of
2850-2950 cm ! and at 1460 cm ™! which correspond to the symmetric
and asymmetric stretching vibrations region of —-CH,- and -CHgs,
respectively. Peaks at 3400 and 1710 cm ™! characteristic for N-H and
C=O0 stretching, respectively, indicate the presence of OLAm and OA
[39]. The spectra of (Ce)UiO-66-Y (Fig. S6b) show the bands of anti-
symmetric and symmetric stretching vibrations of the carboxylic func-
tionalities at 1558 cm™! and 1390 cm™?, respectively, which are the
major functional groups of terephthalic acid and its derivatives. The
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peak with a lower intensity at 1649 cm™! corresponds to the C=0
stretching vibrations, while the one at 1499 em™? corresponds to the Ce-
O and Ce-O-C stretching vibrations of the metal center [40]. The broad
peaks between 3000 and 3500 cm™! in the samples are due to O-H
stretching modes [41], which cover the NH; peak of (Ce)UiO-66-NH,
corresponding to the asymmetric and symmetric N-H stretching modes,
usually observed at 3300-3400 cm™!. On the other hand, the C-N
stretching vibration of (Ce)UiO-66-NH; can be seen at 1255 cm ! [42].
Finally, the band observed for (Ce)UiO-66-Br at 650 emLis assigned to
C-Br stretching vibrations [43]. In the case of perovskite/MOF hybrids
the FTIR spectra (Figs. 4b and 5b) do not show any additional peaks or
band shape differences, when referring to the spectra of pure MOF and
perovskites.

To investigate the absorption properties, UV-Vis spectra were ob-
tained for pure perovskites (Fig. S5c), as well as for pure MOFs
(Fig. S6¢). Additionally, UV-Vis spectra were recorded for composites of
the CPB@(Ce)Ui0O-66-Y type (Fig. 4c) and the CPI@(Ce)UiO-66-Y type
(Fig. 5¢). The pure perovskite samples exhibited significant light ab-
sorption across the entire measured range (300-700 nm), with slightly
greater intensity in the absorption band for CPIL. Both absorption bands
displayed a characteristic shape, with CPB’s band edge at around 515
nm [44], and CPI's band edge at 420 nm [45]. Conversely, the absorp-
tion spectra of unmodified (Ce)UiO-66-Y exhibited an absorption band
edge at approximately 420 nm for the -Br and —H analogs, with a
marginal wavelength shift towards longer values observed for (Ce)UiO-
66-Br. UV-Vis/DRS spectra collected for (Ce)UiO-66-NH; exhibited a
broad absorption profile across the full extent of the measured radiation
range (200-800 nm), consistent with the previously acquired perovskite
spectra. Nevertheless, these absorption edges are significantly shifted
compared to the absorption bands of the widely recognized Zr-
derivatives ((Zr)UiO-66-Y) documented in the literature [46].
Combining pure perovskites with the corresponding MOFs yielded
hybrid materials: CPB@(Ce)UiO-66-Y and CPI@(Ce)UiO-66-Y. These
hybrids exhibited UV-Vis spectra featuring an absorption band edge at
470 nm and 430 nm, respectively, regardless of the Y component. While
the absorption bands’ shape and position at the edge of the absorption
band remained identical for the respective groups, there was a variation
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in absorbance intensity following the sequence H < Br < NHj. Conse-
quently, the hybrids CPB@(Ce)UiO-NH5 13:1 and CPI@(Ce)UiO-
NH;_13:1 exhibited the highest light absorption capacities.

The photoluminescence (PL) spectroscopy analysis was applied to
determine the charge separation abilities indicating the photocatalytic
activity of the samples. For pure perovskites (Fig. S5d) sharp PL emission
of the signal can be observed. The PL peak wavelength of CPB is centered
at ~ 530 nm, similar to previous literature reports [39,47]. The incor-
poration of iodine into the lead-based perovskite resulted in the typical
redshift of PL wavelength to ~710 nm. In fact, through compositional
modulations of lead-based perovskite, it is possible to tune their band
gap energies and photoluminescence over the entire visible spectral
region from 400 nm to 700 nm, as previously reported [48]. In the case
of cerium-based MOFs the broad PL signal in the range between
425-560 nm is observed (Fig. S6d) and the PL intensity decreases with
the following sequence (Ce)UiO-66 > (Ce)UiO-66-Br > (Ce)UiO-66-
NH,. The (Ce)UiO-66 and (Ce)UiO-66-Br powders present similar shapes
of the PL curve proving that bromide modification did not result in
different PL phenomena, however, amino functionalization strongly
affected the PL intensity which became negligible. The PL spectra for
perovskite/MOF hybrids combine the shape of the photoluminescence
curve of both components. For instance, CPB@(Ce)UiO-66-Y (Y = H, Br,
NHy) hybrids (Fig. 4d) show two-part spectra, where the first broad
signal centered around 420 nm is MOF-derived and the second sharp one
close to 530 nm is clearly a representation of the lead-based perovskite.
Interestingly, in the case of CPI@(Ce)UiO-66-Y (Fig. 5d), the red-shift of
CPI is invisible, instead, there is a signal at 530 nm as in the case of the
CPB perovskite. This quenching phenomenon can be attributed to the
transfer of photogenerated carriers between perovskite and MOF [49].
The PL intensities of CPB@(Ce)UiO-66-Y and CPI@(Ce)UiO-66-Y show
the quenching effect together with amino group incorporation (Fig. S6d
and Fig. 4d).

The elemental composition (in at.%) in the surface region of (Ce)
UiO-66-NHj; material and its composites with CPB and CPI perovskites
are evaluated based on XPS analysis, and the resulting data are shown in
Table 2.

Figs. 6 and 7 show the high-resolution (HR) XPS spectra of the ele-
ments detected in these materials, and their chemical characteristics.

Table 2
Label and surface elemental composition (in at.%) of prepared samples.
Sample label Ce (o] N C Cs Pb Br I
(Ce)UiO-66-NH, 8.9 22.3 6.2 626 - - - -
CPB@(Ce)UiO-66- 7.3 18.0 4.6 54.4 6.4 2.7 6.6 -
NH, 13:1
CPI@(Ce)UiO-66- 21 7.2 1.8 52.8 8.7 5.5 - 21.9
NH3 13:1

The Ce 3d, O 1s, N 1s, Cs 3d, Pb 4f, Br 3d, I 3d and C 1s spectra [50]
identified Ce, O, N, Cs, Pb, Br and I, respectively.

Deconvolution of the Ce 3d spectra of above-mentioned material
samples reveal two prominent doublets formed from the 3ds,2 and 3ds,2
spin-orbit split components, and the two peaks corresponding to Ce 3d3,
2 levels. It is clear from all deconvoluted peaks that mixed-valence states
of Ce®t and Ce*t are present at the surface [51,52]. For (Ce)UiO-66-NHy
sample surface, the two Ce 3ds3/, peaks at BEs of 907.2 eV and 916.8 eV
are related to Ce*" species. Relative contributions of the Ce3* and Ce**
states in the surface area of this sample are calculated and found to be
63.8 % and 36.2 %, respectively. It is evident from the calculations that
the contribution of Ce*" is increased for both CPB@(Ce)UiO-66-
NH;_13:1 (38.0 %) and CPI@(Ce)UiO-66-NHy 13:1 (44.7 %) compos-
ites. The obtained values indicate a partial oxidation of Ce3* to Ce** on
their surfaces. The Cls signal at BE = 286.0 eV indicates the presence of
C-N surface bonds while the signals at BEs of 288.6 eV (288.4 eV for both
the composites) are indicative of O=C-NHj;, species. For the CPI@(Ce)
UiO-66-NH;_13:1 composite sample, the Cls signal positioned at 288.4
eV can be also identified as N-C=N bonds. The Ols and N1 spectra
confirm the presence of these surface species. For (Ce)UiO-66-NHy and
CPB@(Ce)UiO-66-NH;_13:1 samples, the position of the N1s peak (BE of
400.5 eV and 400.7 eV, respectively) can also confirm the presence of
the formamidinium cation ([HC(NH2)2]™) [53]. The N1s spectrum of
CPI@(Ce)UiO-66-NH;_13:1 reveals two nitrogen peaks. The first peak at
BE = 398.4 eV can be attributed to N-C=N bonds, and the second peak
(BE of 399.7 eV) is assigned to -NH; and/or C-NH species. The chemical
characteristics of Cs, Pb, Br, and I elements, composed of CPB@(Ce)UiO-
66-NH,_13:1 and CPI@(Ce)UiO-66-NH,_13:1 are also shown in Fig. 7.
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nanohybrids.

The Cs 3d and Cs 4d spectra of both composites indicate the surface
presence of Cs™ cation in a perovskite environment [54]. The Br 3d
spectrum of CPB@(Ce)UiO-66-NH>_13:1 confirms the presence of Br™ in
the structure of CPB perovskite. After deconvolution of the I 3d and I 4d
spectra for the CPI@(Ce)UiO-66-NH,_13:1 composite, we identified the
spectral features characteristic of iodine in an iodide/perovskite envi-
ronment [54,55]. The Pb 4f-Pb 5s spectrum of CPB@(Ce)UiO-66-
NH;_13:1 reveals two chemical states of Pb, formed by 4f;,, and 4fs,»
spin—orbit split components. The first state (BE of Pb 4f;,, at 138.6 eV) is
attributed to Pb%* in the perovskite structure [54] and the second state
(Pb 4f;,5 at 139.4 eV) to Pb** cation [56]. In the case of CPI@(Ce)UiO-
66-NH,_13:1, the Pb 4f-Pb 5s spectrum confirms the presence of Pb%* in
the structure of CPI perovskite. In addition, this spectrum exhibits the Pb
4f; 5 peak at BE of 136.8 eV. It indicates the presence of Pb° surface

atoms [54], resulting in prolonged sample exposure to X-rays during XPS
analysis. According to Table 2, the largest atomic contents (ACs) of
cerium, oxygen, nitrogen, and carbon are found on the surface of (Ce)
UiO-66-NH,. Its composites with CPB and CPI perovskites lead to
smaller ACs of all elements considered. The atomic ratios Cs/Pb, Br/Pb
and I/Pb for both composites are found to be 2.37, 2.44, and 3.98. As can
be easily seen, there are large differences between the calculated values
and stoichiometric values of these ratios for CsPbBrs (CPB) and CsPblg
(CPD).

BET (Brunauer-Emmett-Teller) analysis was employed to determine
the specific surface areas, pore volume, and pore size of various pow-
ders: pure MOFs and their hybrids with perovskites. The results collected
are tabulated in Table 1. Among the MOFs studied, the (Ce)UiO-66-Y
type, featuring different terminal groups (Y = H, Br, NH>), exhibited
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distinct characteristics in terms of specific surface area. Notably, (Ce)
Ui0-66-H displayed the highest specific surface area (1052 m?/g), a
defining trait of this material category [57]. Conversely, the introduc-
tion of alternative functional groups into the (Ce)UiO-66 structure led to
a significant reduction in surface area, particularly evident with the
-NH, group (154 m?/g). Simultaneously, a distinct inverse correlation
between BET areas and pore size was noted within these materials.
Specifically, (Ce)UiO-66-NH, exhibited significantly larger pores
(approximately 22 nm), a dimension approximately 11 times greater
than that of (Ce)UiO-66 and (Ce)UiO-66-Br. In contrast, the surface
parameters recorded for composites comprising (Ce)UiO-66-Y and
perovskite CsPbBrs or CsPbls exhibited relatively small BET areas. The
largest BET areas were observed in the CPB@(Ce)UiO-66-NHy_13:1 (49
m?/g) and CPI@(Ce)UiO-66-Br_17:1 (55 m2/g) hybrids. Furthermore,
upon investigating the composite containing (Ce)UiO-66-NHj, a reduc-
tion in pore size was observed, attributed to the integration of perovskite
particles within the pores. Regarding the obtained BET surface areas of
synthesized hybrid materials CPX@(Ce)UiO-66-Y, for the CPB@(Ce)
UiO-66-NH;_13:1 and CPI@(Ce)UiO-66-NH;_13:1 composites, the BET
surface areas were found to be 49 and 41 m?/g, respectively. This in-
dicates that the perovskites possess relatively small specific surface areas
compared to the pure MOF (154 mz/g for pure (Ce)UiO-66-NH, matrix),
and it can be concluded that there is no correlation between the BET
surface area of the perovskites and their shape.

4. Photocatalytic performance

The CPX, (Ce)UiO-66-Y, and CPX@(Ce)UiO-66-Y samples were used
as photocatalysts in a hydrogen generation reaction in the presence of
acetonitrile/triethanolamine/water solution under UV-Vis light irradi-
ation (Fig. 8 and Table 1). Pure MOFs showed negligible photocatalytic
activity. The perovskite samples reached 87.3 and 141.3 pmol/gc,t, for
CPB and CP], respectively. After combining MOF with perovskite, the
CPI@(Ce)Ui0-66-NH;_13:1 sample was found to be the most active
hybrid system, showing generation of 162.5 pmol Hy/g.a¢ after 4 h of
irradiation. The combination of (Ce)UiO-66-NH, with CsPbBr3 also
allowed us to obtain a high result in photocatalytic hydrogen generation
—121.0 pmol/gat after 4 h. Hybrids obtained by combining perovskites
with (Ce)UiO-66 and (Ce)UiO-66-Br slightly increased the activity in the
case of the CPB perovskite (showing 98.0 pmol Hy/g.o¢ after 4 h reaction
for CPB@(Ce)UiO-66_13:1 and 106.3 pmol Hy/g,¢ after 4 h reaction for
CPB@(Ce)UiO-66-Br_17:1) but decreased it in the case of CPI (showing
123.1 pmol/gcat after 4 h reaction for CPI@(Ce)UiO-66_13:1 and 122.0
pmol/gca: after 4 h reaction for CPI@(Ce)UiO-66-Br_17:1). Full reaction
kinetics are provided in Supporting Information (Fig. S8).

Considering the difference in the photocatalytic activity of the
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composites it is worth to understand the difference in activity between
CPI@(Ce)UiO-66-Y samples. For the metal-organic framework to be
successfully used in the photocatalytic hydrogen generation reaction, it
must have appropriate positions of the HOCO and LUCO bands - the
HOCO energy should be lower than the energy level of the oxygen
evolution reaction, and the LUCO energy should be higher than the
energy level of the hydrogen evolution reaction. Thanks to the appro-
priate position of the bands and a narrow band gap, electrons photo-
generated under the influence of radiation are transferred from the
ligand (HOCO band) to the metal (LUCO band) to form charge-separated
states, thus preventing rapid recombination of electron-hole pairs. As
shown in other studies [27,58,59], among the metal-organic frame-
works (Ce)UiO-66-X (X = H, Br or NH>), (Ce)UiO-66-NH5 has the most
negative LUCO value, which affects the activity in the photocatalytic
hydrogen generation reaction. According to the photoluminescence test
results in Fig. 5d, the CPI@(Ce)UiO-66-NH3_13:10 composite shows the
lowest luminescence, which suggests low electron-hole pair recombi-
nation. The CPI@(Ce)UiO-66_13:10 composite shows the highest lumi-
nescence, which may indicate high recombination of electron-hole pairs.
It is similar in the case of the CPI@(Ce)UiO-66-Br_17:10 composite, the
luminescence is also higher than CPI@(Ce)UiO-66-NHj 13:10, but
lower than CPI@(Ce)UiO-66-Br_17:10. With increasing recombination
of electron-hole pairs, the hydrogen generating activity decreases,
which would correspond to differences in the photocatalytic activity of
the mentioned composites. It is also worth looking at the individual
elements of these hybrids. Both MOFs (Ce)UiO-66-Y (Y = H or Br) and
the CPI perovskite exhibit high luminescence, and their combination
does not significantly reduce it. This may be the reason for the decreased
photocatalytic activity for the two mentioned composites. The situation
is completely different in the case of the combination of CPI with (Ce)
UiO-66-NHj,, which in combination have higher photocatalytic activity.

Since the hybrids containing (Ce)UiO-66-NH, were the most active,
additional samples with different amounts of MOF were prepared to find
their optimal amount in the hybrid, affecting the photocatalytic activity
(characterization of the materials prepared with various MOF amounts
was presented in Figs. S9, S10 and Table S1). In both cases, the optimal
molar ratio of perovskite to MOF out to be 13:1 — different molar ratios
(10:1 and 20:1) resulted in a decrease in photocatalytic activity
(Fig. S11).

Hybrids containing perovskite and MOF are a relatively new topic in
photocatalytic hydrogen production, and they are much more often used
in the photoconversion of carbon dioxide, photodegradation of pollut-
ants or light-emitting diodes, therefore there are insufficient reports on
this type of hybrids in research on photocatalytic hydrogen generation
[60]. For example, Feng et al. [61] obtained the perovskite composite
with MOF, CsPbBr3@ZIF-8, by mechanical ball milling, and its Hj
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evolution rate was 7.85 pmol-g 1-h™! (see Table S2). In comparison to
our results, the hybrids CPI@(Ce)UiO-66-NH,_13:1 and CPB@(Ce)UiO-
66-NH,_13:1 showed almost 5 and 4 times higher photoactivity in Hy
generation, respectively (see Table S2). The hybrids obtained in this
study are also more active than the composite based on the CsPbBrs:
Zn?* perovskite, obtained by melting and quenching, which Hy evolu-
tion rate was 12.7 pmol-g~1-h~!. Research on other composites con-
taining perovskites proves that partial ion exchange in the perovskite
also has a significant impact on increasing activity in the hydrogen
generation reaction under the visible radiation, as does the introduction
of platinum nanoparticles to obtain a synergistic effect. Therefore,
further research in this direction will be carried out in the future.

The most active sample (CPI@(Ce)UiO-66-NH 13:1) and pure
CsPbl; perovskite were tested for long-term stability by running a
photocatalytic hydrogen reaction for 20 h (Fig. 9). Up to the 15th hour of
the reaction, the amount of hydrogen generated by the nanocomposite
increased and then remained at a similar level for the next 5 h. The
maximum amount of hydrogen obtained was 350 pmol/gc,. In turn,
pure CsPbl; perovskite loses its stability after 8 h of the hydrogen gen-
eration reaction. Thus, indicating that combining these materials into a
composite extend the stability of the perovskite almost twice. The CPX@
(Ce)Ui0-66-NH,_13:1 samples after 4 h of reaction were examined by
XPS (Table 3).

Table 3, Figs. S12 and S13 show the XPS results for CPB@(Ce)UiO-
66-NH,_13:1 and CPI@(Ce)UiO-66-NHy 13:1 composites after the re-
action of photocatalytic Hy generation. Except for a small Ce 3ds,2 peak
related to the Ce** state, the Ce 3d spectra contain the peaks assigned to
Ce>* species. The relatively large contribution of Ce3* for both CPB@
(Ce)UiO-66-NH3 13:1 (94.8 %) and CPI@(Ce)UiO-66-NH3_13:1 (85.0
%) composites is found after the reaction. The calculated values indicate
a significant reduction of Ce** to Ce>* on the surfaces. The O 1s spectra
(the O 1s signal located at BE of 530.6 + 0.3 eV) indicate the presence of
OH-CH-NH;, surface species. According to Table 3, the AC of Ce for both
composites is significantly lower while the AC of C is higher compared to
their amount before the photocatalytic reaction (Table 2). We observed
a loss of Cs and Br from the surface of the CPB@(Ce)UiO-66-NH,_13:1
composite after the reaction. The reaction also induces loss of I content
from the CPI@(Ce)UiO-66-NH,_13:1 surface while the AC of Pb is about
a factor of 1.7 larger than the previous value obtained before hydrogen
generation. Therefore, it can be concluded that nanocomposites
decompose during the photocatalytic hydrogen generation reaction.

For a precise analysis of the mechanisms involved in photocatalytic
processes, the CPB, CPI, and (Ce)UiO-66-NHy band parameters were
experimentally determined. These parameters include the band gap

350 1 —s—CPI@(Ce)UiO-66-NH,_13:1

—e—CPI|

300

250

200

150

100 4

Amount of H, production (umol/g_,,)
(44
o

Time (h)

Fig. 9. Long-term stability of the CPI@(Ce)UiO-66-NH, 13:1 and pure CPI
samples under UV-Vis radiation.
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Table 3
Label and surface elemental composition (in at.%) of selected prepared samples
after reaction.

Sample label Ce (o] N C Cs Pb Br I
CPB@(Ce)UiO-66- 0.7 10.2 5.2 78.5 0.4 4.7 0.3 -
NH,_13:1_after
reaction
CPI@(Ce)UiO-66- 1.7 107 54 656 72 93 - 0.1

NH,_13:1_after
reaction

widths, conduction and valence band potentials (CB, VB), as well as the
highest occupied crystal orbital (HOCO) and lowest unoccupied crystal
orbital (LUCO) of (Ce)UiO-66-NH,. The band gap widths (Eg) were
determined by measuring UV-Vis absorption spectra followed by
Kubelka-Munk transformation. The corresponding graph is presented in
Fig. S14. According to available scientific literature, the band gaps of all
studied lead-based perovskites exhibit a direct character [62-64]. Due to
significant differences in the structures of typically inorganic materials
in the form of perovskites compared to metal-organic frameworks, two
methods were employed to determine the CB and VB band potentials, as
well as HOCO and LUCO. For CPB and CPI, the theory of Mulliken’s total
electronegativity was utilized based on our previous work [65,66],
while for MOFs, the VB was determined based on the linear extrapola-
tion of the edge of the lowest emission energy (according to XPS mea-
surements) [67,68], as depicted in Fig. S15. All determined parameters
are compiled in Table 4.

A possible mechanism of the photocatalytic hydrogen generation
reaction in the presence of CPX@(Ce)UiO-66-NH, 13:1 nanohybrids
(Fig. 10) is proposed based on calculated values presented in Table 4.
Triethanolamine has been used as a sacrificial agent, inhibiting the
oxidative effects of holes [69,70]. Photons of higher energy (hv) are
absorbed by a photocatalyst with energy levels matching or surpassing
the band gap values (Eg). In this case, there are both — a CPX perovskite
and MOF. Consequently, electrons (e™) are triggered to move from the
valence band (VB) to the conduction band (CB) (in the case of perov-
skite) or from HOCO to LUCO (in the case of MOF), resulting in the
creation of electron-hole pairs [71]. According to the PL analysis, MOF
shows very low photoluminescence which suggests slow recombination
process. Based on obtained results, the combination of MOF and
perovskite causes the synergetic effect. The excited electrons and holes
from both components of the hybrid can immediately recombine or
move from LUCO of MOF to CB of perovskite which slows down
recombination and thus increases photocatalytic activity. In this mech-
anism, the electrons (e ™) and holes (h™) situated on the active regions of

OH™/OH" (1.70V)

-2.00f ¢
-1.00F
w
§ 0,/05(-0.28V)
. 0.00f H*/H, (0V)
w
>
2
® 1.00f -
3 0,/H,0 (1.23V)
c
2
°
a

3.00

Fig. 10. Energy levels in a) CPI@(Ce)UiO-66-NH,_13:1 and b) CPB@(Ce)UiO-
66-NH,_13:1 nanohybrids.
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Table 4
Calculated values of band gap widths and edges potentials of CB and VB or
HOCO and LUCO of prepared materials.

CPB CPI (Ce)UiO-66-NH,,
Eg (eV) 2.36 2.79 2.29
CB or LUCO (V) -0.51 -1.07 -1.67
VB or HOCO (V) 1.85 1.72 0.62

the photocatalyst’s surface function as agents for the reduction and
oxidation of water, to form hydrogen on the CB of perovskite.

5. Conclusions

To sum up, for the first time hybrids containing the perovskite
CsPbXj3 (X = Br, I) and the metal-organic structure (Ce)UiO-66-Y (Y = H,
Br, NHy) were obtained by a simple ligand-assisted reprecipitation
synthesis at room temperature. The research concerned the optimization
of the perovskite synthesis method (the influence of various solvents,
drying of stabilizers, and purification process), the method of obtaining
hybrid materials, the characterization of their structural and surface
properties. The combination of CsPbX3 and (Ce)UiO-66-Y was described
for the first time in this article. Morphology studies confirmed the
simultaneous presence of perovskites and MOFs in the obtained mate-
rial. Moreover, for the first time, this type of materials was tested in the
hydrogen generation reaction. The most active sample (CPI@(Ce)UiO-
66-NHjy_13:1) showed 162.5 pmol Hy/gc,: after 4 h of irradiation, while
CsPbl3 perovskite alone showed 141.3 pmol Hy/gc,: and MOF alone
showed 2.95 pmol Hy/gat, thus showing a synergy effect of the obtained
nanohybrid. The long-term stability test of the most active material
showed that the sample produced hydrogen excellently for up to 15 h of
reaction, producing up to 350 pmol Hy/gcat- Thus, the CP1I@(Ce)UiO-66-
NHz_13:1 sample remains active in the long-term reaction for almost
twice as long as pure perovskite CsPblz under the same experimental
conditions. The conducted research confirmed that the stabilization of
perovskites with metal-organic frameworks is promising, but further
research on this topic should focus on the encapsulation of perovskites in
MOF pores to protect them better from the reaction environment.
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Description of parameters checked during optimization of synthesis conditions:

The influence of reaction stabilizers (oleic acid (OA) and oleylamine (OLAm) (Figure 1f-
g) — in the case of adding only one dried stabilizer (OA or OLAm) or adding not dried OA and
OLAm (without changing the added amount described in methodology in main manuscript), no
powder or any other product was received, which confirmed the essential role of stabilization
in obtaining perovskite structures.

The influence of various solvents (toluene instead of hexane/anhydrous ethanol) (Figure
1h) — when 50 ml of toluene is used instead of hexane/anhydrous ethanol, perovskites with a
different crystal structure (Figure S1) and morphology (Figure S2) were formed. In addition,
the products obtained remained slightly tacky even after drying. The CsPbls (CPI) perovskite
obtained using toluene was tested in the photocatalytic hydrogen generation reaction, and the
results were slightly lower than in the case of CPI obtained in the hexane/anhydrous ethanol
system. For this reason, perovskites obtained in the hexane/anhydrous ethanol system were used
for further research.

Purification of perovskites (Figure 1i) — purification of CPI perovskites with ethyl acetate did
not affect their crystal structure (Figure S1). However, the photocatalytic activity of the purified
perovskites was significantly lower. For this reason, perovskite samples were not purified after
their synthesis.

Different order of reactants during CPI@(Ce)UiO-66 hybrid synthesis (Figure 2g-j) —
several pathways were tested to obtain hybrids consisting of perovskites and metal-organic

frameworks, while maintaining the same amounts of reagents used as in the methodology



described in the main manuscript. The aim of these optimizations was to obtain a hybrid with
the highest photocatalytic activity.

a) a mixture of Csl, (Ce)UiO-66, and DMF which was stirred for 30 minutes, then Pbl, was
added and stirred for 10 minutes. The procedure was continued as shown in Figure 2b,d,e,f.

b) a mixture of Pbl,, (Ce)UiO-66, and DMF was first prepared and stirred for 30 minutes, then
Csl was added and stirred for 10 minutes. Then the procedure was continued according to the
scheme shown in Figure 2b,d,e,f.

¢) Csl, Pbl,, and DMF were added simultaneously, then OA and OLAm were added and after
30 minutes of stirring, (Ce)UiO-66 was added (Figure 2a-c).

The different order of added reagents in CPI@(Ce)UiO-66 13:1 series did not significantly
affect the crystal structure of products reflected by the XRD spectra (shown in Figure 2k). The
characteristic peaks with high crystallite form (Ce)UiO-66 and CPI were observed. However,
the photocatalytic activity of the sample obtained by method a) (marked on the graph as
CPI@(Ce)UiO-66 13:1 Csl) and b) (marked on the graph as CPI@(Ce)UiO-66 13:1 Pbl,)
was significantly lower than the sample prepared by ¢) (marked on the graph as CPI@(Ce)UiO-
66 13:1), as shown in Figure 2L. For this reason, method ¢) was chosen to obtain a series of

samples.
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Figure S1 X-ray diffraction patterns of perovskites obtained in different solvents (toluene) and one sample purified
with ethyl acetate



Figure S2 SEM images of perovskites a) CsPbBr; (CPB) obtained with hexane/anhydrous ethanol, b) CsPbBr3
(CPB) obtained with toluene, c) CsPbls (CPI) obtained with hexane/anhydrous ethanol, d) CsPbls (CPI) obtained
with toluene. The scale bars in the SEM images are 250 nm

l : »
Figure S3 SEM photos of a) CPB@(Ce)UiO-66_13:1, b) CPB@(Ce)UiO-66-Br_17:1, c) CPB@(Ce)UiO-66-
NH:_13:1, d) CP1I@(Ce)UiO-66_13:1, e) CPI@(Ce)UiO-66-Br_17:1, f) CPI@(Ce)UiO-66-NH,_13:1. The scale
bars in the SEM images are 250 nm
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Figure S4 TEM images with EDS (P1, P2) analysis of a) CPB@(Ce)UiO-66-NHz
66-NH_13:1
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Figure S5 a) X-ray diffraction patterns, b) FTIR spectra, c) UV-Vis absorption, d) photoluminescence and
e) photography of obtained perovskites CsPbBr; (CPB) and CsPbl; (CPI)
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Figure S6 a) X-ray diffraction patterns, b) FTIR spectra, c) UV-Vis absorption, d) photoluminescence and
e) photography of obtained MOFs (Ce)UiO-66-Y (Y=H, Br, NHz)



Figure S7 Crystal structure of a) CPI (cif number: 161480) and b) CPB (cif number: 14613) generated from
VESTA 3.5.8
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Figure S8 Photocatalytic hydrogen evolution performance of hybrids under UV-Vis light irradiation



Characterization of the materials prepared with various molar ratio of perovskite to
MOF:
Figures S9 and S10 present XRD, UV-Vis absorption, FTIR and PL plots of CPB@(Ce)UiO-

66-NH> and CPI@(Ce)UiO-66-NH,, with different molar ratio of perovskite to MOF (13:1,
20:1 and 10:1) respectively. The peaks in the XRD diagram originating from MOF increase in
intensity with increasing the amount of MOF added to the synthesis. Changing the amount of
MOF added did not change the FTIR results, and the bands in the UV-Vis absorption plot are
also very similar to each other. According to PL plots, with the growing amount of (Ce)UiO-
66-NH: in their structure. The results show that amount of MOF with amino groups have a clear

PL quenching effect on hybrid materials.
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Figure S9 a) X-ray diffraction patterns, b) FTIR spectra, ¢) UV-Vis absorption and d) photoluminescence of
obtained hybrids with CsPbBr3; (CPB) and (Ce)UiO-66-NH: in different molar ratio (20:1, 13:1 and 10:1)
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Figure S10 a) X-ray diffraction patterns, b) FTIR spectra, ¢) UV-Vis absorption and d) photoluminescence of
obtained hybrids with CsPblz (CPI) and (Ce)UiO-66-NHa in different molar ratio (20:1, 13:1 and 10:1)

ICP-MS analysis was also performed to determine the Pb : Ce ratio in CPI@(Ce)UiO-66-NH>
hybrids containing different amounts of MOF (Table S1). There is a noticeable trend of
increasing amount of cerium in relation to lead in the proposed hybrids.

Table S1 ICP-MS analysis for CPI@(Ce)UiO-66-NH2 hybrids with MOF in different molar ratio (20:1, 13:1 and
10:1)

Sample Pb : Ce ratio (% m/m)
CPI@(Ce)UiO-66-NH2 20:1 26.8:3.9
CPI@(Ce)UiO-66-NH2 13:1 23.2:6.8
CPI@(Ce)UiO-66-NH2 10:1 22.8:64
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Figure S11 Photocatalytic hydrogen evolution after 4h reaction of CPX@)(Ce)UiO-66-NH: hybrids with different
molar ratio (20:1, 13:1 and 10:1) under UV-Vis light irradiation

Table S2 Comparison of the perovskite-based photocatalysts in the literature

method

Photocatalyst ng{l;ttllllis(;s Hydrzﬁf:ﬁg;:;:atmn H: evolution rate Ref.
CsPbBr3@ZIF-8 Mechanical ball | Light source: 300 W Xe lamp; | 7.85 umol -g '-h™!
milling electrolyte: Na>SOs; aqueous [1]
solution
CsPbBr3: Zn?* Melting and | Light source: 300 W Xe lamp; | 12.7 umol -g *-h™!
quenching electrolyte: Na>S/NaxSO; [2]
aqueous solution
Pt@d-CsPblz@COF Solvothermal Light source: 300 W Xe lamp | 12.6 mmol-g '-h™!
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CPI@(Ce)UiO-66- ligand-assisted | Light source: 1000 W Xe | 40.63 umol-g '-h™! This
NH: 13:1 reprecipitation lamp; work




electrolyte:
acetonitrile/ TEOA/H2O
solution

CPB@(Ce)UiO-66- ligand-assisted | Light source: 1000 W Xe | 30.25 umol-g '-h™! This
NH: 13:1 reprecipitation lamp; work
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acetonitrile/ TEOA/H2O
solution
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Strontium titanate (SrTiO3) perovskite is a promising photocatalyst for hydrogen evolution, a critical process for
green energy production. The efficiency of photocatalytic Hy generation can be significantly enhanced through
surface modification with noble metals, where the particle size and distribution play a crucial role. In this study,
SrTiOj3 particles of two distinct size ranges — small (30-75 nm, close to cubic) and large (250-650 nm, cubic) —
were modified with silver (Ag) and gold (Au) using a straightforward chemical reduction method. By adjusting
reaction parameters such as precursor quantity, temperature, and reaction time, diverse metal-semiconductor
structures were synthesized, including Janus-like particles, multi-headed structures, and particles with fine metal
coatings. The most active sample (consisting of small SrTiO3 nanoparticles with shape close to cubic, covered
with tiny silver particles) exhibited a photocatalytic activity nearly six times higher than that of unmodified
SrTiOs. This work demonstrates that specific Ag modification of SrTiOs is an effective strategy to improve

photocatalytic performance, providing valuable pathways for sustainable hydrogen production.

1. Introduction

In today’s world, the rapid development of many industries and the
increasing demand for energy result in increasing environmental
pollution and energy crises [1,2]. The development of clean and
renewable energy sources is crucial to solve these environmental chal-
lenges [3]. The production of hydrogen and its use instead of high-
emission, harmful, non-renewable energy sources is part of the activ-
ities leading to a low-emission economy [4]. However, efficiently pro-
ducing this valuable green fuel remains a challenge. One possible
solution to this problem is the photocatalysis process, which is an
ecological technology that uses solar energy [5]. Photocatalysis allows
for the ecological production of hydrogen [6,7], reduction of carbon
dioxide [8,9] and degradation of numerous organic pollutants [10,11].
An effective photocatalytic process requires a substance called a pho-
tocatalyst, which absorbs light and is involved in the chemical trans-
formations of the reactants, and at the same time is not consumed during
the process.

A photocatalyst can absorb ultraviolet (UV) and/or visible (Vis)
light. As a result, electrons in the valence band gain enough energy to

* Corresponding author.
E-mail address: anna.golabiewska@ug.edu.pl (A. Golabiewska).

https://doi.org/10.1016/j.apsusc.2025.162475

move up to the conduction band, leaving behind positively charged
holes in the valence band. The photoinduced formation of electron-hole
pairs forms the foundation of photocatalytic reactions. The difference in
energy between the valence and conduction bands is called the band
gap, and it must align with the light’s wavelength to be effectively
absorbed. The photoinduced generation of charges, their migration to
the semiconductor surface, interfacial electron transfer, and the subse-
quent oxidation or reduction reactions constitute the fundamental
sequence of photocatalytic processes. During the photocatalytic reac-
tion, the recombination process and interfacial electron transfer
constantly compete with each other. A key parameter influencing this
competition is charge mobility. The photocatalyst’s activity increases as
the lifetime of photogenerated holes and electrons becomes longer.
During photocatalytic water splitting, these charge carriers serve as
reducing and oxidizing agents, respectively, leading to the production of
hydrogen (Hz) and oxygen (O). Water splitting into hydrogen and ox-
ygen is an energetically demanding process, requiring a standard Gibbs
free energy change (AG®) of 237 kJ/mol or 1.23 eV. Consequently, for
water splitting to occur, the photocatalyst must have a band gap (Eg)
greater than 1.23 eV (wavelength below 1000 nm). However, to take
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advantage of visible light, Eg should remain under 3.0 eV (wavelength
above 400 nm). Moreover, enabling photoexcited electrons and holes to
drive both the reduction and oxidation of water depends on aligning the
energy levels of the photocatalyst’s conduction and valence bands with
the redox potentials of water. Specifically, the conduction band must be
more negative than the H'/H, reduction potential (0 V vs. normal
hydrogen electrode, NHE), while the valence band must be more posi-
tive than the O2/H»0 oxidation potential (1.23 V) [12-14].

One of the extremely promising, low costed and nontoxic photo-
catalysts for Hy production is the oxide perovskite SrTiOs, distinguished
by its appropriate band structure, strong photocatalytic activity and
exceptional structural stability [15,16]. Many scientific works focus on
additionally increasing the photocatalytic activity of SrTiO3 by doping
[17], surface modification [18] or connections with semiconductors
[19]. For example, Peng et al. [20] obtained a composite consisting of
SrTiO3 perovskite and semiconductor TiO3 nanotubes by hydrothermal
synthesis, which created heterojunction improving catalytic photo-
activity in the hydrogen generation reaction. The hydrogen evolution
efficiency was 26 times higher than pure TiO2 nanotubes and 6.6 times
higher than pure SrTiOs. In turn, Han et al. [21] used metal ion doping
to obtain the Mg:SrTiOx composite. This nanomaterial was created by a
simple two-step solid-state preparation method, which allowed for a
well-controlled metal ion incorporation. The material thus obtained was
used in the photocatalytic overall water splitting, and its efficiency in
hydrogen evolution was 20 times higher compared to pure SrTiOs
perovskite. Interesting research on the modification of SrTiO3 was also
performed by Banakhojasteh et al. [22]. In their study, they checked the
combination of perovskite with the semiconductor CuO, but also ob-
tained SrTiOs with a modified surface by adding excess Sr and intro-
ducing meso- and macroporosity through matrix-assisted synthesis. It
turned out that Sr excess (5 mol-% with respect to Ti) and the intro-
duction of meso-/macropores by using carbon spheres and poly-
vinylpyrrolidone as templates allowed to obtain a three-fold increase in
photocatalytic activity in the hydrogen generation reaction compared to
unmodified SrTiOs. Another interesting example is the work of Nish-
iyama et al. [23], where scientists obtained an aluminum-doped stron-
tium titanate particulate photocatalyst and used it to produce hydrogen
from water splitting under sunlight in a pilot plant (a 100 m? reactor).
Although hydrogen production in this study was inefficient, the scien-
tists proved that large-scale, safe water splitting and collection of the
resulting gas is possible.

However, to the best of our knowledge, Janus-type structures based
on this perovskite have not been obtained so far. Janus nanoparticles,
thanks to their asymmetric structure, are very attractive from the point
of view of photocatalysis — their unique morphology ensures a more
favorable distribution of charges on the photocatalyst surface, thereby
slowing down the recombination of electron-hole pairs [24,25]. How-
ever, engineering the shape of Janus particles remains a challenge.

In this regard, we present the results of research on a simple chemical
synthesis that allows obtaining Janus-type structures, multi-headed and
covered with nanodots, based on two types of SrTiO3 (of different sizes)
and precious metals (silver and gold). Janus and Janus-like nano-
particles are usually obtained by methods such as masking, Pickering
emulsion, self-assembly of components using copolymers, emulsion
polymerization, microfluidic method, ion exchange or co-electrospray
[26-29], and in this publication, we use a simple chemical reduction
synthesis, consisting in the growth of metal nanoparticles (silver and/or
gold) on the surface of the matrix, which is SrTiO3. So far, there have
been no systematic studies on the influence of individual factors (reac-
tion temperature, type of matrix, the influence of two different metals,
the amount of precursor and reaction time) on the morphology of Janus-
like and multi-headed particles and, consequently, on the photocatalytic
efficiency. In this publication, the influence of the type of matrix (SrTiO3
of two different sizes and shapes) on the way of metal nanoparticle
deposition was also investigated, which had a significant impact on the
shape of Janus-like and multi-headed nanoparticles. The obtained
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structures were thoroughly examined wusing a number of
physico-chemical characterization methods, which confirmed the
obtainment of the mentioned structures. Moreover, the most attractive
samples were used in a model photocatalytic hydrogen generation re-
action to confirm their increased activity compared to pure perovskites.
Finally, a possible reaction mechanism was proposed for the most active
sample.

2. Experimental
2.1. Reagents

Titanium(IV) oxide (P25, Acros Organics), strontium chloride
hexahydrate (Thermo Scientific), sodium hydroxide (Stanlab), titanium
(IV) chloride (Sigma-Aldrich), lithium hydroxide monohydrate (Chem-
pur), silver nitrate (POCH), potassium gold(III) chloride (Aldrich), Ultra-
Pure Tris Base (TB) (VWR Chemicals), triethanoloamine (TEOA)
(Chempur), methanol (Stanlab), ethanol (Sigma Aldrich), deionized
water. All chemicals were used without further purification.

2.2. Synthesis of janus-like NPs based on SrTiO3

a) Small SrTiO3 NPs, close to cubic

Small SrTiO3 NPs, close to cubic, were obtained using hydrothermal
method adopted from Zheng et al.[30]. For this purpose, 0.5 g of tita-
nium(IV) oxide and 1.65 g of strontium chloride hexahydrate were
mixed with 50 ml of deionized water. The mixture was purged with
nitrogen for 5 min (by inserting the needle directly into the solution).
Then 2 g of sodium hydroxide were added and mixing was continued.
The prepared solution was placed in an autoclave for 6 h at 180 °C. After
cooling naturally to room temperature, the product was centrifuged
(6000 rpm, 5 min) and washed three times with a mixture of water and
ethanol. The obtained powder was dried at 60 °C in air.

b) Big cubic SrTiO3 NPs

Big cubic SrTiO3 NPs, were obtained using hydrothermal method
adopted from Dong et al. [31]. For this purpose, in an ice bath on a
magnetic stirrer, 25 ml of deionized water and 2 g of methanol were
placed in a beaker (100 ml). After cooling the solution, 0.265 ml of
titanium(IV) chloride was slowly added. After 5 min of stirring, 30 ml
of 3 M lithium hydroxide monohydrate solution and 10 ml of 0.24 M
strontium chloride hexahydrate solution were added. After 30 min of
stirring, the suspension was transferred to an autoclave for 48 h at
180 °C. After cooling naturally to room temperature, the product was
centrifuged (6000 rpm, 5 min) and washed three times with a mixture
of water and ethanol. The obtained powder was dried at 60 °C in air.

c) SrTiO3-Ag, SrTiOs-Au and SrTiO3-Au/Ag janus-like NPs

The Janus like nanoparticles (JNPs) based on SrTiO3 and Ag or Au
were produced by adding silver nitrate or potassium gold(III) chloride
into the SrTiO3 colloidal solution. First, an aqueous suspension of SrTiO3
was prepared by mixing 33.33 mg of SrTiOs with 5 ml of water. Then,
110 ml of deionized water, 5 ml of SrTiO3 suspension and 10 ml of TB
(0.1 M) were placed in a 250 ml round-bottom flask in the heating
mantle. The mixture was stirred for 30 min at the selected temperature
from 30 to 40 °C (according to the Table 1). Next, the appropriate
amount of AgNO3 (25 mM) or KAuCl4 (20 mM) was added (according
to the Table 1). The resulting mixture was stirred for 2-3 h (according to
the Table 1). After the reaction was completed, the sample was centri-
fuged (6000 rpm, 5 min) and washed three times with a mixture of
ethanol and water. It was dried overnight at 60 °C in air. The names of
the samples in the STO-M—X—Y—Z system were created by combining
the abbreviation of the SrTiO3 used (where STO1 means small SrTiO3
NPs, close to cubic; and STO2 means big cubic SrTiO3 NPs), the metal M
used (Ag, Au or Ag/Au mixtures) and three digits in the X-Y-Z system,
where X - AgNO3/KAuCly amount (ml), Y — duration of reaction (h), Z —
temperature of reaction (°C). All names of obtained samples and details
of synthesis are shown in Table 1.
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Table 1
Samples label and details of II step of synthesis (Janus NPs synthesis).
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Sample label

Details of II step of syntesis (Janus NPs synthesis)

Metal precursors used to form noble metal nanoparticles at the SrTiO3 surface

AgNO3 (25 mM) amount [ml]

Duration [h] Temperature [°C]

KAuCl, (20 mM) amount [ml]

STO1 (small SrTiO3 NPs, close to cubic) —
STO2 (big SrTiO3 NPs, cubic)
STO1-Ag-4-2-35
STO1-Ag-5-2-35
STO1-Ag-7-2-35
STO1-Ag-5-3-35
STO1-Ag-5-3-40
STO1-Au-4-3-30
STO1-Au-6-3-30
STO2-Ag-5-3-35
STO2-Ag/Au
STO2-Au-6-3-30
STO2-Au-8-3-30
STO2-Au-10-3-30 -

(IS, WS RN IO, BN

[ NS, |

35
35
35
35
40
30
30
35
30
30
30
30

0o~ | o
WWWwwowwwwNnNN |

-
(=]

2.3. Characterization methods

The crystalline structure of the samples was determined through the
utilization of an X-ray diffractometer (XRD, Rigaku MiniFlex 600). The
morphology, size and shape of the samples were measured using scan-
ning electron microscopy (SEM) (a JEOL JSM-7610F microscope oper-
ating at 15 kV) working on high vacuum mode and the FEI S/TEM Titan
80-300 transmission electron microscope with an energy-dispersive X-
ray spectrometer (EDAX).. The UV-Vis spectra were measured in the
scan range 200-800 nm using a UV-Vis spectrophotometer (Evolution
220, Thermo Scientific). Steady-state PL and TRPL studies were per-
formed using a Edinburgh Instruments FS5 Integrated Fluorescence. The
measurements were conducted using excitation wavelengths of 354 nm
and 375 nm, respectively. Emission spectra and decay curves were
recorded and subsequently analyzed with the Fluoracle software. The
lifetimes were calculated by fitting the decay profiles to a multi-
exponential model. Spectrometer Fourier-transform infrared spectros-
copy (FTIR) was employed to gather spectral information about the
samples, utilizing the Nicolet iS10 FTIR spectrometer.

2.4. Photocatalytic H, evolution

In a standard experimental configuration, 25 mg of the photo-
catalyst sample was dispersed in a solution comprising 20 mL of 10 %
triethanoloamine in deionized water. TEOA was used as a sacrificial
agent because it is highly effective in scavenging photogenerated holes
on the surface of SrTiOs, avoid the oxidation of water, which could
otherwise trigger a secondary reaction with the hydrogen produced and
does not form strong complexes with SrTiOg that would inhibit the
photocatalyst’s activity [32,33].

The resulting mixture underwent stirring at 500 rpm within
a quartz-closed reactor, maintaining a consistent temperature of 10 °C.
To achieve adsorption-desorption equilibrium, the suspension was
purged with nitrogen for 30 min before the initiation of irradiation.
Following the acquisition of a reference sample, the suspension under-
went UV-Vis light exposure utilizing a 1000 W Xenon lamp (Oriel
66021). The irradiation intensity was measured with an optical power
meter (HAMAMATSU, C9536-01) and was 100 mW-cm™2. At hourly
intervals, a 200 pl gas sample was extracted from the reactor’s head-
space. Subsequently, this gas sample underwent analysis using a gas
chromatography system (Thermo Scientific TRACE 1300-GC) equipped
with a HayeSep Q (100/120) column and a thermal conductivity
detector (TCD) with Ny as the carrier gas to quantify the produced
amount of hydrogen. Multiple sample replicates were examined for
consistency.

2.5. Action spectra measurement

Hydrogen evolution for the quantum efficiency experiments was
initiated in a quartz glass tube sealed with a silicone rubber septum. The
tube was filled with photocatalytic Hy evolution mixture containing
6.25 mg of photocatalyst powder and 5 ml of sacrificial agent solution as
in the photocatalytic tests. Irradiated area of the reactor was calculated
as 6.66 cm?, assuming that the irradiated part has the shape of a rect-
angle with side lengths of 3.7 cm x 1.8 cm. The irradiance (mW/cm?) at
various wavelengths (320 nm, 330 nm, 340 nm, 350 nm, 360 nm, 380
nm, 400 nm, 420 nm, 530 nm, and 550 nm) produced by the light source
(a 1000 W Xe lamp LSH602 and monochromator MSW306, LOT-
Quantum Design) at the tube’s position was measured using a
compact power and energy console (PM100D, Thorlabs) connected to a
photodiode power sensor (S130VC, Thorlabs). The quantum efficiency
was calculated using the equation (Eq. (1) provided by Kalisman et al.
[34].

_ 2xNumberofthehydrogenmolecules

%) =
AQE(%) Numberoftheincidentphotons )

3. Results and discussion
3.1. XRD analysis

X-ray diffraction analysis showed that in the SrTiOs samples (STO1
and STO2) the SrTiO3 phase clearly dominates, but there is also a small
amount of unreacted TiO» (this is indicated by the peak at 25.22° for
anatase[35].

In samples containing gold or silver apart from SrTiOs, appropriate
peaks characteristic of these noble metals appeared, differing in in-
tensity. Due to the largest amount of silver precursor added to the syn-
thesis, the STO1-7-2-35 sample has the most intense peaks indicating
the presence of silver (at 38.18° and 44.36°, corresponding to JCPDS:
4-0783). In the case of the STO1-Ag-5-2-35 sample, we do not observe
any peaks for silver, which indicates that the reaction time (2 h) was too
short for silver particles to settle on SrTiOs. In turn, the STO1-Ag-5-3-35
sample, which reaction time was 3 h, has slightly visible silver peaks. An
analogous sample, but based on cubic SrTiOs (STO2-Ag-5-3-35),
showed slightly more visible peaks than silver, which suggests that the
large surface of cubic perovskite, covered with tiny TiO, particles, favors
the formation of silver nanoparticles on the surface. The synthesis of the
STO1-Ag-5-3-40 sample, by increasing the reaction temperature from
35 °C to 40 °C, allowed obtaining more visible silver peaks, but more-
over, the peak at 64.60° (corresponding to JCPDS: 76-1393) suggests
the presence of AgyO [36], which could have been formed due to
oxidation of too big amount of silver. The same Ag,O peak appeared
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with the STO1-7-2-35 sample, where the largest amount of silver pre-
cursor was added to the synthesis. In the case of syntheses containing a
gold precursor and small SrTiO3 particles (STO1), the characteristic gold
peaks (at 38.16° and 44.32°, corresponding to JCPDS: 4-0784) are more
visible when a larger amount of gold precursor is added to the synthesis
(STO1-Au-6-3-30). The same is the case with a similar situation
regarding samples with cubic SrTiO3 (STO2) — the most intense gold
peaks have the STO2-Au-10-3-30 sample. One sample was also obtained
based on STO2 and two precursors — AgNO3 and KAuCly. In this case,
barely visible, overlapping peaks from gold and silver appeared, as well
as additional peaks suggesting the presence of Ag,O (at 27.84° and
54.98°, corresponding to JCPDS: 76-1393).

Additionally, FTIR analysis of selected samples was performed, as
shown in Fig. S1. This analysis confirmed the occurrence of vibrations
originating from Sr-Ti-O (623 c¢m ! for STO1 and 596 c¢m ™! for STO2),
Ti-O (1466 cm™1), Ti-O-Ti (596-726 cm™ '), O-H (3440 cm™!) and H-
O-H (1625 cm’l), thus indicating the presence of SrTiO3 and TiO3 in
the samples [37-39], which agrees with the XRD results.

3.2. Morphology

The analyzes performed using scanning and transmission electron
microscopy allowed for the determination of the morphology and
composition of the obtained samples. Analysis of SrTiOs perovskites
using SEM (Fig. 2) confirmed the occurrence of characteristic
morphology a) resembling cubes with rounded edges with a size of
approx. 30-75 nm, and b) cubes with a size of approx. 250-650 nm
surrounded by tiny TiO, particles (with sizes of approx. 25-65 nm),
what was confirmed by XRD analysis (Fig. 1b).

Figs. 3, 4 and 5 show the analytical path leading to obtaining indi-
vidual structures. The initial synthesis of STO1-based SrTiO3-Ag nano-
particles was performed in a two-hour reaction, 35 °C and using 2 ml of
silver precursor (AgNOs3), which resulted in the absence of silver nano-
particles in the structure (Fig. 3a). After changing the amount of silver
precursor from 4 to 5 ml, the first small silver nanoparticles were
noticed (Fig. 3b). Another increase in the amount of AgNO3 (up to 7 ml)
resulted in too much growth of silver nanoparticles (Fig. 3c), so we
remained at 5 ml of the precursor added to the synthesis. When the
reaction time was extended from 2 to 3 h, larger silver nanoparticles
began to appear in the structure (Fig. 3d), while increasing the tem-
perature from 35 to 40 °C resulted in the overgrowth of Ag
nanoparticles.

An attempt was also made to obtain SrTiOs-Au structures based on
STO1, as shown in Fig. 4. The addition of a gold precursor in the amount
of 4 ml and 6 ml resulted in the formation of single, large gold nano-
particles with a size similar to the SrTiO3 perovskite.
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The most promising synthesis conditions for STO1-Ag-5-3-35 were
used in the analogous synthesis with STO2. Unfortunately, instead of
individual silver nanoparticles, huge agglomerates were obtained
(Fig. 5a). A synthesis containing both a silver precursor (4 ml) and a
gold precursor (1 ml) was also performed, but again agglomerates of
metal nanoparticles were obtained, this time slightly smaller (Fig. 5b).
The most satisfactory in terms of the obtained Janus-like structures were
the syntheses containing cubic SrTiO3 (STO2) and a gold precursor in
amounts of 6, 8 and 10 ml — round gold nanoparticles deposited on
STO2 without forming agglomerates (Fig. 5c-e).

Selected samples with the most interesting morphologies were sub-
jected to detailed TEM analysis with mapping and EDS (Figs. 6-7 and
Figures S2-S7).

For the STO1-Ag-5-3-35 sample (Fig. 6a), we observe that silver
nanoparticles (with sizes of approx. 12-30 nm), are formed on the
perovskite surface, but the proposed synthesis conditions did not allow
obtaining uniform Janus-type structures, and mainly multi-headed
structures prevail, containing many silver-heads, as seen in Fig. S2.
Nevertheless, individual Janus particles are also present (Fig. 6b).

The structure of the STO1-Ag-5-3-40 sample (Fig. 6¢-e) is composed
of close to cubic SrTiOs and silver nanodots (with sizes of approx.
1.5-3.5 nm), present on the entire surface of the perovskite, so it can be
concluded that increasing the reaction temperature by 5 °C resulted in
the formation of much smaller particles silver, although large ones also
occur (Figure S3).

As a result of the synthesis using cubic SrTiO3 (STO2) with 5 ml of
AgNOs3 at 35 °C for 3 h, interesting structures were obtained in which
small silver nanoparticles (with sizes of approx. 14-47 nm), were
entirely formed on the surface of TiO, surrounding the perovskite
(Fig. 6f-g and S4). This suggests that under the mentioned experimental
conditions, the TiO, surface promotes silver formation better than the
surface of large SrTiOgs particles.

The situation is much different when the silver precursor is replaced
with a gold precursor. In the case of the STO1-Au-4-3-30 sample
(Fig. 7a-b), the addition of 4 ml of KAuCl4 caused the formation of large
gold nanoparticles (with sizes of approx. 10-53 nm, with the majority of
the larger ones), on the perovskite surface, resulting in the formation of
single Janus-type nanoparticles. However, many perovskite particles
failed to deposit gold (Figure S5), which may be due to the perovskite
particles agglomerating too much, so that the gold precursor cannot
reduce evenly on each particle.

When a gold precursor is added to a synthesis based on cubic SrTiO3
(STO2), both Janus-type nanoparticles (containing one large head of
gold, with size of approx. 95-123 nm) and multi-headed structures are
formed (with heads sizes of approx. 23-123 nm) (Figs. 7c-d and S6). The
vast majority of gold particles that form are formed on the perovskite
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g. 1. X-ray diffraction patterns for SrTiO3 and nanostructures based on SrTiO3 and Ag or Au.
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Fig. 2. SEM images of a) small SrTiO3 NPs, close to cubic (STO1), b) big SrTiO3 NPs, cubic (STO2) and particle size distribution of ¢) STO1 and d) STO2 samples
(determined from 50 measured particles). The image inside shows how the particle size was measured.

surface, but there are also single ones on TiO,. The resulting gold par-
ticles are relatively large — their diameter can be up to 100 nm.
Comparing with SEM photos (Fig. 5c-e), increasing the amount of gold
precursor does not significantly affect the size of the formed gold
nanoparticles, but rather their quantity.

Very interesting results were obtained as a result of the synthesis
using STO2, 4 ml of AgNO3 and 1 ml of KAuCly. Silver nanostructures
with a size similar to TiOy (approx. 30-67 nm) were formed on the
surface of TiO,, and on Ag nanoparticles very fine gold nanoparticles can
be observed (with sizes of approx. 5-11 nm) (Fig. 7e-g). Elemental
mapping analysis confirms the occurrence of both silver and gold in the
same area (Fig. S7a). Moreover, very small gold nanoparticles were also
deposited on the perovskite surface (Fig. S7b).

3.3. Optical properties

For selected samples, the absorption of UV-Vis radiation was
examined in the Kubelka-Munk function, as shown in Fig. 8a-b. Pure
perovskites show one characteristic band with a maximum at 305 nm
(for STO1) and at 326 nm (for STO2), which corresponds to absorption
of ultraviolet radiation and is characteristic for SrTiO3 perovskite [40].
The combination of SrTiOs with Ag nanoparticles (NPs) results in the
formation of a broad absorption band, spanning from about 400 nm to
760 nm. This enhanced light absorption in the visible range is due to the
varying sizes of anisotropic silver nanoparticles (AgNPs) and is con-
nected to the localized surface plasmon resonance (LSPR) effect [41].
The LSPR properties of nanoparticles can be modified based on their
size, shape, composition, and crystallinity [42]. Noble metals such as

silver and gold display a strong LSPR, resulting from the collective
oscillation of valence electrons in their half-filled 5d1 and 6 s1 subshells
[43]. The excitation of valence electrons in AgNPs under an external
field leads to stronger plasmonic behavior compared to gold nano-
particles (AuNPs). This enhances their photocatalytic properties, optical
polarization, and electrical conductivity [44].

However, despite these advantages of AgNPs, AuNPs still play a
significant role in plasmonic applications due to their unique optical
properties.

In the case of the synthesized structures (STO1-Au-4-3-30, STO1-Au-
6-3-30), gold nanoparticles exhibited a distinct absorption band with a
maximum at around 550 nm, characteristic of gold [45]. In the STO2
decoration with Au of series, a relationship was observed between the
quantity of gold and the peak absorption band. The maximum LSPR was
observed at 526 nm, 532 nm, and 542 nm for STO2-Au-6-3-30, STO2-
Au-8-3-30, and STO2-Au-10-3-30, respectively. n the case of the STO2-
Ag/Au sample, two absorption bands were observed, characteristic of
silver and gold nanoparticles. The absorption maximum for silver was
around 400 nm (overlapping with the band from SrTiO3, making the
exact value difficult to determine), while for gold, the LSPR was red-
shifted to 600 nm, with a maximum at 565 nm [46]. The single LSPR
peaks for both Au and Ag nanoparticles suggest that the synthesized
nanoparticles have a nearly spherical morpholog.

For STO1 and STO1-Ag-5-3-35 samples, the photoluminescence (PL)
and Time-Resolved Photoluminescence (TRPL) measurements were
conducted, as shown in Fig. 8c-d. The PL spectrum corresponding to
STO1-Ag-5-3-35 exhibits a significantly enhanced emission intensity
relative to the STO1 PL spectrum. Both spectra show a broad emission



H. Zagorska et al. Applied Surface Science 689 (2025) 162475

E=— e I
STO1-Ag-4-2-35 STO1-Ag-5-2-35 STO1-Ag-7-2-35

Viagnos= 4 ml Viagnos= 5 ml 5 Vagnos=7 ml
Time=2h Time=2h Time=2h
Temp. =35°C Temp. =35°C Temp. = 35°C

-

-~
STO1-Ag-5-3-35 STO1-Ag-5-3-40

Viagnos= 5 ml Vagnos= 5 ml
Time=3h @ Time=3h
Temp. =35°C Temp. =40°C

Fig. 3. SEM images of a) STO1-Ag-4-2-35, b) STO1-Ag-5-2-35, ¢) STO1-Ag-7-2-35, d) STO1-Ag-5-3-35 and e) STO1-Ag-5-3-40.

STO1-Au-4-3-30 STO1-Au-6-3-30

VKAuq‘= 4 m' VKAuCM= 6 mI
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Temp. =30°C Temp. = 30°C

Fig. 4. SEM images of a) STO1-Au-4-3-30 and b) STO1-Au-6-3-30.

peak centered in the visible region, indicative of defect-related emission, The TRPL decay curves (Fig. 8d) highlight the lifetime dynamics of
which is common in oxide materials, such as SrTiO3[47]. No substantial photogenerated carriers in the two samples, excited at 375 nm and
shift in the peak position in STO1-Ag-5-3-35 sample suggests that the monitored at 450 nm emission. Lifetimes of 0.4 and 0.88 ns were ob-
intrinsic defect states responsible for the emission remain unchanged tained for the stretching exponential decays of STO1 and STO1-Ag-5-3-
despite Ag modification. The enhancement observed for STO1-Ag-5-3- 35 samples, respectively. The silver-modified SrTiO3 sample (STO1-Ag-
35 could be attributed to energy transfer mechanisms between the 5-3-35) exhibits approximately twice the carrier lifetime (t = 0.88 ns)
plasmonic field of Ag and the defect states of the STO1 material. compared to the unmodified sample (STO1, T = 0.4 ns). This indicates a
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Fig. 5. SEM images of a) STO2-Ag-5-3-35, b) STO2-Ag/Au, c¢) STO2-Au-6-3-30, d) STO2-Au-8-3-30 and e) STO2-Au-10-3-30.

smaller number of non-radiative recombination centers in the modified
material. In other words, these centers are more effectively suppressed
in STO1-Ag-5-3-35 than in STO1, leading to slower non-radiative
recombination and an extended availability of electrons and holes for
photocatalytic reactions. As a result, STO1-Ag-5-3-35 demonstrates
higher hydrogen generation efficiency.

4. Photocatalytic performance

The reaction of photocatalytic hydrogen generation under the in-
fluence of UV-Vis radiation was carried out using selected samples as
reaction photocatalysts. The amounts of hydrogen produced are shown
in Fig. 9 and Table S1. In the case of the series based on small perovskite
particles (STO1), it turned out that samples containing silver signifi-
cantly increase the photocatalytic activity of SrTiOs. The STO1-Ag-5-3-
35 sample is almost 6 times more active, and the STO1-Ag-5-3-40
sample is more than three times as active as pure perovskite (Fig. 9a).
Samples containing gold turned out to be less active than SrTiOs they
reduced its activity by approximately six times.

In the case of the series based on large cubic perovskite particles
(STO2), it turned out that the sample containing silver (STO2-Ag-5-3-
35) almost quadrupled the activity of SrTiOg (Fig. 9b). The combination
of Ag and Au in the STO2-Ag/Au sample increased the activity by
1.5 times. Among the samples containing STO2 and gold, it is worth
noting that when 6 and 10 ml of gold precursor is added, a gentle in-
crease in perovskite activity is observed, but in the case of 8 ml of Au
precursor, the photoactivity of sample decreased.

The approx. 5-fold higher catalytic activity of STO1 over STO2 may

be due to the much smaller size of the former. Reducing the size of the
crystals decreases the chance of charge recombination by shortening the
paths that charge carriers move. Additionally, the smaller size of crystals
enhances the surface area available, leading to more active surface sites
for the photocatalytic water splitting redox reactions [48].

To investigate the mechanism behind photocatalytic Hy evolution,
we performed action spectra (AS) analysis using the most active sample,
STO1-Ag-5-3-35. The apparent quantum efficiency (AQE) was
calculated based on the irradiated light at various wavelengths (320 nm,
330 nm, 340 nm, 350 nm, 360 nm, 380 nm, 400 nm, 420 nm, 530 nm,
and 550 nm), with the results presented in Fig. 9c. The highest AQE,
12.67 %, was observed at 320 nm. For wavelengths of 330 nm, 340 nm,
350 nm, and 360 nm, the AQE values were 10.26 %, 9.85 %, 6.31 %, and
3.76 %, respectively. Notably, the AQE dropped to 0 % at wavelengths
beyond 380 nm. As shown in Fig. 9¢c, the AQE results follow a similar
trend as the absorption spectra. This suggests that higher
photoabsorption efficiency is associated with lower electron-hole utili-
zation efficiency, potentially shifting the AQE towards shorter
wavelengths.

5. Photocatalytic mechanism

To gain deeper insights into the differing photoactivity of STO1 and
STO2, and to conduct a more detailed analysis of the mechanism un-
derlying the most active sample, the band parameters of STO1 and STO2
were experimentally determined. These parameters include the band
gap widths, as well as the potentials of the conduction and valence bands
(CB and VB, respectively). The band gap widths (Eg) were ascertained by
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Fig. 6. TEM images of a) STO1-Ag-5-3-35 sample with b) highlighted small Ag nanoparticle in the obtained structure; d) STO1-Ag-5-3-40 sample with c) and e)
highlighted small Ag nanoparticles in the obtained structures; f) STO2-Ag-5-3-35 sample with g) highlighted Ag nanoparticles in the obtained structures.
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Fig. 7. TEM images of a) STO1-Au-4-3-30 sample with b) highlighted Au nanoparticles in the obtained structures; c-d) STO2-Au-10-3-30 sample with highlighted Au
nanoparticles in the obtained structures; e-f) STO2-Ag/Au sample with g) highlighted small Au nanoparticles on the Ag nanoparticle.
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measurement for the STO1-Ag-5-3-35 sample.

Table 2
Calculated values of band gap widths and edges potentials of CB and VB of STO1
and STO2.

Photocatalyst Eg (eV) CB (V) VB (V)
STO1 3.11 —-0.74 2.37
STO2 3.41 -0.89 2.52
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Fig. 10. Possible reaction mechanism of photocatalytic hydrogen generation
under the influence of UV-Vis radiation for the most active sample — STO1-Ag-
5-3-35. The CB edge potential was calculated based on Mulliken total elec-
tronegativity theory, and then the VB edge potential was calculated as the
difference of the band gap and CB values.
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analyzing UV-Vis absorption spectra, followed by Kubelka-Munk
transformation. The resulting graph is depicted in Figure S8. Notably,
according to existing scientific literature, the band gap of SrTiOs
perovskite demonstrates an indirect character [49,50]. To establish the
CB and VB potentials, we employed Mulliken’s total electronegativity
theory, drawing upon our prior research [51]. All the determined pa-
rameters are summarized in Table 2.

In the literature, indirect band gap values for SrTiO3 can be found in
the range from 3.1 to even 3.4 eV, depending on the synthesis method,
the size of the obtained particles, defects in the crystal structure or the
method of determining the band gap [52]. In our studies, the STO1
sample has a bang gap of 3.11 eV and the STO2 sample has a wide band
gap of 3.41 eV, which is within the standard band gap range for this
perovskite.

Relying on the physicochemical studies, action spectra analysis and
calculated enegy band of STO1 sample, a mechanism for the production
of hydrogen through photocatalysis under the influence of UV-Vis light
was proposed for the most photoactive sample, designated as STO1-Ag-
5-3-35 (Fig. 10). Generally, the STO1-Ag-5-3-35 sample consists of
SrTiO3 perovskite particles with dimensions of approximately 30-75
nm and several silver particles deposited (on each perovskite particle)
(Fig. S2). This arrangement means that when the sample is exposed to
UV-Vis radiation, electrons are excited in the valence band (VB) of
SrTiO3 and then migrate to the conduction band (CB) (thereby photo-
generated, positively charged holes are created in the valence band).
These excited electrons are transferred to the metal surface, which acts
as an electron reservoir, which significantly slows down the recombi-
nation of electron-hole pairs in the system and thus increases the
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efficiency of the photocatalytic reaction[53]. As this structure contains
several silver nanoparticles formed on perovskite, the number of effec-
tive reaction sites of the entire nanomaterial increases[54] and thus
hydrogen is produced on the perovskite surface.

6. Conclusions

This study successfully demonstrated the use of a simple chemical
reduction synthesis approach to fabricate a series of SrTiOs-based pho-
tocatalytic materials comprising two distinct types of perovskite parti-
cles — small (30-75 nm) close-to-cubic and large (250-650 nm) cubic
particles — combined with noble metals (Ag and Au). For the first time,
the influence of key reaction parameters, including temperature, matrix
type, metal precursor amount, reaction time, and the choice of metal, on
the morphology of Janus-like and multi-headed particles was system-
atically investigated. The results revealed that the matrix size and shape
significantly influenced the deposition of metal nanoparticles, which
directly impacted the formation of Janus-like and multi-headed struc-
tures and their photocatalytic performance. The synthesized structures
were effectively employed in photocatalytic hydrogen evolution, with
the most active sample (STO1-Ag-5-3-35) exhibiting nearly six times
higher activity than unmodified SrTiOs. The increased efficiency of
STO1-Ag-5-3-35 in the photocatalytic Hp generation reaction was
confirmed by the TRPL study, showing a longer carrier lifetime (t =
0.88 ns) compared to unmodified STO1. These findings confirm that
silver modification of SrTiOs significantly enhances photocatalytic
performance. Future research should focus on further refining particle
morphology to achieve homogeneous structures and exploring addi-
tional modifications to enhance visible-light sensitivity, a persistent
challenge in photocatalysis.
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Figure S1. FTIR spectra of SrTiOs and nanostructures based on SrTiOs and Ag or Au
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Figure S2. a) STEM image with elemental mapping and b) STEM image with EDS for STO1-Ag-5-3-35 sample
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Figure S3. a) STEM image with elemental mapping and b) STEM image with EDS for STO1-Ag-5-3-40 sample
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Figure S4. a) STEM image with b) clemental mapping and ¢) EDS for STO2-Ag-5-3-35 sample




Figure S5. a) STEM image with elemental mapping and b) STEM image with EDS for STO1-Au-4-3-30 sample



4 500 nm — 500 nm

Sr o

b 200 nmM

s0d | o n u As St

Au Cu
St St ! ™ Au A
An 4 so A o ‘ e Auc Audu A An L

igure S6. a) STEM image with b) elemental mapping and c) EDS for STO2-Au-10-3-30 sample
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Figure S7. a) STEM image with elemental mapping and b) STEM image with EDS for STO2-Ag/Au sample



Table S1. Photocatalytic hydro

en evolution after each hour of reaction

Amount of Hz (Lmol/gcar)

Sample label M 2h 3h ah
STO1 25.57+0.77 40.36 £ 0.51 49.16 £1.97 54.22 +£2.03
STO1-Ag-5-3-35 9522+240 | 187.26+824 | 261.20+10.86 | 306.30+2.98
STO1-Ag-5-3-40 51.68 £4.15 99.00+1.13 141.76 = 4.05 179.75 £ 1.97
STO1-Au-4-3-30 2.66+0.18 488 +£0.11 7.34+£0.04 9.65 +0.04
STO1-Au-6-3-30 3.02+0.34 5.24+0.22 7.17+0.18 8.28+0.28
STO2 3.39+0.46 5.69 +0.47 7.11+£0.20 9.85+0.22
STO2-Ag-5-3-35 10.23 +0.92 22.11 £0.32 30.18+£0.39 35.90 + 1.64
STO2-Ag/Au 6.26 +0.47 9.03 £0.81 12.40 £ 2.37 1530+1.12
STO2-Au-6-3-30 5.34+0.09 7.31+0.16 9.70 £ 0.38 10.29+0.19
STO2-Au-8-3-30 292 +£0.26 5.02+0.20 6.55+1.05 7.80+0.09
STO2-Au-10-3-30 496 +0.28 7.36 £0.90 11.83+0.78 14.29+0.19
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ARTICLE INFO ABSTRACT

Handling Editor: Dr J Ortiz The generation of stable, high-performance photocatalysts with appropriate charge distribution for solar energy
conversion is currently one of the urgent missions of photocatalytic science. Recent studies have shown that the
Janus NPs with characteristic varied, asymmetric structure may boost overall efficiency of photocatalys. How-
ever, there is still a lack of systematic studies in which Janus-type particles are used in the hydrogen generation
reaction in the visible light range. Herein, a different structures from Janus NPs, Janus-like to multi-headed
structure based on ZnS and Ag were designed representatively through systematical characterization and
theoretical calculation that have been targeted at efficient visible-light-driven Hy generation. It has been shown
that typical asymetric structures of Janus NPs characterised more active in the photocatalytic reaction of
hydrogen generation in visible light than Janus-like and multi-headed structures and pure ZnS nanoparticles. The
H, yield is related to the structure of Janus-type particles and thus to the formation of Ag and Zn oxides surface
species for different structures. Systematic knowledge provided by a combined experimental and computational
study may help enhance the efficiency of controlling Janus-type particles through appropriate structural
manipulation at the early stage of the design process (before synthesis).

features can be controlled by selecting the appropriate synthesis process.
Among the most common methods of obtaining ZnS, the hydrothermal
[23-27], solvothermal [28-31], co-precipitation [32-34], biosynthesis
[35-37], ultrasonic [38-41] and microwave irradiation [42-45]

1. Introduction

Zinc sulfide (ZnS) is an extremely promising photocatalyst due to
numerous advantages, such as simple synthesis process, customizable

morphology, low production costs, non-toxicity and high thermal sta-
bility [1,2]. Application of ZnS-based photocatalysts in the photo-
catalysis process is versatile - it can be used for photodegradation of
pollutants as dyes [3-6] or phenol [7-9], photoreduction of COy
[10-13] or photocatalytic hydrogen generation from water splitting
[14-21]. Photocatalytic properties of ZnS largely depend on the shape,
size, surface area and crystalline form of the particles [22]. These
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methods can be distinguished.

However, the ZnS photocatalyst also has some limitations. One of
them is the ability to work only under the influence of ultraviolet radi-
ation. This is due to the wide band gap of this semiconductor [46].
Therefore, a significant challenge is to make ZnS sensitive to visible light
by creating composites with other semiconductors (e.g. CdS, CuS, ZnO,
AgyS) [47-49], metal (e.g. Cu, Ni, Ag, Mn) [10,50-52], and nonmetal
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Fig. 1. Scheme of synthesis of ZnS-Ag nanostructures: a) preparation of a solution for the synthesis of ZnS NPs, b) hydrothermal synthesis of ZnS NPs, c¢) purification
of ZnS NPs, d) preparation of a suspension for the synthesis of ZnS-Ag with an appropriate amount of AgNO3 and at a temperature of 35 °C, e) formation of ZnS-Ag

NPs during the 2-h synthesis.

Table 1
Sample label and amount of silver nitrate used in synthesis.
Sample Amount of silver nitrate Approximate form of Janus-like NPs Structure
label [C = 25 mM] used in visualization
synthesis [ml]
ZnS-Ag-1 1 Composites resemble a structure snowman, with a large particle of ZnS and a small particle (head) of Ag. The ZnS
ZnS-Ag-2 2 surface is additionally covered with fine Ag,S and Ag,0 particles.
ZnS-Ag3 3
ZnS-Ag-4 4 Composites consist of big ZnS particle and a few small particles (heads) of ZnO and Ag. The ZnS surface is
ZnS-Ag-5 5 additionally covered with fine Ag,S particles.
ZnS-Ag6 6
ZnS-Ag-7 7 Composites consist of big ZnS particle and a lot of smaller ZnO and Ag particles, which make multi-headed
ZnS-Ag-8 8 structure. The ZnS surface is additionally covered with fine Ag,S particles.
ZnS-Ag9 9
ZnS-Ag-10 10 z

ions (e.g. N, Cl, F) [53,54] doping or dye sensitization (e.g. ruthenium
dyes (N3, N719 and Z907), crystal violet, methylene blue, and fluores-
cein) [55-57].

From the point of view of photocatalysis and morphology, Janus
nanoparticles (JNPs), characterized by an asymmetric structure and
having unique physical and chemical properties, seem to be extremely
interesting [58]. The photocatalytic properties of JNPs are also
distinctive - due to the combination of different, synergistic components
within each particle, up to 10 times higher photocatalytic activity is
observed compared to photocatalysts built of single materials [59]. This
is due to the favorable distribution of electric charges in the nano-
structure, which prevents fast recombination of electron-hole pairs.
Thanks to their excellent photocatalytic properties, JNPs are used in
such photocatalytic reactions as hydrogen evolution reaction [60-62],
pollutants degradation from water [63-65], CO2 photoconversion [66]
or oxidation of methanol [67]. The most popular JNPs in photocatalysis
are metal-semiconductor and semiconductor-semiconductor systems
[68].

The semiconductor-semiconductor photocatalyst consists of two
different semiconductor materials with different band gaps but either
conduction bands or valence bands that overlap. Examples of this type of
photocatalyst based on JNPs are, among others, TiOy-CdS [60],
TiO2-SiO2 [69], YFex03-TiO2 [70] and Ago0-AgoCO3 [63]. Among the
most used Janus-type structures in semiconductor-semiconductor pho-
tocatalysts, spheres, snowmen and nanoflakes (2D structure) can be
distinguished. An example of a semiconductor-semiconductor photo-
catalyst are snowman-shaped TiO,-CdS JNPs, which are used, among
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others, in photocatalytic hydrogen evolution reaction under the influ-
ence of visible radiation [60].

The most used Janus metal-semiconductor photocatalysts are based
on a combination of noble metals such as Ag, Au and Pt and a semi-
conductor (e.g., TiOy, CdS and Fep03) [68].

Several morphologies of such particles can be obtained, and they are
usually asymmetric, axially symmetrical structures. The most popular
metal-semiconductor photocatalyst among JNPs is undoubtedly
Au-TiOy, which is used in the degradation of methylene blue [71] under
the influence of UV-Vis radiation, oxidation of methanol [67] and
generation of hydrogen under visible radiation [59]. There are no re-
ports in the literature regarding the preparation of different of Janus-like
structure containing ZnS and Ag and their use in photocatalytic
hydrogen generation under vis light irradiation.

In this regard, we present systematic studies of obtain and optimize
the synthesis of innovative Janus-like particles based on ZnS and Ag, and
to investigate the effect of the amount of added silver precursor on the
shape of the obtained structures and efficiency of hydrogen generation
in visible light irradiation. This simple approach enables one to obtain
13 times higher photocatalytic activity, in comparison to pure ZnS
particles. The physical-chemical natures of the obtained Janus-like NPs
were analyzed by a series of characterization techniques. The PCA
analysis and experimental research identified that the amount of silver
added during synthesis affects the morphology and structure of the
particles and efficiency of hydrogen production. Furthermore, two
possible mechanisms of the hydrogen photocatalytic reaction for
different type of Janus-like structure have been proposed and discussed.
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Fig. 3. a) STEM image b) EDS analysis (P1) and ¢) HRTEM with interplanar distance spacing of ZnS particle.

2. Experimental
2.1. Reagents

Zinc acetate dihydrate (Acros Organics), thioacetamide (Aldrich),
Polivinylpyrrolidone (PVP, K30, average M.W. 50.000) (Acros Or-
ganics), silver nitrate (POCH), Ultra-Pure Tris Base (TB) (VWR Chem-
icals), sodium sulfite anhydrous (POCH), sodium sulfide ninehydrate
(EUROCHEM), ethanol (Sigma Aldrich), deionized water. All chemicals
were used without further purification.
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2.2. Synthesis of ZnS-Ag Janus-like NPs

2.2.1. ZnS NPs

ZnS NPs were obtained using hydrothermal method. For this
purpose, 439 mg of zinc acetate dihydrate, 150.26 mg of thioacetamide,
3 g of PVP were dissolved in 40 ml of deionized water. The suspension
was ultrasonicated for 15 min to obtain clear solution. Solution was
transferred to a stainless-steel autoclave with a 100 ml Teflon cartridge
and autoclaved in an oven at 180 °C for 6h, then cooled under room
temperature. The obtained product was transferred to a plastic tube and
centrifuged (6000 rpm, 6 min), then washed three times with ethanol
and water (and again centrifuged after each wash). The obtained
ZnS NPs were placed in dryer at 60 °C for 24h. Then, to obtain ZnS
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Fig. 4. Janus and Janus-like ZnS-Ag nanoparticles obtained because of a two-stage synthesis with different amounts of AgNOj silver precursor - a) 1 ml, b) 2 ml, ¢) 3
ml, d) 4 ml, e) 5ml, f) 6 ml, g) 7 ml, h) 8 ml, i) 9 ml, j) 10 ml. The scale bars in the SEM images are 250 nm.

colloidal solution, 400 mg of dried ZnS was suspended in 60 ml of
deionized water.

2.2.2. ZnS-Ag Janus-like NPs

The ZnS-Ag Janus like NPs were produced by adding silver nitrate
into the ZnS colloidal solution. For this purpose, 110 ml of deionized
water, 5 ml of ZnS colloidal solution and 10 ml of TB solution (0.1 M),
were added to the beaker placed in a water bath (35 °C) on a magnetic
stirrer. The solution was stirred for 30 min at 35 °C. Then, different
amount of an aqueous silver nitrate solution (25 mM) was added to the
mixture (from 1 to 10 ml silver nitrate, depending on the planned
structure of product) and the mixture was stirred for 2h while main-
taining temperature at 35 °C. The resulting dark suspension was trans-
ferred to a plastic tube and centrifuged (6000 rpm, 6 min) and washed
three times by ethanol and water (and again centrifuged after each
wash). The obtained ZnS-Ag Janus-like NPs were placed in dryer at
60 °C for 24h. The process of synthesis of ZnS-Ag nanostructures is
shown in Fig. 1. All names of obtained samples are shown in Table 1.

During the synthesis of Janus-like ZnS-Ag NPs, several chemical
reactions take place. A small amount of Ag,0 in samples is created by
addition of small amount of AgNOs3, results from the oxidation of silver
nanoparticles formed by reducing AgNOs; with Tris Base (a weak
reducing agent), showed at equations I and II. Ag,S is formed by the
reaction of ZnS with AgNOs (equation III). In turn, the formed Zn(NO3)2
undergoes decomposition, resulting in ZnO - the greater the amount of
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AgNOj3 added to the synthesis, the greater its amount reacts with ZnS to
form AgsS and Zn(NOs), and the greater the amount of ZnO is formed
(equation IV).

Agt—Ag m
4 Ag+ 0,-2Ag,0 aan
ZnS +2 AgNO; — Ag>S + Zn(NOs), (IID)
2 Zn(NOs), > 2 ZnO+4 NO, + 0, av)

2.3. Characterization methods

To identify the crystalline structure, an X-ray diffractometer (XRD,
Rigaku MiniFlex 600) was used. The morphology, size and shape of the
samples were measured using scanning electron microscopy (SEM) (a
JEOL JSM-7610F microscope operating at 15 kV) working on high
vacuum mode and the transmission electron microscope (TEM) with an
energy-dispersive X-ray spectrometer (TEM-EDX, Tecnai F20 X-Twin,
FEI and EDAX spectrometer). The UV-Vis spectra were measured in the
scan range 200-800 nm using a UV-Vis spectrophotometer (Evolution
220, Thermo Scientific). Electron paramagnetic resonance spectra were
recorded using an X-band CW-EPR Bruker EMX spectrometer. The
measurements were recorded at liquid nitrogen temperature (77 K).
During the experiments under irradiation, Xenon Merkury Lamp 500 W
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Fig. 5. TEM images of a) ZnS-Ag-2, b) ZnS-Ag-4, c) ZnS-Ag-7, d) ZnS-Ag-10. The resulting heads in the obtained structures are marked.

was used equipped with optical filter (Optel, A > 420 nm). Fourier-
transform infrared spectroscopy (FTIR) was used to collect spectra of
the samples (Nicolet iS10 FTIR spectrometer). The surface chemical
composition of the samples was analyzed by X-ray photoelectron spec-
troscopy (XPS) using a PHI 5000 VersaProbe TM spectrometer (ULVAC-
PHI, Chigasaki, Japan) with monochromatic Al Ka radiation (hv =
1486.6 eV) from an X-ray source operating at 100 pm spot size, 25 W and
15 kV. Binding energy (BE) scale was referenced to the C 1s peak with
BE = 284.8 eV. The concentration of metals in samples was detected by
inductively Coupled Plasma (ICP-OES - Agilent) emission spectrometry.

2.4. Photocatalytic Hy evolution

The mixture for the hydrogen generation reaction was prepared by
mixing 0.63 g of anhydrous sodium sulfite, 1.68 g of sodium sulfide
ninehydrate, 25 mg of ZnS-Ag composite and 20 ml of deionized water.
The mixture was sonicated in beaker for 10 min. Then, the mixture was
transferred to the reactor and septa was placed on the upper reactor
stub. The reaction system was placed in a black box on magnetic stirrer
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(700 rpm) and purged with nitrogen (11 L/h) for 30 min in the dark (to
reach state of equilibrium and remove oxygen). Finally, the reactor with
the mixture was irradiated with the light source (Quantum Design, LSH
602, 1000 W) equipped with optical filter (Optel, A > 420 nm). After
each 1 h, a sample of the gas (200 pl) from headspace of the reactor was
checked by gas chromatography (Thermo Scientific TRACE 1300-GC) to
determine the amount of hydrogen generated.

2.5. Monochromatic irradiation analysis

Monochromatic irradiation measurements were performed in the
presence of sample with the highest amount of hydrogen production.
Experiments took place in a quartz glass test tube with a volume 7.5 ml
close with a septa, in the presence of sacrificial reagents (157.5 mg of
anhydrous sodium sulfite and 420 mg of sodium sulfide ninehydrate
dissolved in 5 ml of deionized water) and 6.25 mg of photocatalyst. The
reaction was carried out for 4h. The headspace of the tube was purged
with nitrogen for 30 min in the black-box and the suspension was mixed
with a magnetic stirrer bar. The, the reaction system was irradiated at
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Fig. 6. TEM image with EDS (P1, P2, P3, P4) od ZnS-Ag-2 sample, b) TEM and c) SEM images of ZnS-Ag-2 sample with the designation of individual struc-

ture elements.

monochromatic wavelengths for 4 h using a tunable monochromatic
light source (1000 W Xe lamp LSH602 and LOT-Quantum Design
monochomator MSW-306), with the following wavelengths: 380, 400,
420, 440, 460, 620 nm. Gas sample (200 pl) from headspace of the tube
was collected after 4 h and injected to the gas chromatograph.

2.6. Principal Component Analysis (PCA)

The Principal Component Analysis (PCA) allows expressing multi-
variate observations using as few variables as possible (variable reduc-
tion). Each Principal Component (PC) is a linear combination of the
initial variables and is defined to account for the variability of the
original variables as much as possible. The subsequent principal
component (PC) accounts for the maximum possible variance that hasn’t
been explained by the prior PCs. Ultimately, each item in the original
dataset is characterized by a collection of principal components, rather
than the original variables. In the presented study, the PCA method was
adjusted to group of the synthesized nanoparticles (classified as in
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Table 1) obtained with different amount of AgNO3 used in synthesis. A
linear map is then plotted in the principal component space, mapping
the samples in terms of principal component values, allowing similarity
analysis of the samples in a graphical way. In the last stage, the clustered
objects were categorized and assigned to a color spectrum, where the
ranges were associated with their respective values of hydrogen pro-
duction efficiency.

3. Results and discussion

To avoid the illegibility of the graphs and to best show the differences
between the structures, the results for selected samples are presented in
the section on characteristics. These are: ZnS (reference sample),
7ZnS-Ag-2 (the most active sample) and ZnS-Ag-4, ZnS-Ag-7 and
ZnS-Ag-10 - structures which shape, and composition differ significantly
from the most active samples. Results for the remaining samples
received are in Supporting Information.
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Fig. 8. HRTEM image and FFT patterns (region: A, B, C) of ZnS-Ag-10.

3.1. XRD analysis

Fig. 2 shows the X-ray diffraction (XRD) patterns of ZnS and ZnS-Ag
Janus-like NPs with different amount of silver nitrate added during
synthesis. For ZnS NPs, typical diffraction peaks at 27.3°, 28.7°, 47.8°
and 56.8° respectively appeal to Ref. [72], (002) [73], and (112) belong
to hexagonal form of ZnS, matching with JCPDF 80-0007.

For ZnS-Ag, different peaks appear depending on the amount of
AgNOs3 added during the synthesis. The ZnS-Ag-2 sample, apart from the
peaks characteristic for ZnS, has a very small peaks at 33°, 39.6° and
42,2° which suggest the presence of Ag,0 in the sample [74]. The peak
at 41° can be related with presence of Ag,S [75]. Some of the peaks from
silver compounds overlap with the peaks from metallic silver. There is
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visible dependency between an amount of silver nitrate added during
synthesis and intensity of ZnO and Ag,S peaks — with an increase of the
amount of silver nitrate, intensity increases. In ZnS-Ag-1ml sample
(Fig. S1) is not observed any ZnO and silver compounds peaks, probably
due to the too low concentration of silver nitrate used in synthesis. Then,
on XRD diffractogram of samples with greater amount of silver nitrate,
the ZnO and silver compounds peaks begin to appear.

For ZnS-Ag Janus-like NPs with bigger amount of AgNO3 added
during synthesis (from 4 ml to 10 ml) an increase of the peaks in 31.9°
and 36.4°, correspond to Refs. [72,76] planes of ZnO nanoparticles
(according to JCPDS 36-1451) and peaks for AgeS (JCPDS file no.
14-0072) in 26° and 34.6° can be indexed to (012) and (-121)
diffraction planes, respectively. More AgsS peaks appear for samples
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with much more AgNO3 added during synthesis (from 7 ml to 10 ml) —
these are 36.8°, 37.9°, 40.8°, 43.6°, 46.2° and 53,38° which can corre-
spond to (121), (—103), (031), (200), (—123) and (22-2) diffraction
planes, respectively [77,78]. Some of the peaks from silver compounds
overlap with the peaks from metallic silver.

For ZnS-Ag samples created by adding 5 ml (Fig. S1) of AgNOs or
more during synthesis, additional ZnO peaks appear (JCPDS file no.
36-1451) — 62.9° and 68.2°, which are indexed as [79] and (200)
diffraction planes, respectively [80].

3.2. Morphology

The obtained nanostructures of ZnS and ZnS-Ag were observed by
SEM and TEM techniques. The ZnS nanoparticles have spherical and
rugged shape, what can be seen in Fig. S2a. The average size of these
homogeneous nanomaterials is in the range from 171 to 250 nm, but
major fraction of particles has size in the range from 186 to 207 nm
(Fig. S2b).

The STEM image of the ZnS nanoparticle (Fig. 3a) confirmed the
regular, spherical and rough shape of the semiconductor surface. Fig. 3¢
shows a HRTEM image. The spectrum form EDS analysis (Fig. 3b) dis-
played the main signals from Zn (1 keV) and S (2.3 and 2.5 keV). The
corresponding a high-resolution TEM (HRTEM) image in Fig. 4a shows
interplanar distance spacing (d-spacings) of 0.276 nm, which
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correspond to the (002) crystal planes of hexagonal face of ZnS, which is
consistent with the XRD analysis [81,82].

The shape of obtained ZnS-Ag JNPs was changed with the amount of
silver nitrate added during the synthesis, as we can see in Fig. 4a—j. The
correlation between amount of silver precursor added during synthesis
and morphology of obtained samples was observed. During the syn-
thesize a small amount of silver precursor (Vagnoz = 1-3 ml) was added,
snowman structures of JNPs with a small head were obtained. With a
larger amount of AgNOg3 (from 4 to 6 ml), the heads of snowmen were
slightly larger, and more of heads began to appear on one ZnS particle.
Further increasing the amount of AgNO3 (from 7 to 10 ml) multi-headed
structures were formed, in which the number of heads increased with
the increase of the amount of added AgNOs. The heads formed on ZnS
nanoparticles had irregular, polyhedral shapes.

TEM images of ZnS-Ag samples (Fig. 5a—d) confirm the evolution of
the shape of Janus-like NPs depending on the amount of AgNO3 added
during the synthesis. ZnS—-Ag-2 shows a snowman structure with a very
small head with diameters in the range of 25-50 nm. In the ZnS-Ag-4
sample, the head in the snowman structure is clearly larger with di-
ameters in the range of 80-120 nm. On the other hand, the ZnS-Ag-7
and ZnS-Ag-10 samples, a multi-headed structure is present due to the
large number of heads with diameters in the range of 20-120 nm,
attached to the ZnS particle.

To precisely determine the composition of individual structure
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elements, additional EDS analysis and mapping were performed for two
samples: ZnS-Ag-2 (the most active sample) and ZnS-Ag-10 (sample
with the largest amount of AgNO3 added during the synthesis).

The EDS analysis of the ZnS-Ag-2 sample (Fig. 6a) confirmed the
presence of a single small silver head (designated P1) as well as silver
and zinc compounds (including AgsS and ZnS) over the entire surface of
the large particle (designated P2, P3 and P4). It has been observed that
the number and size of heads in the particles increase with the amount of
silver precursor added during the synthesis.

Fig. 6b and c shows a ZnS-Ag-2 sample in close-up to accurately
determine the individual elements of the structure. The presented TEM
and SEM images confirm the Janus structure consisting of a large ZnS
particle and a small silver particle (head). The surface of the large ZnS
particle is decorated with fine Ag>0 and AgsS particles.

The chemicals compositions and distribution of various elements of
the ZnS-Ag-10 sample were confirmed by EDS and elemental mapping
analysis, respectively (see Fig. 7a and b).

The STEM-HAADF, energy dispersive X-ray spectrometry (EDS)
mapping analysis clearly demonstrates the presence of zinc, sulfur, sil-
ver, and oxygen in multi-headed JNPs structures.

The surface of the ZnS particle is decorated with Ag,0, Ag,S, and
ZnO particles, which is consistent with the XRD analysis.

Fig. 8 shows a high-resolution TEM image and their corresponding
Fast Fourier Transform (FFT) analysis region. The FFT image indicated
crystalline d-spacing of 0,192 nm in area "A” corresponding to (200)
crystal planes of ZnO, which is consistent with the XRD analysis. Inter-
planar distance of 0.132 nm in “B” area correspond to the (311) lattice
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planes of silver. On the other hand, the region “C” are regular lattice
fringes with spacings in range 0,162 -0,325 nm, which are characteristic
of the (002) [72], and [73] faces of ZnS in hexagonal phase [83], and the
(121), (—103), (031), (200), (—123) and (22-2) faces of Ag>S [84]
which is with the in good agreement with XRD results.

3.3. Optical properties

The optical properties of ZnS and ZnS-Ag Janus-like NPs powders
were determined by UV-Vis absorption spectroscopy in Kubelka-Munk
function, as shown in Fig. 9a and Fig. S3. The absorption spectra of
ZnS NPs shows one characteristic band at around 314 nm, what is
characteristic for this semiconductor, which is active under the influence
of UV irradiation [85]. The presence of peaks in the visible radiation
range in ZnS-Ag samples suggest that modification with Ag compounds
effectively extend the light-absorption range of ZnS. In ZnS-Ag samples,
the spectrum from ZnS is slightly red-shifted and overlaps with spectra
from approx. 380 to approx. 500 nm (for ZnS-Ag-2) or 600 nm (for other
samples). These peaks are from the interaction between ZnO and silver
compounds, caused by silver localized surface plasmon resonance
(LSPR) [86]. The second band (from approx. 500 nm (for ZnS-Ag-2) or
590 nm (for other samples) to approx. 760 nm) may be related to in-
teractions between silver compounds and ZnS [87]. There is a visible
relationship between the size of the silver nanoparticle in the structure
and the maximum absorption of individual bands (Fig. 9b) - as the size of
the silver particle increases, the maximum absorption of the bands
associated with silver and silver compounds moves towards the infrared.
This is consistent with the phenomenon of LSPR of silver nanoparticles
of various sizes and shapes [88,89].

3.4. EPR analysis

Fig. 10 shows the EPR spectra of chosen samples recorded in dark,
under UV and VIS radiation. ZnS sample (Fig. 10a) shows characteristic
signals at g > g. (left hand side of the spectrum, while g. = 2.0023 is the
free electron g value). Signals at g values higher than g, come from non-
metal radicals and in this case indicate the presence of sulfur centered
paramagnetic defects [90,91]. No significant changes are observed upon
visible light irradiation (green curve) while, under UV light irradiation
(blue curve) new features show up. Under UV light photogenerated
holes (h™) and electrons (e”) are generated and can be trapped by the
ZnS lattice. The most significant change occurs in the range g =
2.060-2.002 and correspond to a sulfur center radical (S*7), which is
formed in reaction:

S+ ht oS

Under UV irradiation a weak signal centered at g = 1.96 is also
detected. Such a signal is the evidence of trapped electrons in the form of
Zn" center as occurs in the case of ZnO according to the following re-
action [92,93].

Zn*t +e —Znt

In ZnS-Ag-2 and ZnS-Ag-7 (Fig. 10b and c), upon irradiation a similar
behavior is observed. Again, both the spectroscopic features due to
trapped holes and trapped electrons can be observed, mainly in the
ZnS-Ag-2 sample. In these two samples however, the visible light is
enough to generate the charge separation.

Even though in the two samples ZnS-Ag-2 and ZnS-Ag-7 the trap-
ping sites show some differences from the case of the ZnS one, as pointed
out by the variability in g factor, the above results confirm that ZnS
sample is inactive under VIS radiation (spectra in dark and under VIS
radiation are almost the same) but is photoactive under UV light as
expected. ZnS-Ag-2 and ZnS-Ag-7 are instead active under UV and VIS
irradiation.
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Fig. 12. The XPS spectra for ZnS, Ag»S and ZnS-Ag Janus-like NPs. (a) Zn2p, (b) Ag3d, (c) S2p and (d) Ag4d + Zn3d. In addition the corresponding spectra for
selected ZnS—Ag-2 sample taken before and after hydrogen generation reaction are compared.

Table 2

Elemental content in the surface layer of bare ZnS, Ag,S and ZnS composites modified by various amount of Ag, evaluated by XPS.

Elemental composition (atomic %.)

Sample label Zn S Ag o C N Ag/Zn S/(Zn + Ag) 0/(Zn + Ag)
ZnS 27.12 34.49 0 7.15 28.16 3.08 0 1.27 0.26
ZnS-Ag-2 14.91 25.96 13.09 8.53 33.69 3.82 0.88 0.93 0.30
ZnS-Ag-2 after reaction 21.67 30.30 1.12 4.30 41,59 1.02 0.05 1.33 0.19
ZnS-Ag-4 13.64 19.26 15.19 15.36 32.67 3.87 1.11 0.67 0.53
ZnS-Ag-7 13.77 11.21 17.23 19.93 34.75 3.10 1.25 0.36 0.64
ZnS-Ag-10 16.48 9.62 16.58 22.38 32.05 2.89 1.01 0.29 0.68
Ag,S 0 10.77 18.08 0.33 70.82 0 - 0.60 0.02
3.5. FTIR 3219 cm™! (in case of ZnS-Ag) are due to the O-H stretching of HpO

Infrared spectra of synthesized ZnS and ZnS-Ag nanoparticles are
given in Fig. 11 and Fig. S6. The obtained results indicate that minor
changes in the composition of the ZnS semiconductor occur during the
synthesis of ZnS-Ag. The most significant is the disappearance of peak
characteristic for ZnS band [94,95] - the peak observed at 644 cm!in
ZnS sample is absent in ZnS-Ag spectra). Weak bands observed at
1018 cm ™! and 805 cm ™! in ZnS sample and 1028 cm ™! and 950 cm ! in
ZnS-Ag samples, can indicate the presence of sulfide ions in the crystal
and the resonance interaction between their vibrational modes [96,97].
The peak at 1424 cm ™" in ZnS sample can be attributed to—-C-H vibrations
[98], which is shifted to 1463 cm~!and 1490 cm ™~ in the case of ZnS-Ag.
The band at 1661 cm ™! reveal the C=0 stretching vibrations [98]. Peaks
observed at 1290 cm ™! and 1104 cm ™' (or 1087 cm ™! in case of ZnS-Ag)
can be assigned to the C-N vibrations in the amine or aliphatic groups,
respectively [99,100]. Dip at 2960 cm ! (2954 cm ! and 2924 em lin
case of ZnS-Ag) is due to CH; and CHj3 vibrational mode [96,98]. The
broad absorption band centered at 3397 em~! (in case of ZnS) or

817

adsorbed on the surface of the particles [98].

3.6. XPS analysis

Fig. 12 shows the high resolution (HR) XPS spectra for ZnS, Ag,S and
ZnS-Ag Janus-like NPs. The surface elemental composition evaluated by
XPS analysis is summarized in Table 2.

The HR XPS spectra recorded on ZnS, Ag>S and ZnS composites
modified by various amount of Ag, identified all elements originated
from these composites (Fig. 12). The Zn 2ps/», Ag 3ds,2 and S 2p3/s
peaks (BE of 1021.8 + 0.2, 367.9 + 0.2 and 161.1 + 0.3 eV, respec-
tively) identify well the oxidation states of Zn?*, Ag* and $2~ in these
composites [72,76,101-103].

The S2p spectrum of the ZnS-Ag-2 sample, which exhibited the
highest efficiency in photocatalytic hydrogen generation process, con-
sists of two states representing by S2p3,2-S2p; /2 doublets separated by
1.18 eV [101]. The S2p3,2 components positioned at 161.1 and 161.8
eV, indicate coexistence of sulfur species originated from AgsS and ZnS,
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respectively (Fig. 12c). The presence of Ag" species in the ZnS-Ag-2
sample confirm the successful synthesis of ZnS—-Ag Janus-like NPs. The
inspection of elemental surface composition for samples created by
adding 2, 4, 7 and 10 ml of AgNOs3 reveal corresponding increase of the
amount of silver and oxygen and decrease of sulfur (see data collected in
Table 2). That can implicate the formation of Ag and Zn oxides surface
species for ZnS-Ag Janus-like NPs with increasing content of Ag. How-
ever, the absence of sulfate-related peak of S 2p (at about 168 eV)
suggests that ZnS and Ag,S nanoparticles are chemically stable without
oxidation. It was also interesting to compare the chemical composition
of the most active sample (ZnS-Ag-2) before and after photocatalytic
hydrogen generation reaction. The XPS data presented in Table 2 and
Fig. 12 revealed the total rearrangement of the surface chemical
composition of this sample after reaction. The total amount of silver and
oxygen becomes much lower and carbon, zinc and sulfur amount much
higher as a result of this process. The chemical character of the S2p and
Ag4d + Zn3d spectra recorded after reaction (Fig. 12a and b) clearly
indicate decomposition of the Ag-S fraction. This is also confirmed by
low atomic ratio Ag/Zn (0.05) and relatively high ratio S/(Zn + Ag),
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close to that, evaluated for ZnS composite (Table 2).

Additionally, the amount of silver incorporated into Janus-like NPs
structure was verified by ICP-MS analysis and equaled 21.5, 32.4 and
37.8 % for ZnS-Ag-4, ZnS-Ag-7 and ZnS-Ag-10, respectively. It was
observed that the metal content increased with increasing amount of
silver precursor added during synthesis.

3.7. PCA analysis

To investigate the effect of Janus-like ZnS—-Ag nanoparticles structure
on activity in photocatalytic hydrogen generation under visible radia-
tion the Principal Component Analysis (PCA) was conducted. Thus, in
the first step, we explored the distribution of the ZnS-Ag nanoparticles
in the space of their structural descriptors with PCA. First two principal
components (PC1 and PC2) explained together 100 % of the total vari-
ance in the samples (Table 1).

Fig. 13 provides a visual representation of the PCA results. The
structures are grouped along with the first principal component (PC1).
The first principal component (PC1) is related to the amount of AgNOs3,
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and structure type (Fig. 13 and Fig. S4). As it is shown on Fig. 13 the
most active samples, in terms of hydrogen production efficiency, are
those that utilized between 1 and 3 ml of 25 mM AgNO; during the
synthesis process. All of these highly efficient structures were identified
and characterized as Janus structures through Scanning Electron Mi-
croscopy (SEM) and Transmission Electron Microscopy (TEM) analyses.
Conversely, it was found that the nanoparticles exhibiting Janus-like
structures and multi-headed structures demonstrated lower efficiency
in the hydrogen production reaction. This suggests that the specific
structural features of these nanoparticles may be less conducive to the
efficient production of hydrogen when compared to their Janus struc-
ture counterparts.

Fig. 14, as depicted below, illustrates the efficiency of hydrogen
production reactions for each synthesized nanoparticle. The efficiency is
presented as a dependence of the amount of silver nitrate (AgNO3)
employed in the synthesis process, which subsequently influences the
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type of nanoparticle formed. In the plot, both the size and color of each
datapoint represent the efficiency of the hydrogen production reaction,
with the color bar indicating the scale of hydrogen production efficiency
after a 4-h reaction period.

Upon examining the plot, it becomes evident that the Janus nano-
particles exhibit superior performance and efficiency in hydrogen pro-
duction compared to other nanoparticle types, such as Janus-like and
multi-headed NPs. This observation underscores the critical role that
the nanoparticle structure and the amount of AgNOs3 used in the syn-
thesis play in determining the overall efficiency of hydrogen production
reactions.

4. Photocatalytic performance

The ZnS and chosen ZnS-Ag samples were applied as photocatalysts
in hydrogen generation reaction in the presence of NayS/NaySOs
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aqueous solution under visible light irradiation (Fig. 15 and Table S1).
Three samples with the smallest amount of AgNO3 added during the
synthesis (ZnS-Ag-1, ZnS-Ag-2, and ZnS-Ag-3) were distinguished by
significantly higher photoactivity than the remaining samples. The
highest activity was shown by the ZnS-Ag-2 sample, which after 4 h of
reaction achieved 22.59 pmol-gq of hydrogen generation. This result is
approx. 13 times higher than that of pure ZnS, which reached 1.73
pmol-gz: of hydrogen generation after the same reaction time. The
lowest photocatalytic activity was shown by the ZnS-Ag-7 sample,
which reached 0.67 pmol-ggs of hydrogen generation after 4 h of
reaction.

It can be noticed that the ZnS-Ag samples with more than 3 ml of
AgNOs3 added during the synthesis show drastically lower photocatalytic
activity compared to the samples with a small amount of AgNO3 added
during the synthesis. These three the most active samples have the most
similar shape to snowman JNPs. With more AgNO3 added during the
synthesis, the ZnS-Ag particles began to form a multi-headed structure,
and the photocatalytic activity of these samples decreased significantly.

The most active sample (ZnS-Ag-2) was tested for photostability by
running a photocatalytic hydrogen reaction four times (Fig. 16a).
Interestingly, with each subsequent run, the amount of hydrogen
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generated during the reaction increased, reaching 40.65 pmol-gg. at the
end of the last run. After photocatalysis process, the ZnS-Ag-2 sample
was collected for postreaction characterization. Based on the XRD
(Fig. S1), SEM (Fig. S5a), TEM (Fig. S5b) and XPS results (Table 2), it can
be concluded that the chemical and physical nature of the photocatalyst
changed quite drastically. The sample partially decomposed, as evi-
denced by the loss of the snowman shape and a change in the compo-
sition of the sample. A significant decrease in the amount of silver (from
13.09 atomic % to 1.12 atomic %) and oxygen (from 8.53 atomic % to
4.30 atomic %) was observed, as well as an increase in the amount of
zinc (from 14.91 atomic % to 21.67 atomic %), sulfur (from 25.96
atomic % to 30.30 atomic %) and carbon (from 33.69 atomic % to 41.59
atomic %). In the XRD plot of the checked sample, peaks were detected
that may come from the used sacrificial reagents (Na;SO3 and NayS).

The sample with the highest photocatalytic activity (ZnS-Ag-2) was
also selected to study the effect of monochromatic light length on the
amount of generated hydrogen after 4 h of photocatalytic reaction
(Fig. 16b). The sample had the highest photoactivity (14.88 pmol-ges) in
400 nm which corresponds to light in the UV range. For 380 nm and
wavelengths longer than 400 nm, the amount of generated hydrogen
decreased significantly. However, due to the fact that the photocatalytic
hydrogen generation reaction was carried out in Vis light (A < 420 nm),
the highest amount of hydrogen was obtained by irradiation with a
wavelength of 420 and 440 nm. The absorption wavelength range from
500 to 750 nm is not responsible for the negligible amount of hydrogen
produced, and therefore it is not a key area in terms of the photoactivity
of the tested sample.

Based on the physicochemical studies of the surface and literature
values of energy levels [79,104,105], a mechanism of photocatalytic
hydrogen generation under the influence of visible light was proposed
for two types of Janus-type particles (see Fig. 17). Since the natural
frequency of plasmonic metal nanoparticles depends strongly on their
composition, size and morphology, the resonant light frequency may
vary significantly for different types of plasmonic metal nanoparticles,
which makes it is possible to tailor the LSPR response of plasmonic metal
nanoparticles so that they could interact efficiently with the solar light.
In this context the LSPR effect could be contribute to the improvement of
the photocatalytic in the visible light region [106]. In essence, proposed
mechanism describe pathway by which energy transfer takes place from
plasmonic metal nanoparticles to semiconductors.

In the first pathway, the energy of the incident light wave is absorbed
by the silver NPs due to LSPR followed by an increase in the electric field
and, consequently, the particle is in an excited oscillatory state, resulting
in the formation generation of hot electrons, which can subsequently be
transferred to the AgyO and AgsyS (Fig. 17a) or to AgeS (Fig. 17b).
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Fig. 16. a) Stability of the most active sample (ZnS-Ag-2) in four cycles of hydrogen generation reaction, b) photocatalytic hydrogen evolution performance
depended on different wavelength of monochromatic light for the most active sample.
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Therefore, it can be inferred that Ags,S for is the place where hydrogen
reduction occurs for both cases. Here it is worth emphasizing that for
efficient generation of hot electrons, plasmonic metal nanoparticles first
need to absorb light efficiently. Absorption and scattering are the two
competing processes, and the ratio of their contribution depends highly
on the size of plasmonic metal nanoparticles. Absorption is the dominant
process when the size of plasmonic metal nanoparticles is small with
range 25-50 nm (Fig. 17a), while scattering becomes the dominant
process when the size of plasmonic metal nanoparticles its larger with
range 20-120 nm (see Fig. 17b). In this context, these small silver par-
ticles in Janus-like structure are more beneficial from hydrogen gener-
ation efficiency point of view. In the second pathway it is possible that
during the visible light irradiation AgsS, Ag2O and AgsS are photoex-
cited and produce photogenerated electron (e”) and holes (h™) for
samples with smaller (Fig. 17a) and higher size (Fig. 17b) of silver,

respectively. In the sample case with the smaller size of silver partciles
the photogenerated electrons on the Ag,S surface migrate to lower CB
potential of Ag,O and are captured by active sites of AgsS-AgO-Ag
where Ag nanoparticles acting as an electron sink for H, generation by
capturing the photogenerated electrons and impede the recombination.
Whereas, photogenerated holes in Ag,0 are captured by the VB of AgsS
that results in inhibition of recombination of holes and electrons on
Ag,0 and the holes on AgsS surface are scavenged by SO3~ and $?~ ions
to form SO%~ and S2~, respectively. On the other hand, for sample with
bigger size of silver partciles the photogenerated electrons on the AgsS
surface migrated to silver partciles. Therefore, it can be inferred that
silver particles are the place where hydrogen reduction occurs.

The application of ZnS-based photocatalysts is wide, which can be
seen from the selected examples presented in Table 3. These photo-
catalysts are used in the degradation of organic molecules, CO5 and Cr®*

Table 3
Comparison of different composites based on ZnS in photocatalytic reactions.
Photocatalyst Type of photocatalytic reaction Type of radiation ~ Reaction efficiency Ref.
Sr-doped ZnS Degradation of methyl orange uv Degradation rate: 75 % in 60 min [3]
Mn-doped ZnS microspheres H, generation VIS H, evolution rate: 21.1 pmol-h~'g~? [51]
Cr®* reduction VIS Photoreduction rate: 90 % in 20 min
Ag-7ZnS quantum dots Degradation of Strychnine uv Degradation rate: 92.8 % in 60 min [52]
Ni-doped ZnS Reduction of CO; in methyl formate ~ UV Methyl formate evolution rate: 121.4 pmol-h g ™! [10]
Bi-doped ZnS hollow spheres H, generation uv H, evolution rate: 1030 pmol-h~1g~? [109]
VIS H, evolution rate: 134 pmol-h g ~!
Cu-doped ZnS microspheres H, generation VIS H, evolution rate: 973.1 pmol-h 'g~! [50]
Pr-doped ZnS nanomaterials Reduction of Reactive Blue 19 VIS Degradation rate: 86.64 % in 120 min [4]
YF3:Yb3* Er®*/ZnS H, generation UV-VIS H, evolution rate: 372.3 pmol-h g1 [110]
Cr® reduction Degradation rate: 70 % in 150 min
ZnO/ZnS nanobranches decorated with Cu(OH), clusters H, generation VIS H, evolution rate: 1350 pmol-h’lg’1 [111]
Nitrogen-doped graphene-ZnS composite H, generation VIS H, evolution rate: 1755.7 pmol-h~1g~! [73]
CuS/ZnS hexagonal plates H, generation VIS H, evolution rate: 1233.5 pmol-h g ! [47]

CdS/ZnS heterostructure nanocomposite H, generation

VIS H, evolution rate: 830.95 pmol-h~'g~! [48]
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reduction and in photocatalytic hydrogen generation. According to the
literature, most ZnS-based photocatalysts are used in reactions carried
out under the influence of UV radiation due to the wide energy gap of
ZnS - these are for instance Sr-doped ZnS, Ag-ZnS quantum dots, Ni-
doped ZnS and YFs:Yb®' Er®t/zZnS. Appropriate modification of the
semiconductor surface can make the composite sensitive to visible light,
which is one of the current challenges of scientists working in the field of
photocatalysis. Among the ZnS-based photocatalysts operating under
the influence of Vis radiation, the following can be distinguished: Mn-
doped ZnS microspheres, Cu-doped ZnS microspheres, ZnO/ZnS nano-
branches decorated with Cu(OH); clusters, Nitrogen-doped graphene-
ZnS composite, CuS/ZnS hexagonal plates and CdS/ZnS heterostructure
nanocomposite. These structures are used in the process of photo-
catalytic hydrogen generation, and the reaction efficiency with their
participation ranges from 21.1 pmol-h~1g™? (for Mn-doped ZnS micro-
spheres) to 1755.7 pmol-h~!g™! (for nitrogen-doped graphene-ZnS
composite). However, none of the listed composites are Janus structures.
The creation of Janus-type nanoparticles based on ZnS may allow for
precisely-tuned particle symmetry, which will result in high photo-
catalytic activity in semiconductor-semiconductor and metal-
semiconductor systems [107,108].

5. Conclusions

In summary, Janus-like nanoparticles based on ZnS-Ag were suc-
cessfully obtained by two steps synthesis involving hydrothermal
method and growth of one particle from the surface of another. With the
increasing amount of silver precursor (AgNO3) added during the second
stage of the synthesis, the resulting structures differed in shape and
photoactivity under the influence of VIS radiation. A small amount of
AgNOs (from 1 to 3 ml) caused the formation of a small head in the
snowman structure. Larger amounts (from 4 to 10 ml) resulted in a
gradual increase in the number of heads, until the formation of multi-
headed structures. The highest photocatalytic activity in the reaction
of photocatalytic hydrogen generation was characterized by the
ZnS-Ag-2 sample with the efficiency of hydrogen production after 4 h
22.59 pmol~g§alt. Therefore, further research on the modification of the
ZnS-Ag structure towards Janus-type nanoparticles is proposed. The
results of PCA analysis highlight the importance of considering the
amount of AgNO3 used in the synthesis process and the compound class,
as well as the impact of the specific structural features on hydrogen
production efficiency. The findings underscore the significance of opti-
mizing synthesis parameters and structural characteristics in order to
enhance the performance of nanoparticles in hydrogen production
reactions.
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Table S1 Photocatalytic hydrogen evolution performance of different samples

Amount of hydrogen production after 4h Hydrogen production rate
Sample label [umol-geac!] [umol-h-gear™]

ZnS 1.73 0.43
ZnS-Ag-1 18.34 4.59
ZnS-Ag-2 22.59 5.65
ZnS-Ag-3 16.61 4.15
ZnS-Ag-4 2.25 0.56
ZnS-Ag-5 1.37 0.34
ZnS-Ag-7 0.67 0.17
ZnS-Ag-10 1.37 0.34

4 200 nmM - 200 nm

Figure S5 a) SEM and b) TEM images of ZnS-Ag-2 after 4 reactions
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Keywords:
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Bimetallic co-catalysts exhibit significantly higher hydrogen photogeneration efficiency compared to their
monometallic counterparts. The morphology and shape of nanoparticles also play a crucial role in determining
their photocatalytic activity. Previous studies indicate that bimetallic nanoparticles used as co-catalysts were
characterized by higher efficiency due to the exposed planes. The shape engineering and impact of Janus-type
Pt-Ag co-catalysts remain unexplored. In this study, we report for the first time the design of innovative
Janus-type co-catalysts, each consisting of a single platinum nanocube connected to a spherical silver particle of
various sizes. A simple and controllable synthesis method for these well-defined structures has been developed. It
was demonstrated that the silver content in the Janus structures, used as co-catalysts deposited on the surface of
SrTiO3 semiconductors, significantly influences the hydrogen generation efficiency under UV-Vis light. The use
of different co-catalysts resulted in varying H, photogeneration efficiencies, following the trend: Pt—Ag JNPs (size
of Ag~20-50 nm) > Pt-Ag JNPs (size of Ag~60-100 nm) > Pt NPs. Importantly, the developed nanostructures
offer dual functionality - not only as efficient co-catalysts for photocatalytic hydrogen production but also as
active nanomotors propelled by hydrogen peroxide (H205). For the first time, we present real-time observation of
their motion using in-situ liquid cell transmission electron microscopy (LC-TEM), allowing precise tracking of
their dynamic behavior at the nanoscale.

1. Introduction

Photocatalytic hydrogen generation is a promising technology in the
field of renewable energy sources. In the literature, two main mecha-
nisms of photocatalytic hydrogen production are distinguished: one-step
excitation and the Z-scheme. The first involves the use of a single pho-
tocatalyst with a band gap of > 1.23 eV, positioned appropriately
relative to the NHE scale!. The second, the Z-scheme system, is based on
two photocatalysts - one responsible for hydrogen evolution (H'
reduction) and the other for oxygen evolution (H20 oxidation) [1,2].

The key elements of an efficient photocatalyst are primarily: (i) an
appropriate band gap (> 1.23 eV), (ii) effective separation and transport

* Corresponding author.
E-mail address: anna.golabiewska@ug.edu.pl (A. Golabiewska).

https://doi.org/10.1016/j.ijhydene.2026.154272

of charge carriers (electrons and holes), and (iii) chemical stability and
resistance to photocorrosion [1,3]. The crucial factors influencing the
efficiency of the photocatalytic process include, among others, the type
of sacrificial agent, the geometry of the photoreactor, the radiation in-
tensity, the photocatalyst content, and the selection of an appropriate
co-catalyst.

The modification of photocatalysts with suitable co-catalysts has
been demonstrated to substantially enhance photocatalytic activity.
This improvement primarily results from more efficient charge separa-
tion and reduced overpotential for proton reduction [4,5]. A co-catalyst
plays a crucial role in enhancing the efficiency of overall water splitting.
It facilitates charge carrier separation and minimizes recombination by
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enabling effective transfer of photogenerated electrons and holes. The
co-catalyst can also introduce active sites that facilitate H' reduction
and H,0 oxidation by decreasing the respective activation energy bar-
riers [6]. For optimal performance, the combination of an efficient
co-catalyst and photocatalyst must be carefully matched in terms of
energy levels. This requires that the work functions or band positions of
the co-catalyst align well with the Fermi levels or electronic configura-
tions of the photocatalytic semiconductor. Such alignment facilitates the
formation of a desired Schottky junction which ensures directional
charge transfer at the co-catalyst-semiconductor interface [1].

Generally, the most commonly used co-catalysts reported in the
literature are noble metals with a high work function, such as
Pt (@ = 5.65 eV) [7,8], Pd (@ = 5.12 eV) [9], Rh (& = 4.98 eV) [10],
Au (@ =5.12eV) [11], and Ag (& = 4.26 eV) [12,13]. However, plat-
inum is the most extensively studied noble metal co-catalyst because of
its high effectiveness, which is attributed to its minimal overpotential
and high work function compared to other noble metals [14,15].
Bimetallic co-catalyst systems, composed of platinum combined with
other noble metals, have attracted increasing attention due to their
potential to achieve synergistic effects that enhance photocatalytic
hydrogen production. It has been demonstrated that bimetallic NPs
exhibit higher catalytic activity in the hydrogen evolution reaction, than
sole platinum. This enhancement is attributed to interactions between
the two metals, which modify their electronic and geometric structures.
These systems enable more efficient charge carrier separation and
improved interfacial charge transfer. Plasmonic metals such as silver
(Ag) and gold (Au), when coupled with Pt in bimetallic systems e.g.,
Pt-Au [16-22], Pt-Ag [23-25], contribute to enhanced visible-light
absorption through the localized surface plasmon resonance (LSPR)
effect and assist in charge separation.

Silver (Ag), although widely used for its plasmonic properties,
exhibits relatively poor Hy evolution activity due to its weak interaction
with H" as reflected by a Gibbs free energy of hydrogen adsorption
(AG(H")) typically ranging between 0.4 and 0.6 eV [26]. In contrast,
platinum (Pt) considered the benchmark HER catalyst - features a
AG(H") value between approximately —0.1 and 0 eV. The combination
of Pt with an Ag support may gently decrease the strength of hydrogen
adsorption, achieving an optimal balance for H* adsorption and depo-
sition [27]. This synergistic tuning effect has also been observed in AgPt
alloy systems, where density functional theory (DFT) calculations
confirm that AG(H") values are favorably modulated due to the alloy's
electronic structure [23,28]. The Ag@Pt co-catalysts demonstrate
markedly higher hydrogen photogeneration efficiency under visible
light irradiation compared to their monometallic counterparts. Zhou
et al. reported that AgPt bimetallic alloy nanoparticles (NPs) with a low
Pt content were deposited on g-C3Hy4 nanosheets and applied as
co-catalysts for photocatalytic hydrogen evolution under simulated
sunlight. Compared to monometallic systems, the Pt-Ag/g-C3N4 pho-
tocatalyst exhibited significantly enhanced hydrogen evolution activity,
achieving a rate of 3507.89 pmol g~! h™! with only 0.5 wt% Pt, out-
performing 1.0 wt% Pt-g-C3Ny4 prepared by in-situ photodeposition. The
catalyst also demonstrated good stability over multiple reaction cycles.
The improved performance was attributed to the synergistic effect be-
tween plasmonic Ag and Pt, which enhanced charge separation and
transfer, as further supported by DFT calculations indicating favorable
hydrogen adsorption and desorption properties of AgPt alloys NPs [24].
Similarly, another study reported that Pt-Ag alloy NPs deposited on
C3Nx nanosheets exhibited the highest photocatalytic activity under
visible light irradiation, reaching 1.25 mmol g~! h™!, which was 35.7
and 1.7 times higher than that of Ag— C3Nx and Pt- C3Nx respectively
[25].

From the literature review, it can be concluded that bimetallic Pt-Ag
NPs co-catalysts used in photocatalytic hydrogen generation have been
reported mainly in the form of alloyed or core-shell structures. To the
best of our knowledge, only one report describes the use of bimetallic
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Janus nanoparticles (JNPs) (Au-Ni) as a co-catalyst.

Therefore, studies on the use of Pt—-Ag JNPs, as well as on the in-
fluence of their size as co-catalysts in photocatalytic hydrogen genera-
tion, are still lacking.

In this context, we have, for the first time, designed a novel Pt-Ag
JNPs as a co-catalyst composed of platinum nanocubes combined with
spherical silver particles of different sizes. Additionally, JanusNPs were,
for the first time, used as co-catalysts in combination with SrTiOs
semiconductor and evaluated in the photocatalytic hydrogen generation
reaction under UV-Vis irradiation. In this study, we introduce a novel
approach for the straightforward synthesis of Pt-Ag JNPs with well-
defined shapes. It was demonstrated that the silver content in Janus
type structures, serving as co-catalysts on the surface of SrTiO3 semi-
conductors, significantly influences hydrogen generation efficiency.
Furthermore, we present, for the first time, the real-time observation of
Pt-Ag nanomotor movement in an HyO, environment using in-situ liquid
cell transmission electron microscopy (LC-TEM). This technique enables
precise tracking of their motion at the nanoscale, providing valuable
insights into their dynamic behavior.

2. Experimental
2.1. Reagents

Cetyltrimethylammonium bromide (CTAB, 98%, abcr GmbH), po-
tassium iodide (KI, 99%, thermo scientific), nitric acid(V) (HNOs, 65%,
POCH), hexachloroplatinic acid (HyPtClg, 8 wt% in Hy0, Sigma-
Aldrich), L-(+)-ascorbic acid (AA, 99%, Sigma-Aldrich), Cetyl-
trimethylammonium chloride (CTAC, 25 wt% in H,0, Sigma-Aldrich),
Sodium sulfide nonahydrate (NayS-9H,0, 98%, Angene), silver nitrate
(AgNOs3, 99.995%, Sigma-Aldrich), triethanoloamine (TEOA, analytical
pure, Chempur), titanium(IV) oxide (P25, Acros Organics), strontium
chloride hexahydrate (Thermo Scientific), sodium hydroxide (Stanlab),
ethanol (Sigma-Aldrich), deionized water. All chemicals were used
without further purification.

2.2. Synthesis of platinum nanoparticles (Pt NPs)

In a 20 ml bottle with a stirrer, aqueous solutions of: CTAB (30 mM,
5 ml), KI (50 mM, 0.7 ml), HNO3 (100 mM, 0.5 ml), HyPtClg (5 mM,
1 ml) and AA (100 mM, 1 ml) were placed in the given order with 1min
intervals between subsequent reagents and mixed for 2 min. The mixture
was kept at 80 °C for 5 h, without stirring. The obtained product was
purified by centrifugation three times (6000 rpm, 5 min) and washed
with deionized water. The 7 ml of the supernatant was removed by
pipetting before storing the Pt NPs (remaining in the vessel) in the
refrigerator. Before the next step, 6 ml of deionized water was added to
the Pt NPs.

2.3. Synthesis of Pt-Ag Janus nanoparticles (Pt-Ag JNPs)

In a dark glass bottle with a stirrer, aqueous solutions of: CTAC (50
mM, 6.63 ml), NayS-9H50 (3 mM, 1 ml), Pt NPs (from the I step, 2 ml),
AgNO3 (10 mM, 0.572 ml or 0.772 ml), AA (300 mM, 1 ml) were placed
in the given order with 1-min intervals between subsequent reagents and
mixed for 2 min. The mixture was kept at 80 °C for 3 h, without stirring.
The obtained product was purified by centrifugation three times (6000
rpm, 5 min) and washed with deionized water. The 7 ml of the super-
natant was removed by pipetting before storing the Pt-Ag JNPs
(remaining in the vessel) in the refrigerator. Sample labels and details
are provided in Table 1.

Fig. 1 shows the synthesis scheme of Pt NPs and Pt-Ag JNPs.

2.4. Hydrothermal synthesis of SrTiOs

A mixture of 0.5 g of titanium(IV) oxide and 1.65 g of strontium
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Table 1
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Sample labels, composition, amount of AgNO3 used in synthesis, mass ratio and structure visualization.

Sample label Composition Amount of AgNO3 used in Mass ratio (Pt: Structure visualization
synthesis (ml) Ag)
Pt NPs Cubic platinum nanoparticles - -
Pt-Ag 1.83:1  Janus nanoparticles consisting of a platinum nanocube and a silver spherical ~ 0.572 1.83:1
nanoparticle
Pt-Ag 0.5:1 Janus nanoparticles consisting of a platinum nanocube and a silver spherical ~ 0.772 05:1

or irregular nanoparticle

| I step: Pt NPs synthesis |

[Il step: Pt-Ag JNPs synthesis |

CTACj Na,S —1 PtNPs j

AQNO:j

NOILYOIdidNd

NOILYOIdIdNd

Fig. 1. The synthesis scheme of Pt NPs and Pt—Ag JNPs.

chloride hexahydrate was prepared in 50 ml of deionized water. Then,
mixture was purged with nitrogen for 5 min by directly inserting a
needle into the liquid to remove dissolved O2, which could oxidize ions
in solution and lead to undesirable side reactions. Subsequently, 2 g of
sodium hydroxide were added, and the mixing process was continued.
The resulting solution was transferred to an autoclave and heated at
180 °C for 6 h. After naturally cooling to room temperature, the product
was separated by centrifugation (6000 rpm for 5 min) and washed three
times with a water-ethanol mixture. Finally, the resulting powder was
dried at 60 °C in air.

2.5. Synthesis of SrTiOs@Pt-Ag and SrTiOs@Pt photocatalysts

In a 10 ml beaker, 150 mg of SrTiO3, 2 ml of ethanol and an
appropriate amount of Pt NPs or Pt-Ag JNPs were placed, so that the
amount of platinum in the co-catalyst was 0.1, 0.5 or 1 wt% relative to

SrTiOs. The resulting mixture was stirred (100 rpm) until the solvent
evaporated. The sample labels of obtained photocatalysts is given in
Supporting Information, Table S2.

2.6. Characterization methods

To determine the crystalline structure, a Rigaku MiniFlex 600 X-ray
diffractometer (XRD) was employed. The morphology (size and shape)
of the nanoparticles was analyzed using the FEI S/TEM Titan 80-300
transmission electron microscope equipped with an energy-dispersive
X-ray spectrometer (EDS). UV-Vis spectra were recorded over a wave-
length range of 200-800 nm using an Evolution 220 UV-Vis spectro-
photometer (Thermo Scientific). The surface chemical composition of
the samples was examined via X-ray photoelectron spectroscopy (XPS)
using a PHI 5000 VersaProbe TM spectrometer (ULVAC-PHI, Chigasaki,
Japan) with monochromatic Al Ka radiation (hv = 1486.6 eV) from an X-
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ray source operating at a 100 pm spot size, 25 W, and 15 kV. The binding
energy (BE) scale was calibrated using the C 1s peak at 284.8 eV. Metals
content in the liquid samples of co-catalysts were measured through
inductively coupled plasma optical emission spectrometry (ICP-OES,
Agilent) using PN-EN ISO 11885:2009 (E) method. Metals content in the
solid samples of the most active photocatalyst before and after 20 h
reaction were measured through inductively coupled plasma - mass
spectroscopy (ICP-MS). To determine the specific surface area and pore
volume, nitrogen adsorption-desorption isotherms were measured using
a 3P Instruments Micro 100 BET Surface Analyzer. The specific surface
area was calculated using the Brunauer-Emmett-Teller (BET) method,
while the pore size distribution and pore volume were obtained from the
adsorption branch of the isotherm using the Barrett-Joyner-Halenda
(BJH) model. For the emission spectra an excitation wavelength of 356
nm was applied, while TRPL decay curves were collected using 375 nm
laser as an excitation. The recorded emission data were processed and
evaluated with Fluoracle software. Carrier lifetimes were obtained by
fitting the decay traces with a multiexponential function.

2.7. Photocatalytic properties

2.7.1. Hj, evolution method

The mixture for the hydrogen generation reaction was prepared by
mixing 18 ml of deionized water, 2 ml of TEOA and 25 mg of SrTiOs,
SrTiO3@Pt-Ag or SrTiO3@Pt photocatalyst. The reaction mixture was
placed in a photoreactor with a quartz glass with a volume of 30 ml and a
thickness of the exposed layer of 2.5 cm. The reaction system was placed
in a black box on magnetic stirrer (600 rpm) and purged with nitrogen %/
h) for 30 min in the dark (to reach state of equilibrium and remove
oxygen). Finally, the reactor with the mixture was irradiated with UV-
Vis irradiation with the light source (Quantum Design, LSH 602, 1000
W). The lamp was equipped with a water filter to remove infrared (IR)
radiation and thus to avoid local heating, ensuring that only UV-visible
photons reached the photocatalyst. The photoreactor was equipped with
a cooling jacket, through which water at 10 °C was circulated as the
cooling medium, maintaining a constant reaction temperature during
irradiation. The irradiation intensity was measured with an optical
power meter (HAMAMATSU, C9536-01) and was 100 mW cm™2. After
each 1 h, a sample of the gas (200 pl) from headspace of the reactor was
checked by gas chromatography (Thermo Scientific TRACE 1300-GC
featuring a HayeSep Q (80/100) column and a thermal conductivity
detector (TCD) with nitrogen as the carrier gas) to determine the amount
of hydrogen generated. The amount of hydrogen obtained was quanti-
fied based on a calibration curve prepared according to our previous
studies [29]. Multiple sample replicates were examined to ensure con-
sistency. The electrolyte (HoO + TEOA) exhibited negligible activity,
yielding only 37.05 + 5.45 pmol Hy/L in the photolysis test, which was
conducted under the same conditions as the hydrogen generation reac-
tion but in the absence of photocatalyst and co-catalyst.

2.7.2. Photocurrent measurement

Powder samples (10 mg) were dispersed in isopropanol (100 pL) and
deionized water (90 pL). Nafion D520 (5 wt%) was added in the amount
of 4 pL. The mixture was sonicated for 15 min. The dispersion was
deposited onto cleaned FTO (25 x 25 x 1.1 mm) substrates by drop-
casting. The films were dried briefly at room temperature and then at
90 °C for 30 min. Photocurrent measurements were performed using an
AutoLab PGSTAT 204 potentiostat/galvanostat in a standard three-
electrode configuration. The prepared photoelectrode served as the
working electrode, while Ag/AgCl (3 M KCl) and a platinum mesh were
used as the reference and counter electrodes, respectively. The illumi-
nated electrode area was 1 cm?. The electrolyte solution (0.5 M NaSO4)
was purged with argon for 1 h prior to measurements, and a nitrogen
flow was maintained above the solution during the experiments.
Photocurrent responses were recorded under UV-Vis irradiation from a
250 W xenon lamp equipped with water filter.
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Emission spectra and time-resolved photoluminescence measure-
ments were carried out using an Edinburgh Instruments FS5 fluores-
cence spectrometer.

2.8. Motion test - observation of Janus nanomotor motion in in-situ
liquid-cell transmission electron microscopy

In-situ liquid-cell transmission electron microscopy (LC-TEM) using
the Poseidon holder from Protochips (https://www.protochips.com/sol
utions/in-situ-tem-solutions/in-situ-liquid-cell/) was employed to
observe the motion of the Pt-Ag_1.83:1 JNPs. The Pt-Ag JNPs suspen-
sion was dropped on the SisN4 membrane window of the top and bottom
e-chip. Once dried, 2 pl of distilled water was dropped on the bottom
chip and the top chip was placed to assemble the liquid chamber. After
vacuum proof test, the Poseidon holder was inserted into the Talos FEI
TEM operating at 200 kV, equipped with a FEG and an in-column super
EDS system. The observations were conducted in the scanning trans-
mission electron microscopy (STEM) operating mode, allowing to ach-
ieve a better contrast of the images. Focusing of the image was done in
one area, then for the in-situ observations we moved to a fresh area, to
avoid beam-induced motion of the NPs. After a stable image was ac-
quired, using a syringe pump (Harvard Apparatus 11 Pico Plus Elite
Syringe Pump a 10% H3O, solution was introduced into the liquid
chamber containing the Pt—-Ag JNPs at a flow rate of 5 pl/s. Recording of
nanoparticle motion was then started.

3. Results and discussion

The most important property of the constituent single metals that
affects the final structure of bimetallic NPs (alloy, core-shell, or Janus
type NPs) is surface energy. Silver has the lowest surface energy (1.246
J rn’z) compared to other noble metals. Platinum has a surface energy
approximately two times higher (2.489 J m~2) [30]. In this context,
silver, due to its lower surface energy, tends to migrate on the surface of
bimetallic NPs and create the core-shell or Janus NPs. The final structure
of bimetallic Pt-Ag NPs depends on the preparation route.

In the process of deposition of silver NPs on the surface of cubic
platinum NPs, precise control of growth kinetics and selectivity, plays a
key role. The {100} facets, which are characterized by lower atomic
density and weaker interaction with sulfides (responsible for the selec-
tive deposition of silver particles), remain partially exposed and acces-
sible to Ag" ions. Thus, the nucleation of silver particles is initiated on
the available fragments of the platinum particle. Then, due to the strong
Ag—Ag affinity (stronger than Ag-Pt), further growth of the silver par-
ticle occurs in only one place, resulting in the formation of a single silver
particle [31,32].

As a result of the performed platinum and Janus nanoparticles syn-
theses, 3 series of samples were obtained: platinum NPs and two types of
Pt-Ag JNPs differing in the size of the silver particle. Table 1 shows the
sample label, composition, the amount of added silver precursor, the
mass ratio of platinum to silver (calculated based on ICP-OES studies
(Table S1)) and the visualization of structure based on TEM analysis.

3.1. Morphology

The platinum NPs obtained in the first step of synthesis were char-
acterized by a cubic shape (Fig. 2a) and particle size in the range of
16-40 nm, of which most particles had a size of about 20-30 nm
(Fig. 2b). An interplanar spacing of 0.227 nm observed for the Pt NPs
was consistent with the {111} crystallographic plane of face-centered
cubic (fcc) platinum [33,34] but it is worth emphasizing that the
plane data were visible depending on the crystal orientation. The FFT
pattern confirmed that the Pt crystal faces formed {002} planes, thus the
obtained Pt particles were oriented in the [100] zone axis (Fig. 2¢). TEM
with EDS examination confirmed the homogeneity of the sample, indi-
cating the unambiguous presence of platinum structures (Fig. 2d).
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Fig. 2. a) TEM image with inset presenting interplanar distance spacing, b) particle size distribution and c) FFT pattern, d) TEM with EDS analysis of Pt NPs.

As aresult of the second step of the synthesis, two series of structures
differing in morphology were obtained, presented in Fig. 3. The basis of
both structures was cubic platinum NPs (obtained in the first step of the
synthesis). After adding 0.572 ml or 0.772 ml of AgNOs to the reaction
mixture, a single silver NPs grew on the surface of the platinum nano-
cube, which was confirmed by TEM microscopic analysis. In the case of
adding 0.572 ml of AgNOs to the synthesis, the silver NPs formed on the
platinum surface exhibited size of approximately 20-50 nm and a shape
resembling a sphere. Increasing the amount of silver precursor to 0.772
ml led to the formation of silver NPs with larger sizes (approximately 60-
100 nm) and a more irregular shape. The size of the platinum in the
Janus structure did not change, the particle size ranged from 16 to 40
nm, with most particles being about 20-30 nm in diameter.

Elemental mapping (Fig. 3e,f,j,k) and EDS analysis (Fig. S1) of Pt-Ag
JNPs samples confirmed the presence of two elements in the structure:
platinum and silver and also confirmed the heterogeneous distribution
of these metals in the Janus particle.

An attempt was also made to obtain Pt-Ag JNPs, in which the silver
nanoparticles would be smaller than the platinum nanoparticles. For this
purpose, a series of syntheses was carried out, in which individual
process parameters were modified: shorter reaction time (20 min and
1 h), lower AgNO3 concentration (5 mM), smaller or larger amount of
NayS (0.5 ml or 1.5 ml), smaller amount of AgNO3 (0.372 ml), lower
temperature (40 °C and 60 °C). Unfortunately, none of the syntheses
carried out in this way allowed obtaining Pt-Ag structures in which the
silver nanoparticles would be smaller than the platinum nanoparticles
(see Fig. S2). Therefore, further studies were continued on the basis of
the two previously obtained series.

3.2. XRD analysis

X-ray diffraction study (Fig. 4) of Pt-Ag JNPs samples confirmed the
presence of platinum (signals present at angles of 39.83° and 46.28°
which correspond to {111} and {200} planes, respectively) and silver
(signals present at angles 38.22° and 44.47°) in the structures. The ratio
of reflection intensities belonging to individual metals is consistent with
the mass ratio of platinum to silver in the tested samples. For the
Pt-Ag_1.83:1 sample, the silver reflection has a much lower intensity
than the platinum reflection, indicating a low silver content in the
sample. In turn, for the Pt-Ag_0.5:1 sample, the silver reflection is much
more intense than the platinum reflection, indicating a significant

predominance of silver in the sample.

To investigate the obtained nanoparticles as co-catalysts in the
photocatalytic hydrogen generation reaction, a series of samples based
on SrTiOj3 as the basic photocatalyst was prepared (the characterization
of unmodified SrTiOg is given in Supporting Information, Figs. S3 and
S4). The amount of platinum in relation to SrTiO3 was 0.1, 0.5 or 1 wt%
(the sample labels of obtained photocatalysts is given in Supporting
Information, Table S2). The obtained samples were examined using XRD
technique, and the results are shown in Fig. 5. All X-ray diffraction
patterns show reflections characteristic of SrTiO3, but the signals con-
firming the presence of Pt NPs and Pt-Ag JNPs are not visible due to the
very low content of these nanoparticles in relation to SrTiOs. The crys-
tallite size and strain were calculated using the Williamson-Hall method
(Table S3). Seven reflections of SrTiO3 were considered. Their positions
are as follows: 20 = 22.6 deg., 32.2 deg., 39.7 deg., 46.2 deg., 52.0 deg.,
57.4 deg and 67.5 deg. The calculated crystallite size was found to be
between 39 and 51 nm, with a standard deviation of between 2 and 9
nm. Similarly, the strain value varied from 0.08% to 0.17%.

3.3. Optical properties

The successful synthesis of Pt NPs was confirmed by a distinct color
change in the precursor suspension from red to dark gray, accompanied
by the prominent emergence of a strong peak with a maximum at
276 nm in the UV-Vis spectrum, as shown in Fig. 6. The narrow ab-
sorption peak observed between 210 and 320 nm further indicates the
formation of platinum nanoparticles. This absorption profile is charac-
teristic for the monodispersed Pt NPs [35]. It can be seen that the Janus
Pt-Ag sample exhibits a band characteristic for cubic platinum, as well
as a surface plasmon resonance (SPR) band attributed to the spherical
silver particles. The position of the SPR band is strongly dependent on
the size of the silver nanoparticles in the Janus Pt-Ag structure. It was
observed that the Pt-Ag 0.5:1 sample displays a distinct SPR band
around 450 nm, corresponding to silver particles with an average size in
the range of 60-100 nm. This explains the relatively broad band, with a
full width at half maximum (FWHM) of approximately 150 nm, which
indicates higher polydispersity of the particles. For spherical Ag NPs
increasing particle size causes a red shift and broadening of the dipolar
LSPR due to dynamic depolarization and radiative damping [36,37].
Paramell et al. showed that an SPR band at 450 nm is characteristic of
silver NPs approximately 74 nm in diameter [38]. It can be observed that
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Fig. 3. a-d) TEM images with e,f,j) elemental mapping of Pt-Ag_1.83:1 JNPs sample and g-i) TEM images with k) elemental mapping of Pt-Ag_0.5:1 JNPs sample.

the platinum sample Pt-Ag 1.83:1 does not exhibit a well-defined
SPR band in the visible region. Similar results were observed by
Dao et al. [39]. This is due to the lower silver content in the sample.
Fig. 7 shows the Kubelka-Munk (K-M) function UV-Vis reflectance
spectra for a series of SrTiO3 based powders modified with platinum NPs
at different weight contents (0.1%, 0.5%, and 1%), as well as Janus-type
Pt-Ag metallic particles used as co-catalysts with varying Pt:Ag molar
ratios (1.83:1 and 0.5:1). In the case of the SrTiOs@Pt samples, distinct
absorption in the ultraviolet range (250-400 nm), typical for SrTiOg is
observed. It was noted that increasing the Pt content leads to enhanced
absorbance extending into the visible light region [40,41]. The

corresponding colors of the composite powders are shown in Fig. 7b. As
the Pt content increases in the SrTiO3@Pt samples, the color changes
from light gray to dark gray, which further confirms the slight shift in
absorption behavior.

For the SrTiO3@Pt-Ag_1.83:1 and SrTiO3@Pt-Ag 0.5:1 samples,
absorption in the visible light range (400-800 nm) is significantly more
intense compared to the Pt-only samples. Although no distinct peak is
observed, the overall increase in absorbance between 400 and 600 nm
suggests enhanced visible light absorption, which may be attributed to
the surface plasmon resonance of silver. The strongest absorption is
observed for the Pt-Ag system with a 0.5:1 ratio and 1 wt% loading Pt
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Fig. 4. X-ray diffraction patterns for Pt-Ag 0.5:1 and Pt-Ag 1.83:1 Janus
nanoparticles.

SITIO,@Pt-Ag_0.5:1_1 wt.% ‘\ " A p
SrTi0,@Pt-Ag_0.5:1_0.5 wt.% l A A A ]
N
"é SrTiO;@Pt-Ag_0.5:1_0.1 wt.% k A A A
s |
a8 SrTiO,;@Pt-Ag_1.83:1_1wt.%
2 e
o
= [srTio,@Pt-Ag_1.83:1_0.5wt.%
2
(2]
5 SrTiO;@Pt-Ag_1.83:1_0.1 wt.% h A A -
£
= |SITIO;@Pt NPs_1 wt.% A g
|
SrTiIO;@Pt NPs_0.5 wt.% )\ A A A
SrTiIO;@Pt NPs_0.1 wt.% JL A y i R\
Ll ] ) Ll Ll L
10 20 30 40 50 60 70

2 theta (degree)
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Fig. 6. UV-Vis absorption spectra for Pt NPs, Pt-Ag 0.5:1 and Pt-Ag_1.83:1
Janus nanoparticles.
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relative to SrTiOs. Fig. 7b presents photographs of the powder samples,
clearly showing a color change from light gray (0.1 wt%) to dark gray or
nearly black (1 wt%). This gradual darkening correlates well with the
increased visible light absorption observed in the UV-Vis spectra.

3.4. XPS analysis

X-ray photoelectron spectroscopy was performed to evaluate chem-
ical composition of studied samples. The main signals observed in the
survey spectra of the platinum nanoparticles (Pt NPs sample) are Pt4f,
O1s, Cls and I3d peaks centered at around 71, 530, 285 and 619 eV,
respectively. The binding energy of the Pt4f7/2 was 70.4 eV, corre-
sponding to Pt(0) [42] (Fig. 8a). Both platinum Pt4f and silver Ag3d core
signals are found in Pt-Ag JNPs samples. The Pt4f7/2 peak position is at
around 70.4 eV BE, similar to the Pt nanoparticles sample, suggesting
that platinum is present as a metal. The Ag3d5/2 peak is found at 367.7
eV BE in both Pt-Ag JNPs samples, which could be attributed to a metal
state of the Ag NPs surface (Fig. 8b) [43,44].

4. Photocatalytic performance

Fig. 9a and c presents the photocatalytic activity of SrTiOs based
materials modified with co-catalysts: Pt NPs and Pt-Ag JNPs with
different mass ratios (Pt:Ag 1.83:1 and 0.5:1) and loadings of Pt relative
to SrTiO3 (0.1 wt%, 0.5 wt% and 1 wt%) in the hydrogen evolution
reaction under UV-Vis light irradiation. It was shown that modification
with noble metal co-catalysts (cubic platinum and Janus Pt-Ag particles
in different mass ratios) significantly enhanced the photocatalytic ac-
tivity compared to unmodified SrTiO3 (Fig. 9a). Moreover, SrTiO3
modified with the Janus Pt-Ag co-catalyst (samples SrTiOs@Pt—
Ag 1.83:1 and SrTiO3@Pt-Ag_0.5:1) exhibited higher hydrogen gener-
ation efficiency than SrTiO3 modified with cubic Pt NPs. This highlights
the synergistic effect of the two metals, as the combination of Pt and Ag
in bimetallic NPs generates a synergistic interaction that allows the
system to outperform photocatalysts containing only single-metal co-
catalysts.

Due to their high work functions and low Fermi levels, noble metals
such as Pt and Ag are widely employed as effective co-catalysts in
photocatalytic systems. Upon contact with n-type semiconductor, they
form a Schottky junction that facilitates the capture of photogenerated
electrons. The resulting Schottky barrier suppresses the rapid recombi-
nation of photoinduced charge carriers and significantly enhances
photocatalytic efficiency [45]. At the SrTiO3@Ag interface, the Schottky
barrier height is approximately 1.7 eV, determined by the difference
between the work function of Pt (5.7 eV) and the electron affinity of
SrTiO3 (4.0 eV) [46]. In contrast, the Schottky barrier formed at the
SrTiO3@Ag interface is considerably lower (0.26 eV) due to the smaller
work function of Ag (4.26 eV). The incorporation of Pt-Ag JNPs on
SrTiOg results in metal/semiconductor junctions with different effective
Schottky barrier heights associated with the Pt and Ag. This configura-
tion promotes more efficient charge separation and directional electron
transfer, thereby minimizing charge recombination and maximizing
photocatalytic activity (Fig. 9d). The photocatalytic mechanism of the
SrTiO3@Pt—Ag system is primarily governed by the Schottky junctions
formed between the noble metals and the semiconductor. As illustrated
in Fig. 9, the work functions of Ag (4.26 eV) and Pt (5.7 eV) are higher
than that of SrTiOs, leading to an upward band bending of the semi-
conductor upon contact with the metals.

Under light irradiation, photogenerated electrons in the conduction
band of SrTiOg are transferred to the Pt—Ag across the Schottky barrier.
Due to the presence of this barrier, the accumulated electrons are
effectively trapped at the metal sites and cannot readily flow back into
the semiconductor, thereby suppressing electron-hole recombination.
This enhanced charge separation accelerates interfacial charge-transfer
kinetics and results in significantly improved photocatalytic Hy evolu-
tion performance of the SrTiO3@Pt-Ag. Similar observations regarding
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the beneficial effect of bimetallic AgPt NPs on the Schottky barrier
height have also been reported in the literature for TiO2-AgPt systems
[471.

The highest hydrogen generation efficiency of 218 pmol/g..t was
observed for the SrTiO3;@Pt-Ag 1.83:1 sample with a co-catalyst
loading of 0.5 wt%. This indicates that Janus particles composed of
smaller silver domains (20-50 nm) represent the most promising co-
catalyst. According to the literature, the size and structure of bime-
tallic NPs are crucial factors in determining their performance as co-
catalysts. A small particle size is always more desirable for a co-
catalyst, as it maximizes the number of active sites and improves the
utilization of the metals. The use of different co-catalysts resulted in
varying Ho photogeneration efficiencies, following the trend: Pt-Ag
JNPs (size of Ag~20-50 nm) > Pt—Ag JNPs (size of Ag~60-100 nm) > Pt
NPs. Fig. 9b shows the photostability test of the most active sample
SrTiO3@Pt-Ag_1.83:1 under continuous UV-Vis light irradiation for
20 h. The amount of hydrogen evolved was recorded at regular intervals.
It can be observed that the Hy evolution rate increased during the initial
hours of irradiation, reaching a maximum value of approximately
400-450 pmol/gcar after about 10 h. After this period, the hydrogen
production rate stabilized, indicating that the photocatalyst maintained
good stability and activity over prolonged operation. The absence of a
significant decrease in hydrogen evolution efficiency demonstrates the

photochemical robustness of the SrTiO3@Pt-Ag_1.83:1 system under the
tested conditions. XRD analysis of the sample after 20 h of the photo-
stability test showed no detectable changes in the crystal structure of
SrTiOg (Fig. S5). TEM images combined with EDS analysis of the most
active sample (SrTiO3@Pt-Ag_1:83:1_0.5 wt%) recorded before the
photocatalytic reaction (Fig. S6) and after 20 h of reaction (Fig. S7)
indicate that the overall nanoparticle morphology and the spatial dis-
tribution of Pt and Ag remain largely preserved after prolonged UV-Vis
irradiation in a 10% TEOA aqueous solution.

However, ICP-MS analysis reveals a partial loss of noble metals
during the photocatalytic process. The Pt and Ag concentrations
decreased from 154 mg/kg and 102 mg/kg before the reaction to 103
mg/kg and 30 mg/kg, respectively, after 20 h of irradiation. This in-
dicates partial leaching of both metals from the SrTiO3 surface.

Research on other composites containing SrTiOs and Pt or Ag dem-
onstrates that surface modification with these metals significantly in-
creases activity in photocatalytic hydrogen generation. However,
previous work has primarily relied on SrTiO3 photocatalysts modified
with one of these metals, obtained by photodeposition, often directly
before the reaction begins (see Table S4). To the best of our knowledge,
photocatalysts containing SrTiOs and both Pt and Ag nanoparticles,
especially in the form of Janus particles, have not been used in Hj
evolution reactions.

The photocurrent response curves (Fig. 10a) show that the
SrTiO3@Pt-Ag_1.83:1_0.5 wt% electrode delivers a markedly higher and
more stable photocurrent density under chopped visible-light irradia-
tion compared to pristine SrTiOs3. This enhancement can be attributed to
more efficient separation and interfacial transfer of photogenerated
charge carriers enabled by the Pt-Ag Janus co-catalyst. The PL emission
spectra (Fig. 10b) further support this behevior, as the modified sample
displays a pronounced quenching of PL intensity, indicative of sup-
pressed radiative electron-hole recombination. Consistently, time-
resolved PL measurements (Fig. 10c) show a longer average lifetime
for SrTiOs@Pt-Ag_1.83:1.0.5 wt% compared with pristine SrTiOs,
confirming reduced recombination losses. These observations align with
previous reports demonstrating that Pt promotes charge utilization at
catalytic sites while Ag facilitates electron mobility, their combined
presence in a Janus co-catalyst amplifies carrier separation efficiency
and photocatalytic response [25,48,49].

5. Janus nanomotor motion

One of the samples (Pt-Ag_1.83:1) was selected to evaluate the
motion of nanomotors in a 10% (v/v) HyO environment. Fig. 11 shows
the autonomous motion of Pt-Ag Janus nanomotors (sample
Pt-Ag 1.83:1) in a 10% (v/v) Hy05 solution, observed in-situ using
liquid-cell transmission electron microscopy (LC-TEM) (see
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supplementary Video S1). Fig. 11a displays the trajectory of a repre-
sentative Pt-Ag_1.83:1 nanomotors, with its position at each time point
marked by a red dashed ellipse, illustrating directional self-propulsion.
Fig. 11b shows the motion of a second nanomotor, confirming the
reproducibility of the movement under identical experimental condi-
tions. The movement of Pt-Ag JNPs in hydrogen peroxide solution is
primarily attributed to a self-electrophoretic propulsion mechanism
[50] (see Fig. 12).

For Pt-Ag JNPs in hydrogen peroxide, H2Oy undergoes redox re-
actions at the anode (silver) and cathode (platinum). Oxidation reaction
occurs at the silver to produce protons:

H202 - 02 "1‘2HJr + 2e”

and at the platinum protons are consumed, causing the asymmetric
distribution of the proton from silver versus platinum side:

H,0, +2H" +2¢~— 2H,0

Thus, a local electric field is generated from silver to platinum, which
can cause the charged JNPs to move under the action of the electric field.
As long as the chemical reaction can produce such an asymmetric ion

distribution, the movement of the nanoparticles can be driven.
6. Conclusions

In this study, we successfully synthesized Pt-Ag JNPs with well-
defined asymmetric morphology, combining cubic platinum domains
with spherical silver components of varying sizes. The obtained Janus
type NPs exhibit a unique combination of properties that enables their
application in two distinct areas: as efficient co-catalysts for photo-
catalytic hydrogen generation and as chemically powered nanomotors.
Introducing noble metal co-catalysts, such as cubic Pt and Janus Pt-Ag
particles, greatly amplified the hydrogen evolution performance of
SrTiOs-based photocatalysts. Moreover, SrTiO3 modified with the Janus
Pt-Ag co-catalyst (samples SrTiO3@Pt-Ag_1.83:1 and
SrTiO3@Pt-Ag_0.5:1) exhibited higher hydrogen generation efficiency
than SrTiOs modified with cubic Pt NPs. This highlights the synergistic
effect of the two metals, as the combination of Pt and Ag in bimetallic
nanoparticles generates a synergistic interaction that allows the system
to outperform photocatalysts containing only single-metal co-catalysts.
The interesting thing was that the efficiency of hydrogen
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H,0, flow direction

prem————y

Fig. 11. STEM bright field images acquired during the in-situ LC-TEM experiment showing motion of Pt-Ag Janus nanomotors in 10% (v/v) H,O, solution. (a)
Sequential snapshots of a representative Pt—-Ag_1.83:1 nanomotors demonstrate directional self-propelled motion; the red dashed ellipse highlights the particle at
each timepoint. (b) A second Janus nanoparticles displays similar directional movement, confirming the reproducibility of the observed propulsion. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. Scheme of the self-electrophoretic propulsion mechanism of Pt-Ag
Janus nanomotor.

photogeneration of different co-catalysts decreased in following order:
Pt-Ag JNPs (size of Ag~20-50 nm) > Pt-Ag JNPs (size of Ag~60-100
nm) > Pt NPs. Additionally, the Pt-Ag JNPs also exhibited excellent
photostability under continuous UV-Vis irradiation, maintaining high
hydrogen evolution efficiency over 20 h.

Moreover, the enhanced photocatalytic activity of the Janus Pt-Ag
co-catalyst is further substantiated by its superior photoelectrochemical
performance. The SrTiOs@Pt-Ag_1.83:1_0.5 wt% electrode exhibited
markedly higher and more stable photocurrent density under chopped
visible-light irradiation compared to pristine SrTiOs, accompanied by
pronounced PL quenching and an extended charge-carrier lifetime.
These results confirm that the Janus Pt-Ag architecture significantly
improves charge separation and suppresses electron-hole recombina-
tion, further reinforcing its advantage over single-metal co-catalysts and
emphasizing its strong potential for high-efficiency solar-driven
hydrogen production.

Furthermore, real-time in-situ LC-TEM imaging confirmed the motion
of Pt-Ag Janus nanomotors via self-electrophoretic propulsion in HyOy
solution. The asymmetric structure proved essential for generating
localized electric fields that drive directional motion. Altogether, this
work demonstrates a rational strategy for the synthesis and application

10

of asymmetric nanomaterials, offering significant potential for future
technologies in solar-to-hydrogen energy conversion and nanomotors,
which can be used in the medicin filed.
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Figure S1. TEM images with EDS analysis of a) Pt-Ag_1.83:1 and b) Pt-Ag_0.5:1 JNPs
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Figure S2. TEM images and conditions of syntheses that did not lead to Janus structures with a silver particle
smaller than the platinum particle



Characterization of SrTiO; photocatalyst

The choice of strontium titanate as the main photocatalyst for the SrTiO3@Pt-Ag composite is
due to its proven properties and favorable water splitting capabilities, which is confirmed by
the extensive literature in this field[1-3].

SrTiO; has an ideal electronic band structure that meets the thermodynamic requirements for
the simultaneous evolution of hydrogen and oxygen from water. The conduction band is more
negative, and the valence band is more positive with respect to the reduction and oxidation
potentials of water, respectively[4]. This favorable band alignment ensures that the
photoexcited electrons and holes possess the necessary redox potentials to drive both half-
reactions. Moreover, SrTiO; is characterized by exceptional chemical and
photoelectrochemical stability, which is a prerequisite for long-term photocatalytic applications
in aquatic environments[5]. The crystal structure of SrTiO; enables also various engineering
strategies, which is crucial for improving efficiency and extending the solar absorption

range[6].

Characterization methods

To determine the crystalline structure, a Rigaku MiniFlex 600 X-ray diffractometer (XRD) was
employed. The morphology and shape of the samples were analyzed using a scanning electron
microscope (SEM) (a JEOL JSM-7610F microscope operating at 15 kV) working on high
vacuum mode. UV-Vis spectra were recorded over a wavelength range of 200-800 nm using an
Evolution 220 UV-Vis spectrophotometer (Thermo Scientific). The band gap energies (Eg)
were determined through the analysis of UV-Vis absorption spectra, using the Kubelka-Munk
transformation. The conduction band (CB) and valence band (VB) potentials were calculated
based on Mulliken's theory of total electronegativity. The surface chemical composition of the
samples was examined via X-ray photoelectron spectroscopy (XPS) using a PHI 5000
VersaProbe TM spectrometer (ULVAC-PHI, Chigasaki, Japan) with monochromatic Al Ka
radiation (hv = 1486.6 eV) from an X-ray source operating at a 100 um spot size, 25 W, and
15 kV. The binding energy (BE) scale was calibrated using the C 1s peak at 284.8 eV.

Characterization results

The SEM analysis of the SrTiO; perovskite structures (Figure S3a) confirmed the presence of
a well-defined morphology, exhibiting cube-like shapes with slightly rounded edges, with
particle sizes ranging from approximately 40 to 70 nm. X-ray diffraction analysis (Figure S3b)

revealed that the SrTiOs phase is predominant in the SrTiOz sample and is consistent with the



literature data (PDF# 89-4934) - the characteristic peaks for SrTiO; are located at 22.73°,
32.34°,39.89°, 46.38°, 52.24°, 57.65° and 67.70°. The remaining minor peaks may come from
unreacted TiO; - P25.

The UV-Vis absorption spectra were analyzed using the Kubelka—Munk function, as presented
in Figure S3c. The SrTiO; sample exhibits a single characteristic absorption band with a
maximum at approximately 305 nm, which corresponds to absorption in the ultraviolet region
and is typical for SrTiOs perovskite materials[7]. Furthermore, the band parameters of SrTiO;
were determined experimentally, including the band gap widths and the potentials of the
conduction band (CB) and valence band (VB). The band gap energy (E;) was obtained by
analyzing UV-Vis absorption spectra and applying the Kubelka-Munk transformation, with the
corresponding graph shown in Figure S3d. Interestingly, scientific literature indicates that
SrTiO3 perovskite has an indirect band gap [8,9]. To determine the CB and VB potentials, we
utilized Mulliken’s total electronegativity theory, based on our previous research [10].
According to the calculations, the band gap value is 3.11 eV, conduction band -0.74 V, and
valence band 2.37 V.

The BET surface area measurements were performed for two representative samples: the
pristine SrTiO3 and the most active photocatalyst in terms of hydrogen generation, SrTiO3;@Pt-
Ag 1.83:1 0.5 wt.%. The specific surface areas were found to be 11.35 m? g*! and 11.05 m?
g!, respectively, while the corresponding total pore volumes were 0.088 cm? g and 0.076 cm?
g'. A slight decrease in surface area and pore volume after Pt-Ag deposition indicates partial
pore blocking by metallic nanoparticles. The obtained values are in good agreement with those

reported in the literature for cubic SrTiO; (10-20 m? g™') [11,12].
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Figure S3. Characterization of SrTiOs sample. a) SEM image, b) X-ray diffraction pattern, ¢) UV-Vis absorption
spectrum, d) transformed Kubelka—Munk (from diffuse reflectance spectra) function vs photon energy determining
the indirect band gap width

XPS high resolution spectra of the Ols, Ti2p and Sr3d region for the SrTiO; sample are given
on Figure S4(a-c), respectively. Titanium spin orbit doublet presents at 458.3 eV BE (Ti2p 3/2)
and 464.1 eV (Ti2p 1/2). Origin of those peaks is Ti*" atoms in the SrTiOs [13—15]. The Sr3d
spectrum has two main peaks Sr3d5/2 and Sr3d3/2 at 132.8 and 134.6 eV, respectively. Those
should be attributed to the Sr atoms in the structure of SrTiOs. Second minor doublet presents
at 133.8 eV and 135.5 eV which is probably originated from Sr atoms outside the crystal
structure of SrTiOs, such as Sr-Sr, Sr-OH, surface Sr-O [16,17]. Oxygen spectrum contain 3
peaks, the one at 529.8 eV is a lattice oxygen attributed to the Sr-O and Ti-O bonds in the
SrTiOs, second one at 530.8 eV should be attributed to oxygen vacancies, and the last one

(532 eV) probably came from air adsorbed carbon-oxygen residues in the sample [18].
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Figure S4. XPS spectra of the oxygen (a), titanium (b), strontium (c) for the SrTiOs sample

Table S2. Sample labels of obtained photocatalysts based on SrTiOs and Pt or Pt-Ag co-catalysts

Sample label Type of co- Mass ratio in co- Pt content in relation to
catalyst catalyst (Pt : Ag) SrTiOs (wt.%)
SrTiOs@Pt NPs 0.1 wt.% Pt NPs - 0.1
SrTiOs@Pt NPs_0.5 wt.% Pt NPs - 0.5
SrTiOs@Pt NPs 1 wt.% Pt NPs - 1
SrTiOs@Pt-Ag 1.83:1 0.1 wt.% Pt-Ag INPs 1.83:1 0.1
SrTiOs@Pt-Ag 1.83:1 0.5 wt.% Pt-Ag JNPs 1.83:1 0.5
StTiOs@Pt-Ag 1.83:1 1 wt.% Pt-Ag INPs 1.83:1 1
SrTiOs@Pt-Ag 0.5:1 0.1 wt.% Pt-Ag JNPs 0.5:1 0.1
SrTiOs@Pt-Ag 0.5:1 0.5 wt.% Pt-Ag JNPs 0.5:1 0.5
SrTiOs@Pt-Ag 0.5:1 1 wt.% Pt-Ag JNPs 0.5:1 1

Table S3. The crystallite size and

strain of photocatalysts calculated using the Williamson—Hall method

Name of the samples Crystallite size (nm) Strain (%)
StTiOs;@Pt NPs 0.1 wt.% 46(7) 0.11(4)
StTiOs;@Pt NPs 0.5 wt.% 44(2) 0.13(1)
SrTiOs;@Pt NPs 1 wt.% 46(7) 0.12(4)
SrTiOs@Pt-Ag 1.83:1 0.1 wt.% 44(6) 0.11(3)
SrTiOs@Pt-Ag 1.83:1 0.5 wt.% 51(6) 0.14(2)
StTiOs@Pt-Ag 1.83:1 1 wt.% 48(8) 0.17(4)
StTiO;@Pt-Ag_0.5:1 0.1 wt.% 39(5) 0.08(3)
StTiOs;@Pt-Ag_0.5:1 0.5 wt.% 45(4) 0.12(2)
StTiOs@Pt-Ag 0.5:1 1 wt.% 51(9) 0.14(4)




Table S4. The comparison of SrTiOs-Pt and SrTiOs;-Ag photocatalysts in the literature

Method of metal(s)

Photocatalyst . . H:; generation conditions H: evolution Ref.
introduction
Light source: 1000 W Xe Lamp,
SITiON@Pt- Adsorption of Pt-Ag thPs UV-Vis irradiation 218 umol/ge after | This
on the surface of SrTiO; Electrolyte: 20 ml of 10%
Ag 1.83:1 0.5 wt% . . . 4h work
— - NPs triethanoloamine aqueous solution
Mass of photocatalyst: 25 mg
Photodeposition of Pt on | Light source: 150 W Hg Lamp,
the SrTiO; surface UV-Vis irradiation [19]
SrTiO3/Pt (0.5 wt.%) | directly before starting Electrolyte: 380 ml of 10% 39 pumol/h
the photocatalytic methanol aqueous solution
reaction Mass of photocatalyst: 150 mg
Light source: 1.5 AM solar
- lator; A: 300-850 nm
. Photodeposition of Pt on symuzaror, .
B 0 .
SrTiOs-Pt (0.5 wt.%) the StTiO; surface Electrolyte: 25 ml of ultrapure 0.5 nmol/min [20]
water
Mass of photocatalyst: 25 mg
Light source: 1000 W Xe Lamp,
"y UV-Vis irradiation .
STiOs_0.2%Pt Photodeposition of Pton | pyo i o1vte: 80 mi of 10% 607.22 pmol/min |, 4
- the SrTiO; surface X after4 h
methanol aqueous solution
Mass of photocatalyst: 100 mg
Light source: 300 W Xe Lamp,
. . .. A > 400 nm
+
Pt/SrTlO3. dissolved Ph0t0d§p051t10n of Pt on Electrolyte: 50 ml of 10% 30 umol/h [22]
fluoresceine the SrTiO; surface . . .
triethanolamine aqueous solution
Mass of photocatalyst: 50 mg
Photodeposition of Pton | Light source: 300 W Xe Lamp,
. the Ag@C/SrTiO; surface | UV-Vis irradiation
Ag@(oi/SrT103-Pt directly before starting Electrolyte: 100 ml of 5% 91.5 pmol H; after [23]
(1 wt.%) . . . . 4h
the photocatalytic triethanolamine aqueous solution
reaction Mass of photocatalyst: 50 mg
Light source: 1000 W Xe Lamp,
Growth of Ag particles on | UV-Vis irradiation 306.3 umol/
SrTiOs-Ag the StTiOs surface by Electrolyte: 20 ml of 10% 2 HIMOY Bear [24]
. . . . . after4 h
chemical reduction triethanoloamine aqueous solution
Mass of photocatalyst: 25 mg
Growth of Ag/Au Light source: 1000 W Xe Lamp,
articles on the SITIO; | - vis iradiation 15.3 pmol/
SrTiOs-Ag/Au particies on Hie 3 Electrolyte: 20 ml of 10% 2 HMOY Beat [24]

surface by chemical
reduction

triethanoloamine aqueous solution
Mass of photocatalyst: 25 mg

after4 h
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Figure S5. XRD pattern of the most photoactive sample (SrTiOs;@Pt-Ag _1.83:1 0.5 wt.%) after 20 h
photostability test
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Figure S6. TEM image with EDS analysis of the most active sample (SrTiOs;@Pt-Ag_1.83:1 0.5 wt.%) before
photocatalytic reaction
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Figure S7. TEM image with EDS analysis of the most active sample (SrTiOs@Pt-Ag_1.83:1 0.5 wt.%) after

20 hours of photocatalytic reaction
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Opublikowana: Journal of Photochemistry & Photobiology, A: Chemistry 454 (2024) s. 115731

Moj wklad w powstanie powyzszego artykulu obejmowal: wykonanie pomiaréw z wykorzystaniem
techniki spektrofotometrii absorpcyjnej UV-Vis/DRS, wyznaczenie powierzchni wlasciwej probek
metoda Brunauera-Emmetta-Tellera (BET), a takze analizg i interpretacj¢ uzyskanych wynikow.
Ponadto wyznaczytam szerokosci pasma wzbronionego oraz potozenia krawedzi pasma przewodnictwa
i pasma walencyjnego dla wybranych probek, przygotowalam opis przeprowadzonych badan do
artykutu oraz uczestniczylam w opracowaniu odpowiedzi na uwagi recenzentow.
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Opublikowana: International Journal of Hydrogen Energy 59 (2024) s. 808-824

Mo6j wklad w powstanie powyzszego artykutu polegal na wykonaniu analizy z zastosowaniem metody
z dziedziny chemoinformatyki — analizy gléwnych skladowych (ang. principal component analysis,
PCA), a takze interpretacji otrzymanych wynikow.




